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BCG revaccination in adults enhances
pro-inflammatory markers of trained immunity
along with anti-inflammatory pathways

Asma Ahmed,1,2 Himanshu Tripathi,2 Krista E. van Meijgaarden,3 Nirutha Chetan Kumar,1,2 Vasista Adiga,1,2,4

Srabanti Rakshit,1,2 Chaitra Parthiban,1,2 Sharon Eveline J,1 George D’Souza,5 Mary Dias,2 Tom H.M. Ottenhoff,3

Mihai G. Netea,6,7 Simone A. Joosten,3 and Annapurna Vyakarnam1,2,8,9,*

SUMMARY

This study characterized mechanisms of Bacille Calmette-Guérin (BCG) revaccination-induced trained im-
munity (TI) in India. Adults, BCG vaccinated at birth, were sampled longitudinally before and after a sec-
ond BCG dose. BCG revaccination significantly elevated tumor necrosis factor alpha (TNF-a), interleukin
(IL)-1b, and IL-6 in HLA-DR+CD16�CD14hi monocytes, demonstrating induction of TI. Mycobacteria-spe-
cific CD4+ T cell interferon (IFN) g, IL-2, and TNF-awere significantly higher in re-vaccinees and correlated
positively with HLA-DR+CD16�CD14hi TI responses. This, however, did not translate into increasedmyco-
bacterial growth control, measured by mycobacterial growth inhibition assay (MGIA). Post revaccination,
elevated secreted TNF-a, IL-1b, and IL-6 to ‘‘heterologous’’ fungal, bacterial, and enhanced CXCL-10 and
IFNa to viral stimuli were also observed concomitant with increased anti-inflammatory cytokine, IL-1RA.
RNA sequencing after revaccination highlighted a BCG and LPS induced signature which included upregu-
lated IL17 and TNF pathway genes and downregulated key inflammatory genes: CXCL11, CCL24, HLA-
DRA, CTSS, CTSC. Our data highlight a balanced immune response comprising pro- and anti-inflammatory
mediators to be a feature of BCG revaccination-induced immunity.

INTRODUCTION

MycobacteriumbovisBacille Calmette-Guerin or BCG is the only licensed vaccine for tuberculosis (TB) prevention and has nowbeen in use for

more than 100 years. In addition to its effects on TB control and prevention, BCG has multiple heterologous off-target effects including pro-

tection against non-tuberculous infections, autoimmune disease, and cancer.1 Protection against neonatal sepsis,2 leprosy,3 respiratory syn-

cytial virus,4 and non-tuberculous mycobacteria5 infection are a few examples of beneficial effects of BCG vaccination in children. In addition,

administration of BCG reduces incidence of upper respiratory tract infections and pneumonia in elderly.6,7 BCG was also found to reduce

viremia in an experimental yellow fever virus infection.8 Apart from infections, immunization with BCG has been shown to reduce risk of mel-

anoma in children,9 diminish tumor progression in bladder cancer for which it became a standard therapy in the first stages of the disease,10

and lower disease severity in type 1 diabetes and multiple sclerosis.11,12

An important mechanism underpinning the heterologous effects of BCG especially in infections is ‘‘trained immunity’’—a term coined to

define the biological process by which the response of innate immune cells such asmonocytes to stimulation is amplified due to their previous

exposure to an unrelated immunological agent, e.g., BCG.13 Trained immunity in the context of BCG has been most well studied in terms of

monocyte responses8,14 although effects on natural killer (NK) cell function have also been described.15 Long-term increased innate immune

responses are dependent upon epigenetic reprogramming and changes in cellular metabolism. It is now well documented that, following

BCG vaccination, there are epigenetic changes (e.g., H3K27ac, H3K4me3 histone marks, DNA methylation, etc) in specific genes linked to

immune and metabolic pathways which mediate increased responsiveness of cells.16 Upon removal of the primary stimulus, the ‘‘trained

monocyte’’ goes back to a resting transcriptional state while still retaining the epigenetic signatures for at least 3 months so that upon expo-

sure to a secondary heterologous challenge they react with a more pronounced production of pro-inflammatory cytokines, chiefly interleukin
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(IL)-1b, IL-6, and tumor necrosis factor alpha (TNF-a): this eventually contributes to an immune response that is more protective than one that

would be generated in absence of prior exposure to BCG.13,17 BCG-induced trained immunity has also been suggested to be vital for control

ofMycobacterium tuberculosis infection.18 BCG vaccinees were shown to better control mycobacterial outgrowth in an in vitromycobacterial

growth inhibition assay (MGIA) through trained immunity mechanisms linked to enhanced expression of CXCL-9, CXCL-10, and CXCL-11

compared to unvaccinated controls.19

Most studies for characterization of BCG-induced trained immunity responses and heterologous benefits have been carried out in indi-

viduals receiving their first BCG vaccination. While we and others have shown BCG revaccination to significantly boost mycobacteria-specific

T cell responses20,21 as well as adaptive T cell responses to a heterologous COVID-19 vaccine,22 there is a dearth of studies exploring the

impact of BCG revaccination on innate immune mechanisms especially in a TB endemic region, such as India. The present manuscript

aims to provide a comprehensive functional and molecular analysis of trained immunity after BCG revaccination in a cohort in India which

has a policy of mandatory BCG vaccination at birth, is a TB endemic country,23 and has high incidence of non-tuberculous mycobacteria

(NTM) infection and exposure.24,25

RESULTS

Potency of BCG revaccination confirmed by enhanced mycobacteria-specific adaptive CD4+ T cell responses in BCG re-

vaccinees

Healthcare workers, BCG vaccinated at birth, at St. John’s Medical College, Bangalore, were enrolled upon consent and revaccinated with

BCG. Brief clinical summary is shown in Figure 1A, and detailed clinical information is summarized in File S1. All volunteers were sampled

longitudinally according to study design shown in Figure 1B. Briefly, blood was taken at baseline before BCG revaccination (T0) and 10–

12 weeks later (T2). All immunological experiments were performed with samples collected at these two time points after random selection.

The details of recruitment and enrollment of volunteers in the study are shown in the flow diagram in Figure 1C, and for further details please

see STAR Methods section on study participants and study overview.

Previous data from our laboratory on BCG revaccination in an independent cohort had shown boosting of mycobacterium-specific CD4+

interferon (IFN) g OR IL-2 responses in BCG re-vaccinees at 34-week after revaccination.20 In the present study where T cell responses were

measured earlier at 10–12 weeks after revaccination (based on optimal time to track in vivo BCG vaccination impact on innate immunity), we

were able to replicate some of our previous findings, with significant enhancement of mycobacteria-specific CD4+ effector responses (Fig-

ure 2). We tested CD4 and CD8 responses to Ag85A, BCG, and ESAT-6:CFP-10 (E/C) at T0 and T2 measured by expression of IFNg, IL-2,

and TNF-a (representative gating strategy shown in Figure S1). While Ag85A is expressed by BCG,26–28 E/C is not and is specific toMycobac-

terium tuberculosis.29 E/C therefore serves as a specificity control for stimulation. The most significant changes were observed in the CD4

compartment (Figure 2A). CD8 responses remained unchanged after BCG revaccination (Figure S2). Baseline pre-BCG revaccination (T0) re-

sponses above assay cutoff (frequency = 0.01) to E/C stimulation were noted, most likely reflecting natural exposure, and did not change

significantly after BCG revaccination in both CD4 and CD8 T cells (Figures 2A and S2). Ag85A responses were also noted at baseline and

were not enhanced after BCG revaccination in both CD4 and CD8 T cells (Figures 2A and S2); this is in line with our previous data20 showing

a transient boost of Ag85A-specific responses 4 weeks after BCG revaccination. Responses to BCG stimulation, on the other hand, revealed

significantly higher frequencies of specific IFNg OR IL-2, IFNg, IL-2, and TNF-a expressing cells at T2 after BCG revaccination relative to

matched baseline, highlighting the capacity of BCG revaccination to boost mycobacteria-specific CD4+ T cell responses (Figure 2A). The me-

dian fold change (FC) for IFNg (median frequency at T0 = 0.1090, T2 = 0.2250) and TNF- a (median frequency at T0 = 0.07350, T2 = 0.1560) was

almost 2-fold while for IL-2 (median frequency at T0 = 0.0330, T2 = 0.0510) it was almost 1.5-fold (Figure 2A). BCG-specific CD8+ T cell re-

sponses were not boosted by revaccination (Figure S2).

Presence of polyfunctional CD4+ T cells producing various combinations of IFNg, IL-2, and TNF-a in response to BCG restimulation was

estimated using Simplified Presentation of Incredibly Complex Evaluations (SPICE) (Figure 2B). This analysis revealed that cells secreting

IFNg + IL-2, IL-2 + TNF-a, and IFNg + IL-2 +TNF-a were significantly higher at T2 compared to T0 demonstrating that BCG revaccination

leads to the generation of polyfunctional cells which have been previously reported to be correlates of protection against TB in human

and mice studies.30

BCG revaccination boosts HLA-DR+CD14hi monocyte effector responses to mycobacterial pathogen-associated molecular

pattern (PAMP) stimulation but does not alter peripheral monocyte frequencies

Alongside measurement of mycobacteria-specific CD4+ and CD8+ T cell cytokine expression, monocyte responses to the same set of myco-

bacterial antigens Ag85A, BCG, and E/Cwere studied in the same samples using a 16-color flow cytometry staining panel (Table 1). Monocyte

responses measured in terms of expression of TNF-a, IL-1b, and IL-6, classical markers of trained immunity,8,31,32 were highest after in vitro

BCG and E/C stimulation, two recognized PAMPs.31,33,34 Low responses in Ag85A T cell epitope peptide pool-stimulated cultures served as a

negative control in this assay (Figure 3A). Expression of TNF-a, IL-1b, IL-6, and IL-8 wasmonitored in 3monocyte populations: CD16�CD14lo/hi

total monocytes, HLA-DR+CD14lo/hi, and HLA-DR+CD14hi (representative gating shown Figure S3). TNF-a, IL-1b, and IL-6 expression was

increased at T2 compared to T0 to varying degrees in different monocyte populations (Figures 3A, S4A, and S4B). In contrast, IL-8 responses

remained unchanged across all monocyte populations studied under all stimulation conditions (Figures 3A, S4A, and S4B).

CD16�CD14lo/hi total monocyte responses did not increase significantly after BCG revaccination except for BCG-induced TNF-a produc-

tion and E/C-induced IL-6 (Figure S4A). However, an increase at T2 ‘vs.’ T0 was observed in BCG-induced TNF-a, IL-1b, and IL-6 production in
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Figure 1. Study participant details and study design

(A) A summary of total N, sex and age distribution.

(B) A diagrammatic representation of study design where blood was collected from volunteers at baseline (T0) at which time they were also vaccinated with BCG.

Blood samples were also collected 56–70 days later at T2.

(C) CONSORT flow diagram to explain recruitment and enrollment of study participants and randomized selection for immune assays.
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HLA-DR+ monocytes. The most significant changes were seen in the HLA-DR+CD14hi monocyte compartment (Figure 3), providing evidence

for induction of trained immunity responses after BCG revaccination. E/C-stimulated TNF-a and IL-6, but not IL-1b, increased significantly at

T2 ‘vs.’ T0 in HLA-DR+CD14hi/lo (Figure S4B) andHLA-DR+CD14hi monocytes (Figure 3A). The pattern of increase in TNF-a, IL-1b, and IL-6 at T2

‘vs.’ T0 to BCG and E/C stimulation was similar in HLA-DR+CD14hi/lo (Figure S4B) and HLA-DR+CD14hi cells (Figure 3A), suggesting that BCG

revaccination-induced trained immunity changes occur primarily in the HLA-DR+CD14hi compartment. Apart from the boost in TNF-a and IL-

1b frequencies in the HLA-DR+CD14hi cells, there was also significant increase in median fluorescence intensity (MFI) of these cytokines at T2

compared to T0 in response to BCG and E/C stimulation, suggesting that at T2 there is increase in both frequency of TNF-a- and IL-1b-pro-

ducing cells as well as cytokine expression per cell (Figure 3B). Even though IL-6 frequencies were boosted in response to BCG and E/C stim-

ulation at T2 (Figure 3A), IL-6 MFI remained unchanged across T0 and T2 (Figure 3B). The changes observed in innate effector responses in

HLA-DR+CD14hi monocytes were not due to changes in monocyte and adaptive T cell frequencies from T0 to T2 (Figures S5A and S5B).

In addition to studying TI markers in monocyte subsets, our flow cytometry panel (Table 1) allowed us to probe changes in the CD56+ nat-

ural killer (NK) cell, Natural Killer T cells (NKT), and gd T cell populations (representative gating strategy shown in Figure S6A) to Ag85A, BCG,

and ESAT-6:CFP-10 (EC) stimulation. No significant changes were observed in TNF-a, IL-1b, IL-6, and IL-8 responses in CD56int NK, CD56hi

NK, NKT, and gd T cell populations from T0 to T2 (Figure S6B). Also, to be noted is that the cytokine levels in several donors in these cellular

subsets were below assay cutoff. Thesedata suggest that innate TI changes 10–12weeks after BCG revaccination are predominantly observed

in the CD16�HLA-DR+CD14hi monocyte compartment.

Adaptive CD4+ T cell and innate monocyte responses correlate positively

Trained Immunity generated in monocytes and other innate immune cells can influence adaptive immune responses.32 Since we had

measured mycobacteria-induced adaptive T cell and innate monocyte responses at baseline and after BCG revaccination simultaneously

in the same samples using a single staining panel (Table 1), the data could be correlated. Fold changes (FCs) at T2 compared to T0 in

CD4+ T cell cytokine (IFNg OR IL-2, IFNg, IL-2, and TNF-a) and HLA-DR+CD14hi TNF-a, IL-1b, and IL-6 responses to BCG stimulation were

correlated (Figure 4). The most significant and robust increase in cytokine expression at T2 compared to T0 was observed in the CD4+

T cell and HLA-DR+CD14hi monocyte cellular compartments after BCG restimulation, and hence these cellular populations and stimulation

Figure 2. BCG revaccination boosts mycobacteria-specific CD4 T cell responses

(A) Whole blood collected fromN= 20 (male = 9, female = 11) BCG re-vaccinees at T0 and T2 was stimulated or not with Ag85A, BCG, or ESAT-6:CFP-10 (E/C) for

12 h and stained with a panel of antibodies against cell surface and intracellular markers. Samples were acquired on a flow cytometer and data analysis was

performed using FlowJo to estimate frequencies of cytokine specific CD4+ T cells which were graphed after subtraction of background values from matched

unstimulated controls.

(B) Boolean gates for different combinations of cytokine secreting cells generated were input in the SPICE platform to assess polyfunctionality. Wilcoxon

matched-pairs signed rank test was used to determine p values which are shown for each comparison. p < 0.05 was considered significant.
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condition were selected for correlation. The FC in BCG-induced monocyte TNF-a had the most significant and strongest positive correlation

with CD4+ cytokine responses in the order IFNg>IFNgOR IL-2>TNF-a>IL-2 (Figure 4). Monocyte IL-1b and IL-6 responses were found to posi-

tively correlate with CD4+ T cell cytokine responses to varying degrees (Figure 4). However, both IL-1b and IL-6 were also found to positively

and significantly correlate with BCG revaccination-induced CD4+IFNg (Figure 4). These data demonstrate that boosting of innate and adap-

tive responses after BCG revaccination happens concurrently.

BCG revaccination has variable impact on mycobacterial growth inhibition despite boosting innate effector secretion in

cultured PBMC from re-vaccinees

We next performed BCG stimulation assays to probe effector cytokine and chemokine secretion in cultured peripheral blood mononuclear

cells (PBMCs) from re-vaccinees at baseline (T0) and T2 (Figure 5A). Similar to observations of BCG stimulatory effects on whole blood cells,

both CD4+ T cells and HLA-DR+CD14+ monocytes (Figures 2 and 3), there was an increase in TNF-a, IL-1b, and IL-6 production after revacci-

nation (T2 samples) compared to matched pre-revaccination T0 PBMC samples (Figure 5A). Significant concentrations of IFNg were also de-

tected upon BCG stimulation of PBMC, and these were higher after revaccination relative to baseline (Figure 5A), likely reflecting secretion

from a mixture of IFNg-secreting innate (NK, gd) and adaptive T cells and consistent with higher BCG-specific IFNg+ CD4+ T cell frequencies

after revaccination, as measured by flow cytometry (Figure 2). The production of other cytokines and chemokines such as granulocyte-macro-

phage colony-stimulating factor (GM-CSF), CXCL-9, IL-12p70, CXCL-10, and IFNa did not change significantly at T2, after revaccination (Fig-

ure 5A). Also, there was no significant change in production of IL-10 (Figure 5A). However, IL-1RA, a regulator of the IL-1 family cytokines

including IL-1b,35 was significantly higher at T2 compared to T0 (Figure 5A) suggesting that after revaccination, an inflammatory response

to BCG stimulation is accompanied by elevation in anti-inflammatory mediators.

To assess whether boosted innate CD14 and adaptive CD4 T cell responses at T2 (Figures 2 and 3) influence the capacity to control BCG

growth, an in vitroMGIA using archived PBMC was employed (Figure 5B). We performed BCG growth inhibition analysis in N = 11 BCG re-vac-

cinees at T0 and T2 (Figure 5B). There was no significant change in control of BCG outgrowth after revaccination (Figure 5B). According to the

classification criteria described in the STAR Methods section, of the total number (11) of individuals tested in the MGIA, one individual (9.09%)

already controlled BCG outgrowth at T0; N = 6 (54.54%) did not control BCG outgrowth even after revaccination at T2; and N = 4 (36.36%) ac-

quired control at T2 compared to T0 (Figure 5C). As can be seen in Figure 5B, variability was noted in the MGIA assay, between donors studied.

This can potentially be a consequence of inherent assay variability and/or heterogeneity between subjects recruited to the study.

We further grouped individuals according to their MGIA response, increased control ‘vs.’ no control at T2, and compared the FCs (T2/T0) in

the cytokine/chemokinemediatorsmeasured for BCG-stimulated PBMCas shown in Figure 5A. Therewas no significant difference in FC in anyof

the inflammatory mediators between the two groups (Figure 5D). IL-10 and IL-1RA were the only mediators where there was a significant differ-

ence between the two MGIA groups; the FC (T2/T0) was higher in the ‘‘increased control’’ compared to the ‘‘no control’’ group (Figure 5D).

BCG revaccination boosts cytokine responses to heterologous PAMP stimulation in monocytes

We next investigated if BCG revaccination has the capacity to boost cytokine expression to heterologous PAMPs at the PBMC level. Re-

sponses to a panel of fungal, bacterial, and viral PAMPs were studied: heat-killed Candida albicans (fungal), LPS (Gram-negative bacteria,

Table 1. Antibody panel for whole blood flow cytometry staining

Sl. No. Antibody Cat. No. Manufacturer Clone RRID

1. CD3 BV570 300436 Biolegend UCHT1 AB_2562124

2. CD4 BUV395 563550 BD Biosciences SK3 AB_2738273

3. CD8 BV711 563677 BD Biosciences RPAT8 AB_2744463

4. CD14 BV510 301842 Biolegend M5E2 AB_2561946

5. CD16 APCH7 560195 BD Biosciences 3G8 AB_1645466

6. CD56 BUV737 612766 BD Biosciences NCAM16.2 AB_2813880

7. gd TCR PECF594 562511 BD Biosciences B1 AB_2737631

8. HLA-DR PECy5 555813 BD Biosciences G46-6 AB_396147

9. IFNg V450 560371 BD Biosciences B27 AB_1645594

10. IL2 APC 554567 BD Biosciences MQ1-17H12 AB_398571

11. TNFa BV650 502938 Biolegend MAb11 AB_2562741

12. IL1b FITC 340515 BD Biosciences AS10 AB_400438

13. IL6 PE-Cy7 25-7069-42 Thermo Fisher Scientific MQ2-13A5 AB_2573522

14. IL8 PerCP-eFluor710 46-8088-42 Thermo Fisher Scientific 8CH AB_10805748

15. IL10 BV786 564049 BD Biosciences JES39D7 AB_2738563

16. GzB Alx700 560213 BD Biosciences GB11 AB_1645453
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TLR-2/TLR-4-MD-2 agonist), Pam-3-CSK (TLR-2 agonist), and viral RNAmimic poly I:C (TLR-3 agonist). A panel of nine effectors was measured

in culture supernatant harvested at 24 h after stimulation, including TNF-a, IL-1b, IL-6, CXCL-10, IFNa, IFNg, CXCL-9, GM-CSF, and IL-12p70,

all recognized markers of trained immunity or crucial for monocyte/macrophage function. Several differences were observed in the levels of

cytokines/chemokines induced by the different PAMPs above background (no PAMP culture control samples) (Figure 6). TNF-a, IL-1b, IL-6,

CXCL-9, GM-CSF, and IL-12p70 were induced by most PAMPs except poly I:C, which was a good inducer of type-I IFN response mediators,

CXCL-10 and IFNa, consistent with its function of a viral mimic (Figure 6).C. albicans, LPS, and Pam-3-CSK were not potent inducers of CXCL-

10 and IFNa (Figure 6). There was no difference in levels of CXCL-9, GM-CSF, and IL-12p70 between T0 and T2 across all PAMPs tested (Fig-

ure 6). Themost significant changes inducedby BCG revaccinationwere observed inC. albicans-, LPS-, and Pam-3-CSK-induced TNF-a, IL-1b,

and IL-6 which were higher at T2 compared to T0 (Figure 6). The highest FC at T2 compared to T0 was observed for TNF-a (median FC for all

stimuli combined = 1.9) followed by IL-1b (median FC for all stimuli combined = 1.8). FCs in IL-6, though significant, were small (median FC for

all stimuli combined= 1.2) and not as robust as changes in TNF-a and IL-1b. Poly I:C-inducedCXCL-10 and IFNawere significantly higher at T2

compared to T0 (Figure 6). These data strongly indicate that BCG revaccination boosts signatures of trained immunity to not only mycobac-

terial stimuli (Figures 3 and 5) but also other heterologous fungal (C. albicans), bacterial (LPS, Pam-3-CSK), and viral (poly I:C) PAMPs (Figure 6).

Importantly, changes observed in cytokine and chemokine levels at T2 compared to T0 were not due to changes in levels of major adaptive

and innate cell populations (Figure S7).

In addition to measuring secreted cytokines in culture supernatants, we performed flow cytometry analysis in 6 h LPS-stimulated PBMC

cultures (from a subset of donors used for PBMC PAMP stimulation, data shown in Figure 6) to investigate if similar to mycobacterial stimuli

(BCG and EC), TI changes to a heterologous non-mycobacterial stimulus, e.g., LPS, also occur in themonocyte compartment. The expression

of major pro-inflammatory TI markers TNF-a, IL-1b, IL-6, and IL-8 were measured in CD3�CD56�CD16�HLA-DR+CD14+ monocytes (repre-

sentative gating strategy shown in Figure S8A). Similar to our observations in culture supernatants, TNF-a, IL-1b, and IL-6 were significantly

increased at T2 compared to T0 in CD16�HLA-DR+CD14+ monocytes (Figure S8B). IL-8 responses remained unchanged from T0 to T2. Also,

no significant changes from T0 to T2 in TNF-a, IL-1b, IL-6, and IL-8 were observed in NKT, CD56int, and CD56hi NK cells demonstrating again

that BCG revaccination-induced TI changes occur predominantly in monocytes (Figure S8B).

Next, we performed in vitro training experiments in purified monocytes with the same BCG that was used for revaccination. The donors

used for this experiment had been BCG vaccinated at birth but had subsequently not received a second dose of BCG, hence un-revacci-

nated. In vitro training with BCG resulted in significantly increased LPS-induced TNF-a, IL-1b, and IL-6 in purified monocyte cultures (Fig-

ure S9) recapitulating effects observed upon in vivo BCG revaccination and suggesting that monocytes are sites for BCG-induced TI

changes.

BCG revaccination boosts expression of anti-inflammatory immune-regulatory markers in response to heterologous stimuli

Concomitant with the induction of pro-inflammatory mediators, we probed the capacity of BCG revaccination to boost immune-regulatory

factors IL-10 and IL-1RA (Figure 7), which can be secreted by a variety of immune cells including monocytes35,36 as a measure of the known

anti-inflammatory effects of BCG.37,38

Figure 3. BCG revaccination boosts HLA-DR+CD16�CD14hi monocyte effector responses

Whole blood collected from N = 20 (male = 9, female = 11) BCG re-vaccinees at T0 and T2 was stimulated or not with Ag85A, BCG, or ESAT-6:CFP-10 (E/C) for

12 h and stained with a panel of antibodies against cell surface and intracellular markers. Samples were acquired on a flow cytometer and data analysis was

performed using FlowJo to estimate (A) frequencies of TNF-a+, IL-1b+, IL-6+, and IL-8+ cells in the HLA-DR+CD16�CD14hi monocytes which were graphed

after subtraction of background values from matched unstimulated controls.

(B) Median fluorescence intensity (MFI) were estimated for TNF-a, IL-1b, IL-6, and IL-8 expression in HLA-DR+CD16�CD14hi monocytes under different

stimulation conditions and plotted as fold changes above the matched unstimulated control. Wilcoxon matched-pairs signed rank test was used to

determine p values which are shown for each comparison. p < 0.05 was considered significant.
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Most PAMPs except poly I:C induced effective production of IL-10 at both T0 and T2 (Figure 7B). Concentrations of IL-10 induced by poly

I:C were very low compared to other stimuli but still above assay cutoff (1.4 pg/mL) for majority of samples (Figure 7B).

IL-1RA production was induced by all stimuli (Figure 7C) and was higher in T2 vs. T0 with significance reached for LPS, Pam-3-CSK,

and poly I:C (Figure 7C). IL-1b/IL-1RA ratio, which is used as a marker for the balance between pro- and anti-inflammatory re-

sponses,39 was also calculated (Figure 7D). A significant increase in IL-1b (Figure 6A) was counterbalanced by a strong elevation

of IL-1RA at T2 ensuring that there was no significant change in the IL-1b/IL-1RA ratio between baseline and post-vaccination for

any of the stimuli tested (Figure 7D). Data presented suggest the generation of a balanced immune response upon BCG

revaccination.

BCG revaccination-associated uniquemolecular signature comprises predominantly downregulated genes in BCG- and LPS-

stimulated PBMC

In order to identify a molecular signature of BCG revaccination, RNA sequencing analysis of PBMC stimulated ex vivo with BCG or LPS for

24 h was performed. After subtraction of the unstimulated control and applying a cutoff of adjusted p < 0.05 and FC > 1.5 (upregulated)

and FC < 1.5 (downregulated); differentially expressed genes (DEGs) were identified (Figure 8A). The total DEGs in BCG stimulation were

330 at T0 ‘vs.’ 252 at T2, and those in LPS stimulation were 411 at T0 ‘vs.’ 302 at T2, further broken down into up- and downregulated genes

(Figure 8B). In both stimulation conditions; a large proportion of genes (34.7% in BCG and 38.2% in LPS stimulation) were common

Figure 4. BCG-specific CD4+ T cell responses positively correlate with BCG-induced monocyte responses

Fold changes in BCG-specific cytokine+ (IFNg OR IL-2, IFNg, IL-2, and TNF-a) CD4+ T cells and BCG-induced cytokine+ (TNF-a+, IL-1b+, IL-6+) HLA-

DR+CD16�CD14hi monocyte frequencies at T2 compared to T0 in N = 20 vaccinees (data from Figures 2 and 3A) were correlated. The Spearman’s

correlation coefficients (r) and p values (p) are shown for each correlation. p < 0.05 was considered significant.
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between T0 and T2 (Figure 8B). These commonly upregulated genes included several cytokine/chemokine mediators; for which we had

already measured protein levels (Figures 5, 6, and 7). The expression of LPS-stimulated IL1B at T2 (log FC = 3.9) was marginally higher

compared to T0 (log FC = 3.43) (File S2). Similarly, IL1RA/IL1RN expression at T2 (log FC = 3.32) was marginally higher than T0 (log

FC = 2.93) in LPS-stimulated cells (please refer File S2). In addition, BCG-stimulated IFNG at T2 (log FC = 3.69) was higher than T0

(log FC = 2.59). These differences in transcript expression levels corroborate the pattern of changes from T0 to T2 observed in secreted

cytokine levels (Figures 5, 6, and 7). However, transcript expression of other pro-inflammatory mediators including IL-6, GMCSF/CSF2, and

CXCL8/IL8 was lower at T2 compared to T0 (please refer to File S2). The pathways derived from transcript expression were largely similar at

Figure 5. BCG revaccination boosts PBMC cytokine responses but does not significantly impact mycobacterial outgrowth in an MGIA

(A) PBMC at T0 and T2 fromN= 13 (male = 6, female = 7) vaccinees were stimulated or not with BCG and culture supernatants were collected after 24 h. TNF-a, IL-

1b, IL-6, CXCL-10, IFN- a, IFN-g, CXCL-9, GM-CSF, IL-12p70, IL-10, and IL-1RA were measured and analyte concentrations after matched unstimulated

background subtraction were plotted.

(B) PBMCs from T0 and T2 (N = 11; male = 6, female = 5) were tested in the mycobacterial growth inhibition assay and plotted according to their capacity to

control BCG growth. Dotted lines represent the inoculum at 1.025 log CFU and the 50% reduction at 0.513 log CFU. Each line represents an individual vaccinee.

(C) Vaccinees were classified into good control at T0, increased control at T2 or no control at T0 and T2 according to their ability to control BCG at T0 or T2. N = 1

vaccinee exhibited good mycobacterial growth control at T2 and were classified as ‘good control at T0’; N = 4 vaccinees acquired mycobacterial growth after

BCG at T2 and were classified as ‘increased control at T2’ and finally N = 6 vaccinees did not exhibit mycobacterial growth control at either T0 or T2 and were

classified as no control at T0 or T2.

(D) Fold changes in cytokines/chemokines calculated as T2/T0 (shown in A) were grouped and compared according to MGIA results between ‘increased control’

and ‘no control’. Wilcoxon matched-pairs signed rank test was used to determine p values which are shown for each comparisons in (A) and (B). Mann-Whitney

test was used for comparisons shown in (D) p < 0.05 was considered significant.
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T2 and T0 in both BCG- and LPS-stimulated cells (Figure S10). Some of the upregulated immune pathways common to T0 and T2 in both

LPS- and BCG-stimulated cells were Toll-like receptor (TLR) signaling, nucleotide-binding and oligomerisation domain (NOD)-like receptor

signaling, and chemokine signaling (Figure S10). Downregulated pathways were more in number compared to upregulated pathways at

both T0 and T2 in LPS- and BCG-stimulation conditions and grouped primarily into the categories of metabolism, immune disease, im-

mune function, and viral immune responses (Figure S10).

Next, an analysis of uniquely upregulated genes at T2 was done to understand the impact of BCG revaccination (Figure 8C). The number of

uniquely upregulated genes at T2 in BCG-stimulated cells was 29, and in LPS-stimulated cells it was 42 (Figure 8B). A pathway analysis of these

genes revealedmore uniquely upregulated pathways in LPS compared to BCG owing perhaps to the differences in signaling cascades down-

stream of the two stimuli. Uniquely upregulated pathways at T2 in BCG-stimulated cells primarily comprised immune related pathways, e.g.,

cytokine-cytokine receptor interaction, TNF signaling, and IL17 signaling (Figure 8C). Some of these were common to LPS, e.g., TNF and IL-17

signaling. Additional immune-related pathways uniquely upregulated in LPS at T2 were TLR signaling, C-type lectin receptor, and Vascular

and Endothelial Growth factor (VEGF) signaling pathways. Apart from immune-related pathways, LPS-stimulated cells also uniquely upregu-

latedmetabolic pathways: glycosaminoglycan andO-glycan biosynthesis (Figure 8C). The number of uniquely downregulated genes in BCG-

stimulated cells was 73, and in LPS it was 63 (Figure 8B). The seemingly dominant downregulated pathway signature included (1) immune-

related pathways: immunoglobulin A (IgA) production, Th17/Th1/Th2 differentiation, hematopoietic cell lineage, etc; (2) inflammatory disease

pathways: graft-versus-host disease (GVHD), asthma, systemic lupus erythromatosus (SLE), inflammatory bowel disease, type 1 diabetes mel-

litus, etc; (3) metabolism pathways: glycolysis/gluconeogenesis, riboflavin/pyruvate metabolism, amino acid biosynthesis, etc; (4) virus

response-associated pathways specially in LPS (Figure 8C).

A further analysis helped in identification of upregulated genes that were unique for T2 and common to both BCG and LPS and could be

labeled as a signature induced by BCG revaccination: CCL4L2, PTGS2, TNFRSF1B, BHLHE40, NFKBIZ, BIRC3, CPD, and SIRT6, some of

which are part of the TNF and IL-17 signaling pathways uniquely upregulated at T2 in both LPS- and BCG-stimulated cells (Figure 8D).

There were 38 unique downregulated genes common to LPS and BCG stimulation: LAMP2, KMO, IGSF6, AKR1A1, ARPC4, UBXN11,

TBC1D14, CLEC12A, PCSK7, LPCAT2, MPP1, HLA-DRA, HLA-DMA, GAPT, DDAH2, PARP9, CTSC, HSD11B1, ZNF385A, FOS, UTRN,

BLVRBB, SDHB, IST1, SEMA4A, CDC42EP1, SDS, CXCL11, ACE, CTSS, RIPOR2, TCN2, PLD3, LGALS9, LGALS2, LSP1, FUCA1, and

CCL24. Some of the pathways that these genes grouped into were tuberculosis, lysosome, phagosome, antigen processing and presen-

tation, T-helper differentiation.

Figure 6. PBMC innate effector cytokine/chemokine expression in responses to bacterial, fungal, and viral PAMPs increases after BCG revaccination

PBMC at T0 and T2 from N = 13 (male = 6, female = 7) vaccinees were stimulated or not with Candida albicans, LPS, Pam-3-CSK, and poly I:C and culture

supernatants were collected after 24 h. TNF-a, IL-1b, IL-6, CXCL-10, IFN- a, IFNg, CXCL-9, GM-CSF, and IL-12p70 were measured and analyte concentrations

after matched unstimulated background subtraction were plotted as heat-maps. Unstimulated control for all mediators at T0 and T2 are shown as a separate

heatmap. p values for differences between T0 and T2 are shown next to the heat-maps and significant differences of p < 0.05 are highlighted by blue stars.

Wilcoxon matched-pairs signed rank test was used to determine p values which are shown for each comparison. p < 0.05 was considered significant.
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DISCUSSION

This study provides an in-depth longitudinal analysis and characterization of innate/trained immune responses upon BCG revaccination in

an Indian population. Firstly, we demonstrate that BCG revaccination significantly boosts anti-mycobacterial CD4 T cell adaptive immune

responses including frequencies of polyfunctional CD4 T cells which recapitulates previously reported observations in other BCG revacci-

nation studies.20,21,40 Secondly, we report the increased production of hallmark trained immunity cytokines TNF-a, IL-1b, and IL-6 in HLA-

DR+CD14+CD16� monocytes and after revaccination in response to mycobacterial PAMP (BCG and E/C) stimulation in whole blood. More-

over, the anti-mycobacterial CD4 T cell and monocyte responses correlated positively, and the simultaneous stimulation of both arms of

the immune system perhaps contributed toward mycobacterial growth control in about 36% of vaccinees. Thirdly, we demonstrate that the

sites for BCG revaccination-induced TI changes in context of homologous (BCG) and heterologous (E/C, LPS) PAMPs are HLA-DR+CD14+

monocytes and not CD56int NK, CD56hi NK, NKT, and gd T cells. Fourthly, BCG revaccination boosted PBMC innate responses to heter-

ologous bacterial and fungal PAMPs and type I IFN responses to viral PAMPs. Importantly, this increase in pro-inflammatory markers of

trained immunity as a consequence of BCG revaccination was counterbalanced by enhanced expression of regulatory cytokines, mainly

IL-1RA. Finally, BCG revaccination resulted in abundant changes in transcriptome of BCG- and LPS-stimulated cells; some of these changes

recapitulated our cytokine expression data; e.g., IL-1b and IL-1RA were strongly upregulated at T2 compared to T0 at both RNA and pro-

tein levels.

BCG vaccination provides partial protection against TB in adulthood41 especially in India, where despitemandatory childhood vaccination

there are approximately 1.9million active TB cases annually.23Moreover, the prevalence of latent TB (40%)42 and exposure to non-tuberculous

mycobacteria (up to 8.6%) is also high in India.43 Immunity generated as a result of childhood BCG vaccination wanes with age,44,45 and hence

evaluation of BCG revaccination for boosting declining anti-mycobacterial immunity has been proposed.40,44 Indeed, BCG revaccination

boosted mycobacteria-specific CD4+ T cell cytokine responses20,21,40, an observation that we successfully reproduced in this study. The

impact of BCG revaccination on a clinical endpoint, e.g., Interfero gamma release assay (IGRA) conversion or incidence of TB disease, has

however been found to be variable40,46,47 and needs to be investigated further. In addition to induction of adaptive immunity, it is vital to

also consider the role of BCG-induced innate trained immune responses in anti-mycobacterial defense.18 The generation of an innate trained

immune response can contribute to early clearance ofM. tuberculosis.18,48 Ex vivoBCGexposure as well as in vivoBCG vaccination have been

shown to increase anti-mycobacterial activity in macrophages andmonocytes through mechanisms involving enhanced reactive oxygen spe-

cies (ROS),49 elevated expression of CD11 and TLR4 indicative of higher phagocytic activity,31,50 and higher expression of pro-inflammatory

cytokines such as TNF-a, IL-1b, and IFNg.31 In our study as well, BCG revaccination led to enhanced expression of mycobacteria (BCG and

E/C)-induced TNF-a, IL-1b, and IL-6 both at the PBMC andwhole blood level. The cellular source of these changes was identified as being the

HLA-DR+CD16�CD14hi monocytes providing evidence for the generation of a response-ready trained monocyte population. The increase in

trained immunity cytokines was accompanied by boosting of adaptive IFNg, TNF-a, and IL-2 and polyfunctional CD4+ T cell responses adding

to existing evidence that BCG-induced trained immunity can synergize with adaptive responses in infants and adults.51,52 However, the simul-

taneous increment in anti-mycobacterial innate and adaptive capacities translated into enhancedmycobacterial growth control in only a pro-

portion of vaccinees suggesting that factors controlling mycobacterial growth control as measured by an in vitro PBMCMGIA in the present

cohort may extend beyond generation of elevated TNF-a, IL-1b, and IL-6 innate and IFNg, TNF-a, and IL-2 adaptive responses after BCG

revaccination as has been suggested previously.53 The time at which the MGIA was performed, i.e., 10–12 weeks after BCG revaccination

could also have an influence on the outcome; the peak growth control can vary between vaccinees.19 Also, as previously demonstrated,

Figure 7. PBMC IL-1RA expression in response to bacterial, fungal, and viral PAMPs are increased after BCG revaccination

(A–D) PBMC at T0 and T2 from N = 13 (male = 6, female = 7) vaccinees were stimulated with Candida albicans, BCG, LPS, Pam-3-CSK, and Poly I:C and culture

supernatants were collected after 24 h. Unstimulated control for IL-10 and IL-1RA at T0 and T2 are shown separately (A). PAMP-induced IL-10 (B) and IL-1RA

(C) were measured and analyte concentrations after matched unstimulated background subtraction were plotted as heat-maps. p values for differences

between T0 and T2 are shown next to the heat-maps and significant differences of p < 0.05 are highlighted by blue stars. IL-1b/IL-1RA ratios were calculated

at T0 and T2 for each stimulation condition and all stimulations combined were plotted (D). Wilcoxon matched-pairs signed rank test was used to determine

p values. p < 0.05 was considered significant.
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primary BCG vaccination leads to better mycobacterial growth control compared to revaccination.54 However, from our study, it is evident

that a considerable proportion of vaccinees did not acquiremycobacterial growth control after BCG revaccination (no control), and the causes

for this are an area of active investigation with future studies designed to better understand inherent MGIA assay variation.

Apart from anti-mycobacterial immunity, enhanced innate responses against non-mycobacterial PAMPs is a key feature of BCG immuni-

zation. We observed augmented TNF-a, IL-1b, and IL-6 to bacterial and fungal PAMPs after revaccination demonstrating the generation of a

cellular TI phenotype. Also, viral PAMP induced type-I IFN response markers; i.e., IFNa and CXCL-10 were enhanced at T2 suggesting that

revaccination-induced TI impacts responses downstreamof diverse TLRs/pattern recognition receptors (PRRs). The effects of BCG-induced TI

were observed in a PAMP-specific manner. Bacterial and fungal, but not viral, PAMP-stimulated TNF-a, IL-1b, and IL-6 were boosted by BCG

revaccination. On the other hand only viral, and not bacterial or fungal, PAMP-induced CXCL-10 and IFNa increased after revaccination.

Therefore, revaccination did not convert poor responses into strong ones suggesting that it has the capacity to only amplify existing potent

cytokine/chemokine expression.

It is important to note that experiments performed in whole blood and PBMC cannot negate the impact of counterregulatory mediators

from multiple cellular sources on the TI effectors measured; for example, T cell-derived IFNg can impact macrophage-trained immunity re-

sponses against fungal and bacterial pathogens in mice and human studies;55,56 this may also be relevant in our experimental system as we

report increased CD4+ T cell IFNg expression at T2 relative to T0 to in vitro BCG stimulation (Figure 2). Therefore, while crosstalk cannot be

ruled out, the following two observations indicate this may be unlikely in our system: firstly, analysis of our flow cytometry data (Figure S6)

showed that no significant TI changes in TNF-a, IL-1b, and IL-6 occurred in other innate subsets tested; the only significant changes took place

in monocytes (Figure 3); and secondly, no significant difference in IFNg between T2 and T0 time points was observed in cultures with several

PAMPs: C. albicans, LPS, Pam-3-CSK, and Poly I:C (Figure 6).

A prominent feature of the immune response after BCG revaccination was the significant increment in IL-1RA at the protein as well

as at transcription level. IL-1RA is a member of the IL-1 family of cytokines that binds non-productively to IL-1R1 and prevents binding

of IL-1a and IL-1b to the receptor for induction of an intracellular signal.57 Recombinant IL-1RA has been shown to dampen trained

immunity responses.58,59 In zymosan-trained mice, administration of anakinra increases disease severity after infection with

L. monocytogenes.59 Pulmonary bacterial burden upon M. tuberculosis infection was higher in b-glucan-trained mice that were treated

with IL-1RA.60 Addition of IL-1RA to oxLDL-trained human monocyte cultures causes reduction in TNF-a and IL-6 upon LPS restimu-

lation.61 On the other hand, correcting the balance between IL-1b and IL-1RA by administration of the clinical preparation of recom-

binant IL-1RA (anakinra) was beneficial in reducing symptoms of inflammatory gouty arthritis.62 In our study the elevation of pro-in-

flammatory TI markers, e.g., TNF-a, IL-1b, and IL-6, was paralleled by an increase in IL-1RA production. Interestingly, enhanced

BCG growth control in re-vaccinees was associated with higher IL-1RA production. These data suggest that the amounts of IL-1RA

induced after BCG revaccination do not interfere or dampen classical TI-associated processes/functions but rather contribute toward

generation of a balanced immune response which might be protective in scenarios of excessive inflammation induced by exposure to

a heterologous PAMP/pathogen.

The study of a molecular signature 10–12 weeks after BCG revaccination in 24 h BCG- and LPS-stimulated culture identified a set of 8 up-

regulated genes which are either involved in IL-17 or TNF signaling or regulators of inflammation. PTGS2/COX2 and NFKBIZ are well-char-

acterized mediators of Th17 differentiation.63,64 In addition, IL17F was also significantly upregulated at T2 in BCG-stimulated PBMC. The in-

duction of mycobacteria-specific IL-17+ CD4+ T cells has been previously demonstrated to be a feature of BCG revaccination,20 and the

identification of an IL-17 molecular signature in the present study reinforces this observation. The 8-gene signature also included

TNFRSF1B/TNFR2 and BIRC3/cIAP2 which are important for TNF-a-mediated signaling.65,66 BIRC3/cIAP2 is also vital for NOD-1- and

NOD-2-mediated effects.67 BHLHE40, a transcriptional regulator which drives inflammation by boosting IFNg and GM-CSF and downregu-

lating IL-10,68 was also part of the 8-gene signature. An interesting component of the same gene signature is SIRT6, a histone deacetylase that

is both a modulator of immune cell metabolism and a negative regulator of inflammatory innate immune responses,69 underpinning the fact

that BCG revaccination perhaps leads to the generation of a balanced immune response.

The signature of downregulated genes after BCG revaccination comprised several knownmarkers of inflammation, e.g.,CCL24/Eotaxin,70

CXCL1171, HLADRA,72 and cysteine peptidasesCTSC andCTSS.73 Fos proto-oncogene, AP-1 transcription factor subunit (FOS), which is part

of several pathways and is a component of the AP-1 transcription factor, was also downregulated. FOS has been shown to be a negative regu-

lator of iNOS, TNF-a, IL-6, and other inflammatory genes.74 Interestingly, ACE or angiotensin converting enzyme which is expressed on the

Figure 8. BCG revaccination causes several changes in transcriptome of in vitro BCG- and LPS-stimulated cells

PBMC fromN= 11 (male = 5, female = 6) donors at T0 and T2were stimulated with either BCG or LPS. Unstimulated cells were used as control. RNAwas extracted

from stimulated cell pellets at 24 h and subjected to sequencing.

(A) Volcano plots showing down- and upregulated genes (adjusted p < 0.05 and absolute fold change >1.5) at T0 and T2 for the unstimulated control along with

BCG and LPS stimulation conditions after subtraction of unstimulated control.

(B) DEGs (adjusted p < 0.05 and absolute fold change > <1.5) at T0 and T2 were compared using Venn diagrams for BCG and LPS stimulation to identify unique

and common DEGs. Venns for total, up and downregulated genes are shown separately.

(C) Over-represented pathways (p < 0.05) derived from uniquely up- and downregulated genes at T2 for both BCG and LPS stimulation are depicted on a bubble

plot with size and color gradient of the bubble depicting DEGs proportion and pathway enrichment p-value, respectively.

(D) Unique DEGs common to LPS and BCG at T2 were identified and their fold change relative to unstimulated was plotted. The yellow shaded area shows

upregulated and the blue shaded area shows downregulated genes.
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cell surface of a wide variety of cells75 was also downregulated. An increase in ACE/ACE2 ratio is a predisposing cause of severe COVID-19,

and a decrease in ACE levels can improve disease outcomes.75

In conclusion, we demonstrate that BCG revaccination in a populationwith a high infectious burden induces trained immunity and thus has

the potential to influence susceptibility to infections. These changes have been demonstrated at both functional and transcriptional level.

Transcriptomic changes induced by BCG at 10–12 weeks after revaccination impact both pro- and anti-inflammatory mediators thus contrib-

uting to a balanced immune response which influences innate and subsequently adaptive immunity to not just mycobacteria but heterolo-

gous PAMPs, antigens, and vaccines.22 Taken together, our data provide mechanistic insight to how BCG revaccination can potentially pro-

mote basal host immunity.

Limitations of the study

One of the limitations of the current study is the small sample size imposed by funding. Nevertheless, we have successfully demonstrated

major characteristics of trained immunity induced by BCG revaccination, a first from India, a TB endemic region. It is important to note

that this study was performed in samples collected just before the COVID-19 pandemic; therefore, a strength of this study is that the char-

acteristics of BCG revaccination-induced immunity is independent of any potential impact of severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2) infection and vaccination. Also, efforts were made to avoid sex bias, but the specific impact of sex on BCG revaccination-

induced TI was not studied. Further, we acknowledge that this study does not address the mechanisms that underpin inherent heterogeneity

observed in our samples in the mycobacterial growth control assay.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CD3 BV570 Biolegend Cat No. 300436,

Clone: UCHT1,

AB_2562124

CD4 BUV395 BD Biosciences Cat No. 563550,

Clone: SK3, AB_2738273

CD8 BV711 BD Biosciences Cat No. 563677,

Clone: RPAT8,

AB_2744463

CD14 BV510 Biolegend Cat No. 301842, Clone: M5E2

AB_2744463

CD16 APCH7 BD Biosciences Cat No. 560195, Clone: 3G8

AB_1645466

CD56 BUV737 BD Biosciences Cat No. 612766, Clone: NCAM16.2

AB_1645466

gd TCR PECF594 BD Biosciences Cat No. 562511, Clone: B1

AB_2737631

HLA-DR PECy5 BD Biosciences Cat No. 555813, Clone: G46-6

AB_396147

IFNg V450 BD Biosciences Cat No. 560371, Clone: B27,

AB_1645594

IL2 APC BD Biosciences Cat No. 554567, Clone: MQ1-17H12, AB_398571

TNFa BV650 Biolegend Cat No. 502938, Clone: MAb11, AB_2562741

IL1b FITC Thermo Fisher Scientific Cat No. 340515, Clone: AS10, AB_400438

IL6 PE-Cy7 Thermo Fisher Scientific Cat No. 25-7069-42, Clone: MQ2-13A5, AB_2573522

IL8 PerCP-eFluor710 Thermo Fisher Scientific Cat No. 46-8088-42, Clone: 8CH, AB_10805748

IL10 BV786 BD Biosciences Cat No. 564049, Clone: JES39D7, AB_2738563

GzB Alx700 BD Biosciences Cat No. 560213, Clone: GB11, AB_1645453

CD14 BV421 BD Biosciences Cat No. 565283, Clone: M5E2,

AB_2739154

IFNg APC Biolegend Cat No., 506510, Clone: B27,

AB_315443

TNFa BV605 Biolegend Cat No., 502936Clone: MAb11,

AB_2563884

Biological samples

Whole blood and PBMC samples from

volunteers pre and post BCG revaccination

St. John’s Medical College Hospital,

Bangalore, India

NA

Chemicals, peptides, and recombinant proteins

Histopaque 1077 Sigma Aldrich Cat# 10771

Live/Dead Fixable Aqua Dead Cell Stain Kit Thermofisher Cat# L34966

UltraComp eBeads Invitrogen Cat# 01-2222-42

ESAT6/CFP10 fusion protein Department of Infectious Diseases,

Leiden University Medical Center

NA
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

BCG vaccine (Tubervac) Serum Institute of India NA

Ag85A peptide pools Kind gift from Vaccine and Infectious Disease

Division, Fred Hutchinson Cancer Research

Center, Seattle, Washington, USA20

NA

LPS Sigma Cat# L2630-10MG

C. albicans (heat killed) Dr. David Moyes, King’s College London, UK NA

Pam-3-CSK Sigma Cat# 506350-2MG

Poly I:C Invivogen Cat# tlrl-pic

Brefeldin A Solution (1,000X) Biolegend Cat# 420601

Monensin Solution (1,000X) Biolegend Cat# 420701

BD FACS Lysing Solution 10X Concentrate BD Biosciences Cat# 349202

Paraformaldehyde Electron Microscopy Sciences Cat# 15712-S

BD Phosflow Perm/Wash Buffer I BD Biosciences Cat# 557885

TRI Reagent Zymo Research Cat# R2050-1-200

RPMI Gibco Cat# 72400-047

Penicillin-Streptomycin-Glutamine Gibco Cat# 10378-016

FBS Gibco Cat# 10270-106

Human AB Serum Sigma Cat# H4522-100mL

PBS Gibco Cat# 14190-136

DMSO Sigma Cat# D2650

EDTA Solution Sigma Cat# E8008

Benzonase Merck Cat# 101697

Chloroform Merck Cat# 107024

Isopropanol Merck Cat# 109634

Glycogen Invitrogen (Thermofisher) Cat# AM9510

Nuclease free water Ambion (Fisher Scientific) Cat# AM9932

BD BACTEC� MGIT� barcoded 7-mL tube BD Cat# 245122

BD BACTEC� MGIT� 960 supplement kit BD Cat# 245124

Middlebrook 7H10 Agar BD Cat# PA-254520.07

OADC BD Cat# 212240

QuantiFERON-TB Gold Plus Blood

Collection Tubes

Qiagen Cat# 622536

QuantiFERON-TB Gold Plus Reference

Lab Pack ELISA Kit

Qiagen Cat# 622832

Critical commercial assays

TNFa ELISA BD Cat# 555212

IL-1b ELISA Biolegend Cat# 437004

IL-6 ELISA Biolegend Cat# 430501

Customized multi-plex bead array kit R & D NA

CD14 monocyte isolation kit Thermofisher Cat# 11350D

NEB Low Input RNA Kit NEB Cat# E6420

QIASeq FX DNA Library Preparation kit Qiagen Cat# 180475

JetSeq Magnetic Beads Bioline Cat# 68031
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RESOURCE AVAILABILITY

Lead contact

Requests for additional information and resources should be directed to the lead contact, Annapurna Vyakarnam (anna.vyakarnam@kcl.ac.uk;

annapurna.v@sjri.res.in)

Materials availability

This study did not generate new unique reagents.

Data and code availability

� This paper does not report original code.
� RNA-seq data have been deposited at NCBI database. and are publicly available as of the date of publication. The accession number is

PRJNA950559 [https://www.ncbi.nlm.nih.gov/search/all/?term=PRJNA950559]
� Any additional information required to reanalyse data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Recruitment of study participants

This study was performed according to guidelines of the Helsinki Declaration and was approved by the Institutional Ethics Review Committee

of St. John Medical College Hospital, Bangalore, IEC Ref no: (IEC/1/896/2018). Informed and written consent was taken from all study par-

ticipants. Healthcare workers aged 18-23 of St. John’s Medical College-Hospital (SJMCH), Bangalore, India were enrolled in the study

from October 2019 to June 2021.22 As shown in Figures 1C total of 277 adult individuals (of Indian ethnicity), were contacted of which

N=103 (N=47 male and N=56 female, median age 20) volunteers were enrolled. All enrolled volunteers were confirmed as having received

BCG vaccination at birth and did not have any chronic illness such as hypertension, diabetes mellitus, heart disease, cancer, kidney / thyroid

illness, asthma, epilepsy, jaundice, history of clinical tuberculosis disease. Individuals on medication were also excluded. Participants were

screened for latentMycobacterium tuberculosis (Mtb) infection by the standard QFT TBGold In-tube test (Qiagen) performed at Department

ofMicrobiology, SJMCH, India, andN=66 (N=33male; N=33 female,median age 20) were confirmed as IGRA-. A total of N=35 (N=18 female,

N=17 male, median age 20) consented for BCG revaccination. Summarised information regarding revaccinated individuals is shown in Fig-

ure 1A and detailed information is included in File S1.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

RNA Seq data from PBMC pre and post BCG

revaccination deposited in NCBI database:

BioProject Accession: PRJNA950559

https://www.ncbi.nlm.nih.gov/

bioproject/950559

Software and algorithms

GraphPad Prism 9.2 GraphPad Software by Dotmatics https://www.graphpad.com

FlowJo 10.8.0 BD Biosciences https://www.flowjo.com

BD FACSDiva� version 8.0.1 BD Biosciences http://www.bdbiosciences.com/en-us

Pestle version 1.8 Roederer et al.76 https://niaid.github.io/spice

SPICE version 6.1 Roederer et al.76 https://niaid.github.io/spice/

OMIQ analysis for flow cytometry data Dotmatics www.omiq.ai

fastqc_v0.11.9 Babraham Bioinformatics https://www.bioinformatics.babraham.ac.uk/

projects/fastqc/

fastp-0.23.2 Chen et al.77 https://github.com/OpenGene/fastp

hisat2-2.2.1 Kim et al,78 http://daehwankimlab.github.io/hisat2/

download/

stringtie-2.2.1 Pertea et al,79 https://ccb.jhu.edu/software/stringtie/

limma-3.52.1 Ritchie et al,80 https://bioconductor.org/packages/release/

bioc/html/limma.html

R-4.2 R Core Team (2021) https://www.R-project.org/
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Study design

Aprospective observational study was conducted to evaluate the effect of BCG revaccination on subsequent innate and adaptive immunity to

mycobacteria and other heterologous pathogen associated molecular patterns (PAMPs). N=35 volunteers who gave their consent were re-

vaccinated with BCG. BCG vaccine (TUBERVAC�, Russian BCG strain manufactured at Serum Institute of India, Pune, India), used widely in

the Indian national immunization program, was administered intradermally at day 0 at an adult dose of 23 105 to 83 105 CFU in participants.

Blood was collected from participants at days 0 (T0) and 10-12 weeks (T2), (Figure 1B). Some BCG re-vaccinees reported minor side effects

including itching, rash, or pain at the site of vaccination; mild fever; cough; and headache. Information regarding this is summarised in File S1.

As shown in Figures 1C random selection of donors was made for performing immune-assays: N=20 for whole blood stimulation assays and a

sub-set of that (N=13) were used for the PBMC PAMP stimulation assay (Figure 1C).

METHOD DETAILS

Peripheral blood mononuclear cell isolation

Blood (16-20 ml) was collected in Na-Heparin tubes (BD, Franklin Lakes NJ, USA) and peripheral blood mononuclear cells (PBMCs) were iso-

lated using 15ml ACCUSPIN (Sigma-Aldrich) tubes by density centrifugation as described previously.20 Briefly, blood was diluted two-fold

with PBS (Gibco by Life Technologies, Washington, DC, USA) + 2% FBS (Gibco), pipetted into ACCUSPIN tubes pre-filled with Histopaque

1077 (Sigma) and centrifuged at 1000g for 15 minutes at room temperature without deceleration. PBMCs from the buffy coat were washed

twice with PBS+ 2%FBS, then re-suspended at 10 x 106 cells/mL in cryopreservationmedium (90%FBS and 10%DMSO-Sigma) and incubated

overnight at -80�C (in Mr. Frosty� freezing container; Nalgene, Rochester, New York, U.S.) and were stored in liquid nitrogen until further

analyses.

Whole blood ICS assay to track mycobacteria induced/specific innate and adaptive responses

Heparinizedwhole bloodwas collected fromparticipants and processedwithin 30-45min of phlebotomy, as previously described.20,22 Briefly,

400ml of blood was pipetted into 5ml polypropylene tubes (Sarstedt, Germany) and stimulated with Ag85A peptide pools (1 mg/ml per pep-

tide), BCG (0.2 x 106 CFU/ml) or purified recombinant protein ESAT-6:CFP-10 (10mg/ml) together with anti-CD28/CD49d costimulatory mAbs

at 0.5 mg/ml. Culture medium with anti-CD28/CD49d was used as unstimulated negative control. Blood was incubated at 37�C for a total of

12 h, and Brefeldin A + Monensin (Biolegend) diluted to a final concentration of 1X from a 1000X stock was added in the final 10 h of stim-

ulation. After stimulation, blood was treated with 2 mM EDTA (Sigma), RBCs were lysed with 4.5 ml 1X FACS Lysing solution (BD), and fixed

white blood cells were transferred to liquid nitrogen in freezingmedium containing 10%DMSO, 40% FCS, and 50% RPMI 1640. On the day of

staining, cryopreserved whole-blood samples were thawed in a water bath at 37�C for 2 min. Thawed cells were transferred to labelled tubes

containing 2 mL of PBS and were centrifuged at 800g for 5 min. Cells were then stained with a 50 ml cell surface staining cocktail (details in

Table 1) prepared in PBS + 2% FBS for 30 min at room temperature (RT) in the dark. Next, the cells were washed with PBS, permeabilized by

adding 200 ml 1X Perm/Wash solution (BD Biosciences) and incubated at RT for 20 min. Pelleted cells were immediately stained with a 50 ml

cocktail containing antibodies against intracellular markers (details in Table 2) for 30 min at RT. Cells were washed and re-suspended in 100ml

of 1% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA, USA) for flow cytometry analysis.

Mycobacterial growth inhibition assay (MGIA)

A previously optimized ‘in tube’ MGIA Euripred protocol was used for the MGIA.19 Cryopreserved PBMCs were thawed and rested in RPMI

(Gibco life sciences, ThermoFisher Scientific Inc., Bleiswijk, the Netherlands) supplemented with glutamax (Gibco) and 10% FBS (Hyclone,

ThermoFisher Scientific Inc.) (=R10 medium) at a concentration of 2x106 cells/mL for 2 hours in the presence of benzonase (20U/mL, Merck,

Amsterdam, the Netherlands). After resting, cells were washed with R10 medium and counted with a Casy Cellcounter (Roche, Woerden, the

Netherlands). 1x106 PBMCswere co-cultured for 4 days in RPMI supplementedwith glutamax and 10% autologous human serumwith 2.38 log

CFU (+/- 0.17 SD) BCG P3 on a rotator in a 37�C humidified CO2 incubator in a final volume of 600 ml. All samples were run in duplicates. After

4 days, the sample was transferred to a PANTA/Enrichment supplemented MGIT tube (Becton Dickinson, Erembodegem, Belgium) and

placed in a BACTECMGIT 960 system (BD) until time to positivity (TTP) was reached. All tubes included in the analysis were checked visually

for mycobacterial growth. Samples reaching positivity within 100 hours were considered contaminated and thus deleted as false positive,

since the inoculumof 2.38 logCFUBCG is expected to reach TTP aftermore than 250 hours. As a control for the BCG inoculum all experiments

included a serial dilution (107 to 102) of the BCG stock for time to positivity in PANTA/Enrichment supplemented MGIT tubes and plating on

Middlebrook 7H10 agar plates, supplemented with 10%OADC (BD) for CFU determination. When all dilutions showed colonies on the 7H10

plates, plates were scanned on a Canon Scanner 9000F and colonies were counted using ImageJ software. CFUs were converted to log CFU

and plotted against TTP. Linear regression analysis was applied (GraphpadPrism software v 8.1), all samples were transposed and data was

plotted as log CFU.Dlogcfu (T2-T0) was calculated and a D < -0.17 (SDmean inoculum) in a sample was considered as acquired control at T2;

D > 0 was considered as no control. A sample having 50% or less of the inoculum i.e. 0.513 log cfu at T0 was considered as already controlling.

Flow cytometry analysis for delineating major immune sub-sets in PBMC

A minimum of 1x106 rested cells were incubated with cell viability dye in PBS, washed in PBS/0.1% BSA (Sigma, Merck Life Science NV, Am-

sterdam, the Netherlands) followed by blocking Fc receptors with 5% human serum in PBS for 10 minutes, washed and incubated with an
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antibody cocktail for surface markers at 4�C for 30 minutes as described previously.81 Cells were washed twice and fixed for 10 minutes at

room temp with 1% paraformaldehyde (Pharmacy LUMC, Leiden, The Netherlands). Cells were washed once more and stored at 4�C for

acquisition on a 5L Cytek�Aurora (Cytek Biosciences, Fremont, CA, USA) the following day the LUMC flow core facility (https://www.lumc.

nl/research/facilities/fcf/). Analysis was performed using OMIQ analysis software (www.omiq.ai).

PAMP stimulation of PBMC

Cryopreserved PBMC samples were rapidly thawed in a 37�C water bath, transferred to 15ml tubes containing � 3ml RPMI+10% FBS and

centrifuged at 800g for 5min at RT. A total of 200,000 cells resuspended in 200mL culture medium [RPMI-1640 (GIBCO, Invitrogen) supple-

mented with 10% FBS (GIBCO), 100U/ml penicillin and 100mg/ml streptomycin, (SIGMA)] were seeded per well in 96-well flat-bottom plates

(Eppendorf) and stimulated with either 106 cfu/ml of heat-killed Candida albicans strain SC5314 (kind gift from David Moyes; King’s College

London), 0.2 x 106 cfu/ml of BCG (TUBERVAC�, Serum Institute of India), 50mg/ml Pam3CSK4 (Sigma), 1ng/ml LPS (Sigma) or 100mg/ml Poly I:C

(Invivogen). Cells cultured with medium alone were used as negative control. 24hr later plates were centrifuged at 800g for 3 min and culture

supernatants collected and frozen at -20�C till ELISA was performed. For measurement of effector responses by flow-cytometry, PBMC were

thawed as described above. Cells were seeded at 1 x 106 cells/well in a 96-well flat-bottom plate (BD) and stimulated with 1ng/ml LPS, un-

stimulated cells were used as controls. Cells were stimulated for a total of 6hrs, Brefeldin A +Monensin (Biolegend) diluted to a final concen-

tration of 1X from a 1000X stock was added in the final 4h of stimulation. After 6hrs cells were stained with a panel of antibodies against cell

surface and intracellular cytokine markers (Table S1).

Intracellular cytokine staining of LPS stimulated PBMC

At the end of stimulation PBMC were washed after incubation with 2mM EDTA (Sigma) and first stained with 5 ml Live/Dead Aqua (Invitrogen)

followed by a 50 ml cell surface staining cocktail (Table S1) for 30min at RT in the dark. Cells were then fixed for 20min with 100 ml 1X FACS lysis

buffer and permeabilized with 200ml 1X BD Perm/Wash buffer for 20 min. PBMCs were washed and incubated for 30 min at RT in the dark with

a 50 ml intracellular staining cocktail (Table S1). Finally, cells were washed with 150 ml Perm/Wash buffer and resuspended in �100ml of 1%

paraformaldehyde for flow cytometry analysis. Please see Table S1 for details of antibodies used for staining.

ELISA measurements for TNF-a, IL-1b and IL-6

Supernatants from PAMP stimulation cultures were used for measuring concentrations of TNF-a, IL-1b and IL-6 exactly as per manufacturer’s

instructions (TNFa-BD; IL-1b-Biolegend and IL-6-Biolegend). For each ELISA, assay background was subtracted from absorbance values.

Also, the spontaneous cytokine release in cells cultured with medium alone was subtracted from all PAMP stimulation conditions.

Multiplex bead array

A customisedmultiplex bead array panel (R &D Systems) was used for measuring levels of CXCL-10, IFN-a, CXCL-9, GM-CSF, IL-12p70, IL-10,

IL-1RA and IFN-g according to manufacturer’s instructions. Briefly, 50ml of culture supernatant was incubated with 50ml of capture magnetic

beads for 2 hrs on a plate shaker. Themagnetic beads were washed thrice. Next, beads were incubated for 1 hr with biotin conjugated detec-

tion antibody cocktail, washed 3X and finally incubated with Streptavidin-PE for 30min. At the end of incubation, beads were washed thor-

oughly 3X, resuspended, and the samples were run on a Luminex MAGPIX xMAP plate reader. A nine point standard curve was included in

each run and cytokine/chemokine concentrations were calculated using the xPONENT software. The spontaneous cytokine release in cells

cultured with medium alone was subtracted from all PAMP stimulation conditions.

In vitro training of monocytes

Monocytes were isolated from N=7 healthy volunteers (female=4 and male=3; median age = 25), BCG vaccinated at birth, IGRA-ve and hav-

ing no previous history of TB. PBMC were first isolated from heparinised blood collected and subsequently monocytes were isolated from

PBMC using a CD14 negative selection kit (Dynabeads, Thermo-fisher) according to manufacturer’s instructions. Purified monocytes were

resuspended in RPMI + Glutamax + 10% human AB serum (Sigma) and seeded at 0.1 x 106/well in 96-well flat-bottom plates. Monocytes

were trained with 100,000 cfu/ml of BCG (TUBERVAC, Serum Institute of India) for 24hrs, washed with warm PBS and rested for 5 days in

RPMI+Glutamax+10% FBS. Monocytes not trained with BCG were used as negative controls. Medium was changed once at 3 days. On

the 6th day, monocytes were washed with warm PBS and restimulated with 1ng/ml LPS. After 24hrs of restimulation, supernatants were

collected and concentrations of TNFa, IL-1b and IL-6 were measured by ELISA. A diagrammatic representation of the protocol for in vitro

training is shown in Figure S9A.

RNA isolation and sequencing

The PAMP stimulated PBMCpellet post-harvesting of culture supernatant was resuspended in 200ml of TRIZOL (Zymo Research) and stored in

-80�C. For RNA isolation, the samples were thawed and the volume of TRIZOL was increased to 1ml. Phase separation was performed by

addition of 200ml of chloroform (Merck) and centrifugation at 13200 rpm for 15 min at 4�C. Aqueous phase was transferred to a fresh tube

and RNA was precipitated overnight at -80�C by addition of isopropanol (Merck) and glycogen (Invtirogen). RNA pellet was recovered by

centrifugation, air-dried and re-suspended in nuclease-free water (Ambion). The RNA was quantified and its integrity was measured using
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TapeStation System (Agilent). Samples with a RIN below 6 were not taken forward for sequencing. cDNA synthesis was carried out using NEB

Low Input RNA Kit (NEB, CatalogueNo. E6420), the final product thereby was used as template for library preparation usingQIASeq FX DNA

Library Preparation kit (Catalogue No.180475) at Genotypic Technology Pvt. Ltd., Bangalore, India. Briefly, RNA was subjected to first-strand

cDNA synthesis using NEB Low Input RNA Kit (NEB, Catalogue No.E6420) whereby priming was carried out with the help of NEBNext RT

primer mix and NEBNext oligonucleotide for template switching at the 50 end of the transcript. The first strand synthesis was followed by

cDNA amplification using PCR. The double stranded cDNA was purified using JetSeq Magnetic Beads (Bioline, Catalogue No. 68031).

The cDNA was quantified by Qubit fluorometer (Thermo Fisher Scientific, MA, USA). 1-10 ng of Qubit quantified cDNA was enzymatically

fragmented, end-repaired andA-tailed in a one-tube reaction using the FX EnzymeMix provided in theQIASeq FXDNA kit. The end-repaired

and adenylated fragments were subjected to adapter ligation, whereby index-incorporated Illumina adapter was ligated, to generate

sequencing libraries. These libraries were subjected to 10 cycles of Indexing-PCR (initial Denaturation at 98�C for 20 sec, cycling (98�C for

20sec, 60�C for 30sec, 72�C for 30sec) and final extension at 72�C for 1min) to enrich the adapter-tagged fragments. Finally, the amplified

libraries were purified using JetSeq clean up beads (Bioline, Catalogue No. 68031) and quantified by Qubit fluorometer (Thermo Fisher Sci-

entific, MA, USA) and the fragment size distribution analyzed on Agilent 2200 TapeStation. The libraries were pooled in equimolar quantities

and sequenced on Illumina NovaSeq 6000 sequencer (Illumina, San Diego, USA) using 150 bp paired-end chemistry and NovaSeq 6000 SBS

reagents.

QUANTIFICATION AND STATISTICAL ANALYSIS

Flow cytometry data analysis

Cell fluorescence was acquired on the 5-laser, 18-parameter BD FACSAria� Fusion flow cytometer (BD Biosciences, San Jose, CA) using BD

FACSDiva� version 8.0.1 software, as previously described.20,22 Samples were analysed using FlowJo 10.8.0 (BD Biosciences). All cytokine

frequencies are reported after background subtraction of identical gates applied on matched negative controls. Background subtractions

were performed in Pestle version 1.8. Polyfunctionality of CD4+ cells expressing combinations of IFN-g, IL-2, TNF-a was analysed with

SPICE version 6.1 software.76

RNA-Seq data analysis

Quality of reads was checked by FastQC and fastp was used to trim adapters and remove low-quality sequences. Then, reads were aligned to

the GRCh38 human reference genome using HISAT2 with default parameters. We obtained FPKM (fragments per kilobase of transcript per

million fragments mapped) values of Ensembl (release 106) annotated genes across all the samples using Stringtie. We also performed Prin-

cipal Component Analysis (PCA) for detection of outlier sample(s). Subsequently, differentially expressed genes (DEGs) were identified using

linear model implemented in limma package of R with adjusted P-value < 0.05 (Benjamini-Hochberg method to control expected false dis-

covery rate (FDR) and absolute fold change of 1.5. Identified DEGs were subjected to KEGG pathway over-representation analysis applying

kegga function of limma.

Statistical analysis

Statistical analyses were performed in GraphPad Prism 9.2, unless otherwise stated. The statistical details of the experiments are provided in

the respective figure legends. Mann-Whitney U or Wilcoxon signed-rank t tests were applied for unpaired or paired comparisons,

respectively.

ADDITIONAL RESOURCES

This study was approved Institutional Ethics Review Committee of St. John Medical College Hospital, Bangalore, IEC Ref no: (IEC/1/

896/2018).
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