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SUMMARY

Bacille Calmette-Guerin (BCG) generates limited long-lasting adaptive memory
responses leading to short-lived protection against adult pulmonary tuberculosis
(TB). Here, we show that host sirtuin 2 (SIRT2) inhibition by AGK2 significantly en-
hances the BCG vaccine efficacy during primary infection and TB recurrence
through enhanced stem cell memory (TSCM) responses. SIRT2 inhibition modu-
lated the proteome landscape of CD4+ T cells affecting pathways involved in
cellular metabolism and T-cell differentiation. Precisely, AGK2 treatment en-
riched the IFNg-producing TSCM cells by activating b-catenin and glycolysis.
Furthermore, SIRT2 specifically targeted histone H3 and NF-kB p65 to induce
proinflammatory responses. Finally, inhibition of the Wnt/b-catenin pathway
abolished the protective effects of AGK2 treatment during BCG vaccination.
Taken together, this study provides a direct link between BCG vaccination, epige-
netics, and memory immune responses. We identify SIRT2 as a key regulator of
memory T cells during BCG vaccination and project SIRT2 inhibitors as potential
immunoprophylaxis against TB.

INTRODUCTION

Tuberculosis (TB) is an infectious disease caused by the intracellular pathogenMycobacterium tuberculosis

(M.tb). It is transmitted via expelledM.tb-contaminated aerosols and primarily attacks the lungs of infected

individuals. Subsequently, to obstruct infection, the host elicits a foray of antimycobacterial defense mech-

anisms by activating the innate and adaptive immune responses.1 M.tb on the other hand has complex

mechanisms to modulate these defences and circumvent host immune mechanisms.2 Despite accessibility

to standard anti-TB treatment (ATT), 1.4 million individuals died and 10 million people were infected with

TB in 2019.3 Moreover, prophylactic immunization with a live attenuated strain ofMycobacterium bovis, Ba-

cille Calmette-Guerin (BCG), fails to control themassive incidence of TB cases annually, indicating the need

for an efficacious complementary TB control strategy.

BCG was developed 100 years ago with piecemeal knowledge of fundamental immune determinants with

the aim to protect neonates fromM.tb infection. Eventually, the vaccination strategy was extended for pul-

monary TB. Although BCG is known to protect against disseminated forms of TB in children, this protective

immunity gradually disappears, and as a result, it is mostly inadequate against adult pulmonary TB and

cannot inhibit primary infection or recrudescence of latent TB.4 BCG has been shown to epigenetically

reprogram and augment effector functions of the innate immune cells; however, the conferred protection

is merely for a short period and wanes out in adults.5,6 The incompetence of BCG to aptly stimulate polar-

ization of T-helper cells impedes the expansion ofM.tb-specific subsets of memory T cells.7 The inability of

BCG to generate adequate adaptivememory responses reflects its poor efficacy in protecting against adult

pulmonary TB. Reinforcement of central memory T cells (TCM) to effector memory T cells (TEM) ratio is requi-

site for lasting protection against TB.8 Moreover, expansion of the long-lasting, self-restorative T stem cell

memory cell (TSCM) population is vital, as they can proficiently differentiate into a spectrum of effector

T subsets.9

BCG generates trained innate immune cells by inducing epigenetic reprogramming and provides cross-

protection against various disease conditions.10 Therefore, enormous efforts are underway to improve
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the efficacy of BCG by targeting innate immune responses.11 However, no study explores a direct link be-

tween BCG vaccination, epigenetics, and host adaptive memory immune responses.

Being actively involved in varied aspects of T-cell development, activation, and differentiation, the role of

histone deacetylases (HDACs) in adaptive memory generation during BCG vaccination remains unex-

plored.12,13 Lately, sirtuins, NAD+-dependent class III HDACs, have emerged as crucial regulators of

T-cell-mediated adaptive immune responses.14 Among the seven sirtuins present in mammals, sirtuin 2

(SIRT2) is a cytosolic HDAC known to shuttle to the nucleus during mitosis15 and certain bacterial infec-

tions.16,17 With a considerable role in critical cellular processes such as metabolism, energy homeostasis,

tumor suppression, and inflammation,18 limited studies demonstrate the role of SIRT2 in T-cell memory

responses.19

Recently, we reported significant upregulation of SIRT2 in the CD4+ T cells derived from the lungs ofM.tb-

infected mice as compared to the naive mice. In this study, we performed the whole proteome analysis of

BCG-primed CD4+ T cells treated with AGK2, which is a specific SIRT2 inhibitor.20 AGK2 treatment exerted

a positive impact on the global proteome landscape of CD4+ T cells where it specifically induced proteins

involved in T-cell activation, inflammation, metabolism, and Wnt signaling. In response to oxidative stress,

SIRT2 obstructs Wnt signaling by directly interacting and binding to b-catenin.21 Moreover, SIRT2 is known

to inhibit glycolysis and oxidative phosphorylation in murine T cells.19 Wnt-b-catenin signaling promotes

the expansion of self-restorative, long-lived TSCM with proliferative andmultipotent abilities to differentiate

into an entire range of effector T cells.19 Furthermore, memory T cells primarily depend on oxidative phos-

phorylation and glycolysis for energy,22 and modulating energy metabolism has been shown to assist the

formation and maintenance of CD8+ memory T cells.23,24 Therefore, we hypothesized that the chemical in-

hibition of SIRT2 during BCG vaccination might increase the generation andmaintenance of the TSCM pop-

ulation to enrich the T-cell-mediated adaptive memory responses.

Indeed, the inhibition of SIRT2 in the lymphocytes derived from BCG-vaccinated mice heightened the per-

centage of interferon gamma (IFNg)-producing TSCM population. SIRT2 was highly expressed in the CD4+

TSCM cells where it deacetylated histone H3 and nuclear factor kappa B (NF-kB) p65 to modulate the proin-

flammatory cytokine responses. Furthermore, the impact of SIRT2 inhibition on b-catenin acetylation and

glycolysis led to the increased production of stem cell memory responses. As a result, AGK2 treatment in

adjunct with BCG immunization considerably augmented the effectiveness of BCG in response to primary

infection, reinfection, and recrudescence in mice. Adoptive transfer experiments in Rag1�/� mice

confirmed that the adaptive immune responses generated during BCG-AGK2 coimmunization were

M.tb-specific. Lastly, simultaneous inhibition of SIRT2 and b-catenin in vivo abrogated the generation of

T-cell-mediated adaptive memory responses, thus decreasing the BCG vaccine efficacy. Collectively, the

data infer that SIRT2 is a key regulator of memory T cells during TB pathogenesis and indicates the poten-

tial of SIRT2 inhibitors as adjunct prophylactic drugs against TB.
RESULTS

AGK2 treatment induces changes in the global proteome landscape of BCG-primed CD4+

T cells

We have recently shown that M.tb utilizes SIRT2 to modulate the host immune responses, and SIRT2 inhi-

bition can result in reduction in bacterial load and pathological damage.17 Because SIRT2 was highly up-

regulated in CD4+ T cells isolated from M.tb-infected mice,17 we investigated the influence of SIRT2 inhi-

bition of the proteome profile of CD4+ T cells isolated from the lungs of BCG-vaccinated andM.tb-infected

mice (Figure 1A). For SIRT2 inhibition, the CD4+ T cells were treated with AGK2, which is a very specific

SIRT2 inhibitor with an IC50 (half-maximal inhibitory concentration) of 3.5 mM and minimally affects the ac-

tivity of other sirtuins even at a 10-fold high concentration.25 AGK2 treatment led to a differential expres-

sion of 1631 proteins in the M.tb-primed CD4+ T cells (Figure 1B) wherein the expression of 1302 proteins

was enhanced after AGK2 treatment while 329 proteins were downregulated (Figure 1B), indicating a pos-

itive influence of SIRT2 inhibition on CD4+ T-cell proteome landscape (Table S1). Further pathway analysis

of these proteins revealed several pathways that were significantly upregulated (Table S2) and downregu-

lated in the CD4+ T cells upon AGK2 treatment (Table S3). Many pathways involved in cellular metabolism,

cytokine responses, and intracellular signaling were upregulated by AGK2 treatment (Figure 1C). Interest-

ingly, the Wnt/b-catenin signaling pathway, which plays a crucial role in maintaining memory T cells,26 was

significantly upregulated upon SIRT2 inhibition (Figure 1C). Many proteins that are known to directly or
2 iScience 26, 106644, May 19, 2023



Figure 1. Pharmacological SIRT2 inhibition induces global changes in the proteome landscape of CD4+ T cells

(A) CD4+ T cells sorted from the spleen of BCG-vaccinated and M.tb-infected mice were ex vivo stimulated with M.tb

complete soluble antigen (CSA) for 48 h followed by treatment with 10-mM AGK2 for 24 h. These cells were subjected to

global proteome analysis using mass spectrometry.

(B) Heatmap interpretation of the mass spectrometry proteome profiling of CD4+ T cells (Log2 fold, n = 3). Red represents

upregulation while blue depicts downregulation.

(C) Pathways that are significantly upregulated in the AGK2-treated CD4+ T cells.

(D) Wnt/b-catenin pathway proteins upregulated in the AGK2-treated CD4+ T cells.

(E) Representative histograms and the expression of acetylated b-catenin in the CD4+ T cells with or without AGK2

treatment.

(F) Extracellular L-Lactate concentration in the supernatant of CD4+ T-cell cultures with or without AGK2 treatment.

(G) Splenocytes from BCG-vaccinated andM.tb-infected mice were ex vivo stimulated withM.tb CSA for 48 h followed by

treatment with 10-mM AGK2 for 24 h. Memory cells were analyzed by staining with anti-CD3 (Pacific Blue), anti-CD4

(PerCPCy5.5), anti-CD8 (APCCy7), anti-CD62L (APC), anti-CD44 (PE), anti-Sca1 (PECy5), anti-IFNg (BV510), and IL17

(BV650).

(H–K) Representative dot plots and percentage of (I) CD4+ TCM cells, (J) CD4+ TSCM cells, and (K) IFNg-producing CD4+

TSCM cells in the control and AGK2-treated splenocytes.
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Figure 1. Continued

(L–N) Representative histograms and the expression of SIRT2 in the naive and M.tb-specific CD4+ TSCM cells.

Representative histograms and quantification of (M) acetylated histone H3 and (N) acetylated NF-kB p65 levels in the

control and AGK2-treated CD4+ TSCM cells. Data are representative of two independent experiments. The graphs

represent mean G SD (n = 4). *p < 0.05, **p < 0.005, ***p < 0.0005.
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indirectly activate b-catenin were highly upregulated in CD4+ T cells after AGK2 treatment (Figure 1D), such

as Fzd5,27 Dkk2,28 Mitf,29 Macf1,30 Wnt8a,31 and Wnt9a.27

Activation ofWnt/b-catenin signaling is often linked with enhanced generation of memory stem T cells32 while

SIRT2 is known to inhibit this pathway by deacetylating b-catenin21 and by modulating the GSK3b functions.33

We observed a significant increase in the acetylated b-catenin levels in the M.tb-primed CD4+ T cells upon

AGK2 treatment (Figure 1E). Moreover, SIRT2 inhibited glycolysis in these cells, which may lead to a decrease

in the effector functions such as cytokine production19,34 (Figure 1F). We next investigated if SIRT2 modulates

the formation and expansion of memory T cells. For this, ex vivo stimulated splenocytes isolated from BCG-

vaccinated and M.tb-infected mice were treated with AGK2 followed by profiling of different memory T cells

(Figure 1G). SIRT2 inhibition led to a significant increase in the percentage of CD4+ TCM cells and TEM cells with

a concomitant decrease in TN cells (Figures 1H and 1I). Among the various memory T cells, TSCM cells possess

maximum self-renewal capacity and multipotency and are known to give rise to a spectrum of effector and

memory T-cell subsets.35 AGK2 treatment also increased the percentage of CD4+ TSCM cells by inducing

Sca-1 expression in TN cells (Figures 1H–1J). Further analysis revealed enhanced IFNg expression in the

CD4+ TSCM cells, indicating TH1-type host protective phenotype (Figures 1H–1K).

To gain further insight into the role of SIRT2 in the maintenance of memory T cells, we checked the expres-

sion SIRT2 in the CD4+ TSCM cells derived from naive and M.tb-infected mice. Not only was SIRT2 highly

expressed in the CD4+ TSCM cells isolated fromM.tb-infected mice (Figure 1L), its inhibition led to a signif-

icant increase in the acetylated levels of histone H3 (Figure 1M) and NF-kB p65 (Figure 1N), both of which

are known to influence the changes in host gene expression and may lead to increased secretion of proin-

flammatory cytokines such as IFNg.36

AGK2 regulates T-cell memory responses by inhibiting b-catenin and glycolysis

To better understand whether SIRT2 inhibition via AGK2 modulates Wnt/b-catenin signaling and cellular

metabolism to shape the T-cell-mediated adaptive memory responses (Figure 2A), the ex vivo stimulated

splenocytes isolated from BCG-vaccinated andM.tb-infectedmice were treated with AGK2 in the presence

of cardamonin (Card), which is known to promote b-catenin degradation,37 and 2-deoxy-D-glucose (2DG),

which inhibits glycolysis38 followed by memory cell profiling (Figure 2B). 2DG Significantly affected the abil-

ity of AGK2 to reduce TN cells (Figure 2C) and to increase TCM (Figure 2D) and TEM cells (Figure 2E) while

Card cotreatment abolished the increase in CD4+ TCM cells upon AGK2 treatment (Figure 2D). Further-

more, both Card and 2DG treatments significantly decreased the AGK2-induced expression of Sca-1

and CD122 on CD4+ TN cells, indicating a reduced TSCM response (Figures 2F–2I). IFNg production by

CD4+ TSCM cells was also diminished significantly in 2DG- and AGK2-treated splenocytes (Figures 2J

and 2K) which displayed decreased glycolysis compared with AGK2-treated CD4+ T cells (Figure 2L). Over-

all, these results identify SIRT2-b-catenin axis and SIRT2-mediated energy metabolism as regulators of

memory T-cell generation during TB.

BCG vaccination with simultaneous SIRT2 inhibition provides superior resistance against TB

One of the main reasons for its limited efficacy is the failure of BCG to generate a sustained long-lived pro-

tective immunity. We and others have shown that epigenetic modulations in the host immune cells can

result in enhanced protective responses against TB.39 For example, SIRT2 inhibition by AGK2 greatly in-

creases the host resistance againstM.tb by increasedmacrophage activation and Th1/Th17 differentiation.

Furthermore, as AGK2 treatment induced significant generation of TSCM and TCM cells, we explored the

prophylactic properties of AGK2 in the BCG vaccination model of TB. We performed an initial experiment

with 4 groups of mice—control (Cnt), AGK2, BCG, and BCG + AGK2—and analyzed the bacterial burden

30 days after infection (Figure S1A). BCG + AGK2-vaccinated mice displayed lower bacterial burden in the

lungs than the BCG-vaccinated mice (Figure S1B). However, the bacterial load in AGK2-vaccinated mice

was similar to that in the Cnt group (Figures S1B andS1C). It was in line with our previous data (PMID:

32697192) where we have shown that Mycobacterial infection induces the expression of SIRT2 in host
4 iScience 26, 106644, May 19, 2023



Figure 2. Pharmacological SIRT2 inhibition aids in the generation of memory stem T cells by promoting Wnt/

b-catenin signaling and glycolysis

(A) Schematic representation of T-cell differentiation into various memory subsets.

(B-I) Ex vivo-stimulated splenocytes were either left untreated or treated with AGK2 (10 mM), Cardamonin (Card; 2.5 mM),

and 2-deoxy-D-glucose (2DG; 200 mM) for 24 h. Different memory T cells were analyzed by staining with anti-CD3, anti-

CD4, anti-CD62L, anti-CD44, anti-Sca1, and CD122 followed by flow cytometry. (B) Representative dot plots and the

percentage of (C) CD4+ TN cells, (D) TCM cells, and (E) TEM cells in different conditions. (F) Representative histograms and

expression of (G) Sca-1 in CD4+ TN cells. (H) Representative histograms and expression of (I) CD122 in CD4+ TN cells. (J)

FACS dot plots and (K) the percentage of IFNg-secreting CD4+ T cells with or without treatment with AGK2 and 2DG. (L)

Ex vivo stimulated splenocytes isolated from BCG-vaccinated and M.tb-infected mice were treated with AGK2 and 2DG

for 24 h followed by extracellular L-lactate measurements (see STAR Methods). Data are representative of two

independent experiments. The graphs represent mean G SD (n = 4). *p < 0.05, **p < 0.005, ***p < 0.0005.
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macrophages, and hence, it was only in the infected macrophages where SIRT2 inhibition/knockdown has

any effect on the innate immune modulation. Furthermore, SIRT2 was highly expressed in the T cells iso-

lated from M.tb-infected mice compared with the T cells isolated from naive animals. Therefore, we

focused our study on the BCG-AGK2 vaccination regime and explored the mechanisms involved in the

higher efficacy of this routine. We assessed the efficacy of the vaccine regime by monitoring three deliver-

ables: (1) disease progression in primary infection, (2) disease outcome during reinfection, and (3) rate of
iScience 26, 106644, May 19, 2023 5



Figure 3. AGK2 enhances the antitubercular efficacy of BCG vaccination

(A–C) Schematic representation of the animal models (primary infection, reinfection, and reactivation) and vaccine regime

used for the study. Unvaccinated, BCG-vaccinated, and BCG-vaccinated/AGK2-treated C57/BL6 mice were infected with

a low dose of M.tb (�100 CFU) and sacrificed 60 days after infection to determine the bacterial burden. CFU in (B) the

lungs and (C) the spleen of infected animals.

(D and E) After treatment with isoniazid (INH) and rifampicin (RIF) for 60 days, the mice were reinfected with low-doseM.tb

followed by CFU determination 30 days after infection. CFU in (D) the lungs and (E) the spleen of reinfected mice.

(F and G) INH/RIF-treated animals were given dexamethasone as an immunosuppressant for 30 days followed by CFU

analysis. (F) Bacterial burden in the lungs of relapsed mice. (G) Relapse rate observed in the three groups. Data are

representative of two independent experiments with 4–6 mice in each group. The graphs represent mean G SD.

*p < 0.05, **p < 0.005, ***p < 0.0005.
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reactivation (Figure 3A). AGK2 treatment significantly reduced the bacterial burden in the lungs and the

spleen of BCG-vaccinated mice during primary infection (Figures 3B and 3C). Owing to severe immune

impairment, the current anti-TB therapy, which consists of multiple antibiotics, renders the host vulnerable

to reinfections and reactivation, which are associated with higher mortality rates.40 Interestingly, BCG-

AGK2 vaccination displayed enhanced resistance to secondary challenge as evidenced by decreased
6 iScience 26, 106644, May 19, 2023
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bacterial growth in the lungs and the spleen of infected animals (Figures 3D and 3E). Furthermore, immune

suppression in isoniazid-/rifampicin-treated mice resulted in significantly lower resuscitation of latent

bacilli in terms of bacterial burden (Figure 3F) with a comparable rate of relapse (Figure 3G). Overall, these

results demonstrate the remarkable long-term protection conferred by the BCG-AGK2 vaccine strategy.

AGK2 treatment during BCG vaccination activates the innate and adaptive immune cells

during TB

Because the host immune system plays a critical role in containing M.tb, next, we aimed at understanding

the changes in the host immune responses which lead to increased resistance conferred by the BCG-AGK2

combination. First, we analyzed the prechallenge immune status of the unvaccinated and vaccinated mice

after 30 days of rest (Figure S2). We observed a significant increase in T-cell activation both in the lungs

(Figures S2A and S2B) and the spleen of BCG-AGK2-vaccinated animals (Figures S2C and S2D). Further

analysis revealed a Th1/Th17 immune environment in BCG-AGK2-vaccinated mice as evidenced by an

increased percentage of IFNg- and IL17-producing T cells in the lungs (Figures S2E–S2H) and the spleen

(Figures S2I–S2L). These data indicate that the BCG-AGK2 combination creates a restrictive environment

for mycobacteria in the naive mice, which may contribute to a host of favorable disease outcomes.

During TB, macrophages act as the first line of defense being responsible for phagocytosing the bacilli while

dendritic cells process andpresent bacterial antigens to activate adaptive immunity.41 Costimulatorymolecules

such as CD40, CD80, and CD86 present on antigen-presenting cells (APCs) aid in T-cell activation by initiating

various cell signaling pathways.42 Interestingly, 60 days after theM.tb challenge, we observed an increased per-

centage of CD11b+ cells in the lungs of BCG-AGK2 vaccinated (Figures 4A and 4B) which also expressed

enhanced levels of costimulatory markers CD40, CD80, and CD86 (Figures 4C–4E). A significant increase in

the percentage of CD11c+CD40+ cells was also observed (Figures 4F–4I). A similar trend was observed in

the spleen wherein there was an increased percentage of activated CD11b+ and CD11c+ cells in BCG-

AGK2-vaccinated mice (Figures S3A–S3H). Ample evidence indicates an inevitable role of CD4+ and CD8+

T cells in imparting protection against TB.43,44 Even so, AGK2 treatment did not change the percentage of

CD4+ and CD8+ T cells in BCG-vaccinatedmice (Figures 4J–4L), and there was an increased expression of early

activation marker, CD69, in these mice compared with BCG vaccination alone (Figures 4M and 4N). However,

enhanced T-cell activation was not observed in the spleen of BCG-AGK2-vaccinated mice (Figures S3I–S3L).

Polyfunctional T cells secreting more than two cytokines (such as INFg, IL17, TNFa, and IL2) are considered

host protective and may play a role in vaccine-mediated defense.45 We observed that AGK2 treatment

greatly improved the ability of BCG to induce the polyfunctional CD4+ and CD8+ T cells. There was an

increased percentage of CD4+ and CD8+ T cells that expressed 4, 3, and 2 cytokines out of INFg, IL17,

TNFa, and IL2 in the lungs (Figures 5A–5D) and the spleen of BCG-AGK2-vaccinated mice (Figures S4A–

S4D). Overall, these results indicate that simultaneous AGK2 treatment and BCG vaccination results in

the generation of strong host-protective immune responses during TB.

AGK2 treatment strengthens the BCG-induced adaptive memory responses

Several studies indicate the failure of BCG to induce long-lasting memory T-cell responses.43 Reduced ef-

ficacy of BCG in preventing adult pulmonary TB is mainly attributed to the age-related waning of TCM re-

sponses.46 To understand the influence of BCG-SIRT2 inhibition on the induction of adaptive memory

in vivo, we analyzed the T-cell-mediated adaptive memory responses in the lungs and the spleen of in-

fected animals. SIRT2 inhibition during BCG vaccination significantly improves the percentage of CD4+

and CD8+ TCM cells, with a concomitant decline in the TEM cells resulting in an increase in the TCM/TEM ratio

in the lungs of infected animals (Figures 6A–6G). A similar pattern was observed in the spleen of infected

animals wherein the TCM/TEM ratio was higher in CD4+ T cells (Figures S5A–S5C). However negligible influ-

ence was observed in CD8+ T cells (Figures S5D–S5F). Recent studies stipulate that antigen-specific TSCM
cells are the primary source of central memory responses.47 Interestingly, AGK2 treatment greatly

augmented the percentage of TSCM cells in the lungs (Figures 6H–6J) and the spleen of BCG-vaccinated

mice (Figures S5G and S5H). Tissue-resident memory T cells (TRM) present in the lungs have been shown

to positively regulate the BCG vaccine efficacy.48 Seldom have we seen instances wherein immune re-

sponses are the same in different organs and tissues. TB primarily affects the lungs where TRM population

plays a significant role in recall responses during secondary infection. With no difference in the splenic TRM
population (Figures S5I and S5J), SIRT2 inhibition greatly enriched the CD4+ and CD8+ TRM population in

the lungs of BCG-vaccinated mice (Figures 6K–6M).
iScience 26, 106644, May 19, 2023 7



Figure 4. AGK2 enhances the BCG-induced innate and adaptive immune cell activation

(A–I) Gating strategy used to screen the antigen-presenting cells in the lungs and the spleen of infected animals. The cells

were ex vivo stimulated withM.tb CSA for 24 h and stained with anti-CD11b (APCCy7), anti-CD11c (APC), anti-CD40 (PE),

anti-CD80 (FITC), anti-CD86 (PerCP). Representative dot plots are shown. Percentage of (B) CD11b+, (C) CD11b+CD40+,

(D) CD11b+CD80+, and (E) CD11b+CD86+ in the lungs of infected mice. Percentage of (F) CD11c+, (G) CD11c+CD40+, (H)

CD11c+CD80+, and (I) CD11c+CD86+ in the lungs of infected mice.

(J–N) Representative dot plots to demonstrate the gating strategy used. The single-cell suspensions obtained from the

lungs of infected animals were stimulated with M.tb CSA for 24 h before staining with anti-CD3 (Pacific Blue), anti-CD4

(PreCPCy5.5), anti-CD8 (APCCy7), and anti-CD69 (FITC). Percentage of (K) CD4+, (L) CD8+, (M) CD4+CD69+, and (N)

CD8+CD69+ T cells. Data are representative of two independent experiments with 5 mice in each group. The graphs

represent mean G SD. *p < 0.05, **p < 0.005, ***p < 0.0005.

ll
OPEN ACCESS

iScience
Article
Inhibition of b-catenin during BCG vaccination abrogates the AGK2-induced host control of

TB

Altogether, the above data strongly suggest that modulation of SIRT2 activity during BCG vaccination re-

sults in the generation of superior T-cell memory responses against TB. To further validate whether the

higher efficacy of the BCG-AGK2 vaccination regime compared with that of BCG alone is due to enhanced

memory responses generated via SIRT2-modulated inhibition of b-catenin, we investigated the influence of
8 iScience 26, 106644, May 19, 2023



Figure 5. SIRT2 inhibition during BCG vaccination elicits polyfunctional T-cell responses in the lungs of infected

mice

(A–D) After ex vivo stimulation withM.tb CSA, the lung cells were stained with anti-CD3 (Pacific Blue), anti-CD4 (PE), anti-

CD8 (APCCy7), anti-IFNg (APC), anti-IL2 (FITC), and anti-IL17 (PeCy7), and anti-TNFa (PerCP) for polyfunctional cytokine

analysis. Proportion of (A) CD4+ and (B) CD8+ T cells positive for 0, 1, 2, 3, and 4 cytokines. Box and whiskers plots

depicting the percentage of (C) CD4+ and (D) CD8+ T cells positive for all the possible combinations of the four cytokines

examined in the lungs of infected mice. Data are representative of two independent experiments with 5 mice in each

group. The graphs represent mean G SD. *p < 0.05, **p < 0.005, ***p < 0.0005.
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b-catenin inhibition on the antitubercular potential of BCG-AGK2 vaccination in vivo (Figure 7A). As ex-

pected, the prechallenge memory T-cell immune profile indicated the decreased percentage of CD4+

TN cells in the lungs of BCG-AGK2 mice (Figures 7B and 7C) with a concomitant increase in CD4+ TCM cells

while no change was observed in CD4+ TEM cells (Figures 7D and 7E). Card treatment diminished the AGK2-

mediated increase in the TCM responses (Figure 7E), further validating that SIRT2 modulates T-cell memory

responses via the Wnt/b-catenin pathway. Moderate effects were also seen in the CD8+ memory T cells

(Figures S6A–S6C).

To understand theM.tb-specific phenotype of these responses, we performed adoptive transfer studies in

Rag1�/� mice which lack functional B and T cells.49 CD4+ T cells isolated from the lungs of vaccinated mice

were intravenously injected in naive Rag1�/� mice followed by low-dose aerosol infection with GFP-ex-

pressing strain of M.tb (Figure 7F). Mice that received CD4+ T cells from BCG-AGK2-vaccinated animals

displayed a significant decrease in the lung bacterial load compared with the mice that did not receive

any CD4+ T cells or received CD4+ T cells from BCG vaccinated group and BCG-AGK2-Card vaccinated

group, indicating a superior killing potential of BCG-AGK2-primed CD4+ T cells (Figure 7G). Consistent

with the colony-forming unit data, CD11b+MHCII+ and CD11c+MHCII+ APCs in the lungs of BCG-AGK2

Rag1�/� were significantly less infected with Rv-GFP than the other groups (Figures S6D–S6G).

Furthermore, host resistance to M.tb infection decreased in BCG-AGK2-Card vaccinated mice compared

with BCG-AGK2 vaccination (Figures 7H and 7I) as Card cotreatment decreased the AGK2-mediated
iScience 26, 106644, May 19, 2023 9



Figure 6. SIRT2 inhibition during BCG vaccination ameliorates memory T-cell responses in the lungs of infected

mice

(A–G) Gating technique and representative dot plots for analyzing central memory T-cell responses. Ex vivo stimulated

single-cell suspensions of infected lungs were stained with anti-CD3 (Pacific Blue), anti-CD4 (PerCPCy.5), anti-CD8

(APCCy7), anti-CD62L (APC), anti-CD44 (FITC), anti-CD69 (PE), anti-CD103 (PEcy7), and anti-Sca1 (PeCy5) for analyzing

memory T cells. Percentage of (B) TCM (CD44highCD62Lhigh), (C) TEM (CD44highCD62Llow), and (D) TCM/TEM ratio in the

CD4+ T cells present in the lungs of infected mice. Percentage of (E) TCM, (F) TEM, and (G) TCM/TEM ratio in the lung CD8+

T cells.
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Figure 6. Continued

(H–J) Representative dot plots and quantification of TSCM (CD44�CD62L+Sca1high) population in the (I) CD4+ and (J) CD8+

T cells.

(K–M) Representative dot plots and percentage of TRM (CD69+CD103+) population in the (L) CD4+ and (M) CD8+ T cells.

Data are representative of two independent experiments with 5 mice in each group. The graphs represent mean G SD.

*p < 0.05, **p < 0.005, ***p < 0.0005.
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activation of CD4+ and CD8+ T cells (Figures S7A–S7F). Even the central memory and stem cell memory

responses were significantly diminished in the lungs of BCG-AGK2-Card mice compared with BCG-

AGK2 mice (Figures 7J–7Q) with minimum effect on the TEM and TN cells (Figures S7G–S7J). Subtle immu-

nological differences were also observed in the spleen of infected animals (Figure S8) wherein Card co-

treatment significantly reduced the T-cell activation in the BCG + AGK2-vaccinated animals

(Figures S8A–S8D). With hardly any effect on CD4+ memory responses (Figures S8E–S8H), Card treatment

significantly increased the percentage of CD8+ TN cells, with a concomitant decrease in TEM population

(Figures S8I–S8L) further indicating that Card abolishes the ability of AGK2 to drive TN differentiation

into TSCM, TEM, and TCM, which are the major precursors of memory T cells that provide long-term protec-

tion against TB.

Overall, the data comprehensively demonstrate that AGK2-mediated protective effects during BCG vacci-

nation could be abolished by inhibiting b-catenin.

DISCUSSION

Vaccination is pivotal for establishing an acquired long-lived state of enhanced defense aimed against

combating subsequent infections. Since the introduction of the BCG vaccine as part of the Expanded Program

on Immunization by WHO, more than 4 billion individuals have been vaccinated. Despite being the most

widely used vaccine of all time, BCG has several shortcomings. Owing to numerous factors, the protective ef-

ficacy of BCG is vastly inconsistent, lasts for less than 10–15 years, fails to establish sterilizing immunity against

M.tb infections, and cannot inhibit primary infection or recrudescence of latent TB. As it is challenging to

establish new vaccines, modulation of the host immunity to augment BCG-induced protection can be used

as a stratagem to incline immune responses to attain ever-lasting immunity against M.tb. Immune responses

induced by BCG have been studied comprehensively, and it has been established that BCG epigenetically

reprograms innate immune cells and exhibits interimprotection.10 However, BCG-induced epigenetic reprog-

ramming in T cells is a less-travelled area in the field.We have successfully illustrated in our previous study that

inhibition of host NAD+-dependent HDAC SIRT2 with chemical inhibitor AGK2 led to significant epigenetic

modifications in the innate and the adaptive immune cells generating enhanced host resistance toM.tb infec-

tion. This further motivated us to evaluate the consequences of SIRT2 inhibition by AGK2 treatment as a pro-

phylactic along with BCG vaccination in the murine model of TB. Since SIRT2 KO mice exhibit significant

genomic instability and chromosomal aberration50 andmay not survive during TB because of other comorbid-

ities, we usedAGK2 for inhibition of SIRT2 activity withminimal adverse effects onmice.17 For SIRT2, the IC50 of

AGK2 is 3.5 mM, whereas it exhibits little activity against SIRT1/3 (IC50 > 50 mM). Several studies have used

AGK2 as a specific SIRT2 inhibitor to analyze effects of SIRT2 in different disease settings.25

Substantial diminution in bacterial load was observed upon AGK2 cotreatment with BCG compared with

BCG alone in case of primary M.tb infection (Figures 3B and 3C). Attenuation of bacterial load in BCG-

AGK2-vaccinated mice became even more evident upon secondary M.tb infection (Figures 3D and 3E).

Furthermore, the outcomes were consistent in the reactivation model wherein bacterial burden was

dramatically lowered upon adjunct AGK2 treatment in relapsed mice (Figure 3F). Altogether, concurrent

SIRT2 inhibition resulted in the enhanced antimycobacterial potential of BCG upon M.tb infections.

To decipher the contributing factors of enhanced protection during primary and secondary infections, we

assessed the impact of BCG-AGK2 prophylaxis on host immune responses. Strengthened T-cell activation

was evident in the lungs and spleens of prechallenged BCG-AGK2-vaccinated mice, with the upsurge in

IFNg and IL17 secretion indicating that SIRT2 inhibition augments the host-protective TH1/TH17 responses

in the BCG-primed mice (Figure S2). These responses were maintained in the lungs of BCG-AGK2-vacci-

nated mice even 60 days after M.tb challenge (Figures 4J–4N).

Components of innate immunity play a vital role in the instigation of host defences upon pathogenic insult.

Macrophages and dentritic cells (DCs) function in coherence with cells of adaptive immunity by facilitating
iScience 26, 106644, May 19, 2023 11



Figure 7. b-Catenin inhibition reverses the AGK2-induced phenotype in the BCG vaccination model of TB

(A) Schematic representation of modified BCG vaccination regime. Seven days after BCG vaccination, mice were either

given AGK2 or AGK2 and Card for 2 weeks. After a 30-day rest, mice were sacrificed for analyzing the pre-M.tb challenge

memory immune responses. The ex vivo stimulated lung cells were stained with anti-CD3 (Pacific Blue), anti-CD4

(PerCPCy5.5), anti-CD8 (APCCy7), anti-CD62L (APC), and anti-CD44 (PE) followed by flow cytometry.

(B–E) Representative dot plots and the percentage of (C) CD4+ TN cells, (D) TEM cells, and V TCM cells in the lungs of

vaccinated mice.

(F) CD4+ T cells isolated from the lungs of vaccinated mice were adoptively transferred in naive Rag1�/�mice, which were

challenged with Rv-GFP (see STAR Methods).

(G) Bacterial burden in the lungs of Rag1�/� mice 25 days after infection.

(H and I) All the vaccinated animals were challenged with a low dose of M.tb (�100 CFU) and sacrificed 30 days after

infection to determine the bacterial burden. CFU in (H) the lungs and (I) the spleen of infected animals.
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Figure 7. Continued

(J-Q) The ex vivo stimulated lung cells were stained with anti-CD3 (Pacific Blue), anti-CD4 (PerCPCy5.5), anti-CD8

(APCCy7), anti-CD62L (APC), anti-CD44 (PE), and anti-Sca1 (PECy5) followed by flow cytometry. (J) Representative dot

plots and (K) the percentage of CD4+ TCM cells in the lungs of vaccinated mice. (L) Representative dot plots and (M) the

percentage of CD8+ TCM cells in the lungs of vaccinated mice. (N) Representative histograms and (O) the expression of

Sca1 in the CD4+ TN cells. (P) Representative histograms and (Q) the expression of Sca1 in the CD8+ TN cells. Data are

representative of two independent experiments. The graphs represent mean G SD (n = 4). *p < 0.05, **p < 0.005,

***p < 0.0005.
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T-cell activation and downstream signaling to bring about proficient defences againstM.tb. A heightened

percentage of CD11b+ and CD11c+ cells collectively with enrichment in costimulatory surface markers

(CD40+ and CD86+) was marked in BCG-AGK2-vaccinated and M.tb-infected group (Figures 4A–4I).

Furthermore, to better comprehend the T-cell responses, we assessed the impact of BCG-AGK2 vaccina-

tion on polyfunctional T cells, which can proficiently perform multiple functions by eliciting diverse cyto-

kines.51 A dramatic rise in the percentage of CD4+ and CD8+ polyfunctional T cells eliciting multiple cyto-

kines such as INFg, IL17, TNFa, and IL2 was evident in M.tb-infected mice vaccinated with BCG-AGK2

(Figure 5). Conclusively it was apparent that inhibition of host SIRT2 enhanced host-protective immune re-

sponses stimulated by BCG in response to M.tb infection.

Because the shortcomings of the BCG vaccine are compellingly linked with inadequacies in the stimulation

of lasting adaptive immune memory, we endeavored to investigate the adaptive memory responses insti-

gated by BCG vaccination along with SIRT2 inhibition. Expansion of CD4+ and CD8+ TCM populations with

coexistent regression in the TEM cells was distinctly observed in BCG-AGK2-vaccinated mice. Hence, it was

definite that SIRT2 inhibition during BCG vaccination strengthened the TCM/TEM ratio in response to M.tb

infections (Figures 6A–6G). With the affirmative impact on immunological memory, we further trailed to

assess distinctive memory subset, antigen-specific TSCM cells that can generate the entire spectrum of T

memory cell populations. SIRT2 inhibition amplified the percentage of CD4+ and CD8+ TSCM cells in the

lungs and spleen of BCG-vaccinated mice (Figures 6H–6J). Moreover, TRM confined to major sites of infec-

tion were also reinforced dramatically in BCG-AGK2-vaccinated mice (Figures 6K–6M). Hence, we deci-

sively establish the strengthening of T-cell immunological memory responses by inhibiting host SIRT2 coin-

cident with BCG vaccination in the murine model.

We have recently shown that SIRT2 is highly expressed in the M.tb-primed CD4+ T cells where it deacety-

lates histone H3, which may lead to significant changes in the proteome landscape of CD4+ T cells.17 Satis-

factorily, whole proteome analysis revealed a distinct SIRT2-dependent proteome profile in M.tb-primed

CD4+ T cells (Figure 1B). Further scrutiny unveiled the SIRT2-modulated changes in the Wnt/b-catenin

signaling proteins in CD4+ T cells, which play a critical role in the T-cell memory homeostasis52 (Figure 1D).

Other upregulated pathways such as p38 mitogen-activated protein kinase, T-cell activation, Jak/STAT

signaling, Toll receptor signaling, interleukin signaling, and inflammation signaling are known to provide

host protection against TB.53,54

Mechanistic details of CD8+ TSCM generation are well studied, and similar mechanisms are also involved in the

generation and expansion of CD4+ TSCM cells.52 SIRT2 is known to deacetylate b-catenin and temper the func-

tions of GSK3b, resulting in the obstruction ofWnt/b-catenin signaling, which is vital for the generation of stem

cell memory,26 whereas b-catenin is known to directly inhibit SIRT2 expression.47 Furthermore, it was recently

established that SIRT2 inhibition enhanced the effector functions of T cells by promoting glycolysis.19 Prote-

ome data also suggested upregulation of tricarboxylic acid cycle and glycolysis in AGK2-treated T cells. SIRT2,

known to inhibit glycolysis by targeting the glycolytic enzymes,55 was also shown to modulate the glycolytic

activity of resting CD8+ memory T cells in humans.56 Coherent with this, AGK2 treatment in M.tb-primed

CD4+ T cells increased the acetylated-b-catenin levels and restrained cells to undergo glycolysis

(Figures 1E and 1F). Increased levels of acetylated-b-cateninmay promote the accumulation of b-catenin, lead-

ing to enhanced expression of b-catenin target genes linked with T-cell memory maintenance.

These intriguing results led us to investigate whether ex vivo SIRT2 inhibition resulted in the enhancement

of memory responses. To begin with, SIRT2 inhibition resulted in the expansion of CD4+ TCM cells and TEM
cells parallel to the reduction in TN cells (Figure 1H). Similarly, the heightened percentage of CD4+ TSCM
cells corresponded with enhanced Sca-1 expression in TN cells after SIRT2 inhibition (Figure 1J). Moreover,

reinforced IFNg secretion was observed by CD4+ TSCM cells on AGK2 treatment (Figure 1K). Owing to the
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prominence of TSCM cells in the formation of memory subsets, the expression of SIRT2 was assessed in the

CD4+ TSCM cells. Interestingly, heightened SIRT2 expression was detected in CD4+ TSCM cells with equiv-

alent influence on the known SIRT2 targets, histone H3, and NF-kB p65, which can be correlated with

expansion of protective immune responses such as IFNg secretion by TSCM cells (Figures 1L–1N).

Furthermore, the impact of SIRT2 inhibition on Wnt/b-catenin signaling and metabolic reprogramming of

M.tb-specific CD4+ T cells was studied in conjunction by utilizing b-catenin inhibitor, Card, and glycolysis

inhibitor, 2DG. A significant reduction in the TCM and TSCM responses was observed in the SIRT2-inhibited

samples which were cotreated with either Card or 2DG, indicating that these compounds limit the mech-

anisms by which AGK2 treatment enhances memory responses (Figure 2). To conclude, the establishment

of memory T cells and maintenance was proved to be structured by SIRT2-b-catenin signaling and reprog-

ramming of energy metabolism in response to M.tb infections.

To further validate our findings in vivo, we repeated BCG vaccination studies along with AGK2 and Card

treatment (Figure 7A). Prechallenge lung memory immune landscape of these mice revealed that Card

treatment completely abolished the AGK2-induced increase in the T-cell memory responses in BCG-

primed animals (Figures 7B–7E). Additional testimony came from the adoptive transfer experiment in

Rag1�/�mice where again the T cells isolated from BCG-AGK2-Card vaccinatedmice failed to provide pro-

tection against M.tb infection compared with BCG-AGK2 vaccination (Figure 7F). Moreover, the reduced

bacterial burden in mice which derived T cells from BCG-AGK2-vaccinated animals further confirmed the

M.tb-specific nature of immune responses generated during the BCG-AGK2 vaccination regime (Fig-

ure 7G). In continuation, primary infection led to an enhanced bacterial load in the lungs and the spleen

of BCG-AGK2-Card vaccinated mice compared with BCG-AGK2 mice, further testifying to the critical

role of SIRT2-b-catenin axis in regulating host protective memory responses during M.tb infection

(Figures 7H and 7I).

To summarize, we report that SIRT2 inhibition by AGK2 plays a critical role in shaping the proteome land-

scape of CD4+ T cells toward memory phenotype. AGK2 treatment during BCG vaccination augments

adaptive memory responses against TB by promoting b-catenin signaling and enhancing the hypermeta-

bolic state of aerobic glycolysis. Being a tractable target, SIRT2 inhibition may be used to strengthen the

host defense mechanisms against TB. To sum up, this study opens up a new arena of targeting epigenetic

modulators to enhance the efficacy of BCG against pulmonary TB.
Limitations of the study

In this study, we employ mice model of TB to investigate the immunoprophylactic role of AGK2, a well-es-

tablished SIRT2 inhibitor. To rule out the off-target effects of chemical inhibition, future studies should be

performed either with SIRT2 KO mice or a different SIRT2 inhibitor like AK-7. The data should also be vali-

dated in human samples.
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Materials availability

This study did not generate new unique reagents.

Data and code availability

d Proteomics data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

Experimentation on animals was implemented according to the rules and regulations approved by the

Institutional Animals Ethics Committee at the International Centre for Genetic Engineering and Biotech-

nology (ICGEB) New Delhi, India, along with guidelines of the Department of Biotechnology (DBT), Gov-

ernment of India. Mice used for experiments were sacrificed ethically by asphyxiation with carbon dioxide

in compliance with institutional and DBT guidelines. C57BL/6 and Rag1-/- mice (female, 6–8 weeks of age)

were maintained and acquired from the animal facility of ICGEB, New Delhi, India for the experiments.

Bacteria

M.tb laboratory strain H37Rv andM.bovis strain BCGwere used in this study. GFP expressingmycobacteria

was generated in the H37Rv background. For infections, the aliquots of cryopreserved cultures in 20% glyc-

erol were revived from -80�C and grown till the mid-log phase in Middlebrook 7H9 (Difco) medium supple-

mented with 0.2% glycerol (Sigma), 0.05% Tween-80 (Sigma) and 10% ADC (albumin, dextrose, and cata-

lase; Difco).

METHOD DETAILS

M.tb infection in mice and colony-forming unit (CFU) enumeration

Mice were infected with M.tb H37Rv through an aerosol route employing Madison Aerosol Chamber (Uni-

versity of Wisconsin, Madison, WI) with the nebulizer standardized to deliver �110 bacilli to the lungs of

each mouse. Cryopreserved mycobacterial stocks were retrieved from -80�C freezer and 15ml of M.tb

H37Rv single-cell suspension was prepared for infection. Post-infection, on day 1, 3 mice were randomly

euthanized and the lungs were homogenized using 0.2 mm filtered PBS. Neat and diluted homogenates

were plated onto Middlebrook 7H11(Difco, USA) plates supplemented with 10% OADC (Difco, USA) and

were incubated at 37�C for 21–28 days. Mice from distinct groups were sacrificed at indicated time periods

and the CFU was performed from the lungs and the spleen homogenates.

Drug administration

For in vivo experiments, 5 mg/kg of AGK2, Abcam (SIRT-2 inhibitor) and 2.5 mg/kg of Card (Sigma) was

administered intraperitoneally to mice thrice a week for 2 weeks, whereas control mice were given vehicle

only. The inhibitor doses were decided based on the previous literature.17,57

BCG immunization

Mice were immunized subcutaneously 1 3 106 CFU BCG prepared in 100 ml of sterile saline. 7 days post-

vaccination, mice were treated with AGK2 and or Card intraperitoneally. Subsequent to the treatment,

mice were rested for 30 days and then challenged with M.tb strain H37Rv by the aerosol route. Lungs

and spleen were harvested to determine the bacterial load and for evaluation of immune responses at

different days post-infection.

T cell adoptive transfer

Spleen frommice of different groups (a) Naive, (b) BCG immunized, (c) BCG-AGK2 co-immunized, (d) BCG-

AGK2-CARD co-immunized was isolated and macerated by sterile frosted glass slides to form single cell

suspension. The cells were stained with antibodies against CD3 and CD4 followed by sorting of

CD3+CD4+ T cells using FACS Aria (BD Biosciences) and overnight cultured in complete RPMI media.

One million cells were intravenously administered to Rag1-/- mouse and 5 days post transfer, the recipient
iScience 26, 106644, May 19, 2023 19
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mice were challenged with a low dose of GFP expressing M.tb through aerosol and bacterial burden was

assessed 25 days post-infection.

Mass spectrometry

Control and AGK2 treated CD4+ T cells were subjected to protein extraction and 10 mg of equivalent pro-

teins were subjected to reduction, alkylation and digestion for 24 hrs at 37�C using Trypsin Gold, Mass

Spectrometry Grade (Promega Corporation, WA, USA). Post-desalting, the samples containing purified

peptides were subjected to LC-MS/MS analysis. On a 25-cm analytical C18 column (C18, 3 mm, 100 Å), these

peptides were eluted using (5–95%) gradient of buffer B (aqueous 80% acetonitrile and 0.1% formic acid) at

a flow rate of 300 nL/min for 2.5 hrs. Post elution these peptides were subjected to nano-electrospray ion-

isation and Tandem mass spectrometry (MS/MS) using Q-ExactiveTM Plus (Thermo Fisher Scientific, San

Jose, CA, United States) at the collision-induced dissociation mode with the electrospray voltage was

2.3 kV. Further data was analysed using Proteome Discoverer (version 2.0, Thermo Fisher Scientific, Wal-

tham, MA, United States). Uniprot Mus musculus (Mouse) database (UP000000589) with Mascot algorithm

(Mascot 2.4, Matrix Science) was used.58 Identified proteins were subjected to standard statistical analysis,

network and pathway analysis.59,60

Reactivation and reinfection experiments

Vulnerability to infection was evaluated by reinfection and reactivation studies. Mice infected with low dose

aerosol of M.tb strain H37Rv were treated with INH (100 mg/L) and RIF (40 mg/kg) in drinking water for

12 weeks. The mice were further rested for the next 30 days. To evaluate the reactivation rate, mice

were administered with dexamethasone (5 mg/kg) intraperitoneally, three times per week for 30 days fol-

lowed by CFU determination and host protective immune response. The reinfection group was again chal-

lenged with M.tb and sacrificed post 30 days to enumerate CFU and analyse the immunological profiles.

Flow cytometry: Surface and intracellular staining

Lungs and spleen isolated from individual groups of mice were macerated with frosted slides in ice-cold

RPMI 1640 (Invitrogen) supplemented with 10% FBS to prepare single-cell suspension. RBC lysis buffer

was used to lyse RBCs and then cells were washed with RPMI 1640 supplemented with 10 % FBS. The cells

were seeded at the density of 1x 106 cells per ml. The cells were stimulated overnight with 10 mg/ml of

H37Rv-derived complete soluble antigen (CSA). Prior to the surface and intracellular staining, the cell

viability was determined by 7-Aminoactinomycin D (7AAD) and only if it was more than 95%, the cells

were processed further. For intracellular cytokine staining, the cells were treated with 0.5 mg/ml Brefeldin

A and 0.5 mg/ml Monensin (BioLegend) for 4 hrs. Cells were washed doubly with FACS buffer (1XPBS and

3% FBS) and stained with antibodies specific to the surface markers in the dilutions as suggested by the

manufacturer (1:100). Post staining, cells were fixed with 100 ml fixation buffer (BioLegend) for 30 min. 1X

permeabilization buffer (BioLegend) was used to permeabilize the cells for staining the intracellular cyto-

kines or other proteins. Secondary antibody attached with Alexa Fluor 488 was used against non-fluoro-

chrome tagged antibodies. Isotype controls and fluorescence minus one (FMO) controls were used in

each experiment for gating. The samples were analysed by BD LSRFortessaTM Cell Analyzer – Flow Cytom-

eter (BD Biosciences) and data analysis was performed by FlowJo (Tree star, USA).

Ex vivo splenocytes stimulation and drug treatment

Spleens from BCG vaccinated and M.tb infected mice were isolated and macerated using autoclaved

frosted slides in sterile PBS. CSA-stimulated splenocytes were treated with 10 mMAGK2, 2.5 mMCardamo-

nin (Card), and 200 mM 2-Deoxy-D-glucose (2DG) for 48 h followed by immune profiling.

L-Lactate measurement

To determine the extracellular L-Lactate levels, the culture supernatants of sorted CD4+ T cells treated with

AGK2 and 2DG were collected and the L-Lactate assay was performed using the L- Lactate assay kit

(Cayman Chemicals) as per the manufacturer’s protocol.

QUANTIFICATION AND STATISTICAL ANALYSIS

Every animal experiment was performed once with five mice per group per time point (n = 5). Significant

differences between the group mean were determined by one-way ANOVA or t-test. p<0.05 was consid-

ered significant.
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