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The AfbpAAsapM candidate
vaccine derived from
Mycobacterium tuberculosis
H37/Rv is markedly immunogenic
iIn macrophages and induces
robust immunity to tuberculosis
In mice
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Tuberculosis (TB) remains a significant global health challenge, with
approximately 1.5 million deaths per year. The Bacillus Calmette-Guérin (BCG)
vaccine against TB is used in infants but shows variable protection. Here, we
introduce a novel approach using a double gene knockout mutant (DKO) from
wild-type Mycobacterium tuberculosis (Mtb) targeting fbpA and sapM genes.
DKO exhibited enhanced anti-TB gene expression in mouse antigen-presenting
cells, activating autophagy and inflammasomes. This heightened immune
response improved ex vivo antigen presentation to T cells. Subcutaneous
vaccination with DKO led to increased protection against TB in wild-type
C57Bl/6 mice, surpassing the protection observed in caspase 1/11-deficient
C57Bl/6 mice and highlighting the critical role of inflammasomes in TB
protection. The DKO vaccine also generated stronger and longer-lasting
protection than the BCG vaccine in C57Bl/6 mice, expanding both CD62L"
CCR7°CD44%"CD127* effector T cells and CD62L*CCR7*/"CD44*CD127"
central memory T cells. These immune responses correlated with a substantial
> 1.7-logyo reduction in Mtb lung burden. The DKO vaccine represents a
promising new approach for TB immunization that mediates protection
through autophagy and inflammasome pathways.
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Introduction

Tuberculosis (TB) caused by Mycobacterium tuberculosis (Mtb)
remains a major cause of death due to infections among children
and adults with nearly 10.6 million cases and approximately 1.6
million deaths in 2021. Despite its widespread use, the Bacillus
Calmette-Guerin (BCG) vaccine (administered to infants) exhibits
limited efficacy against lung TB in children and TB in adults.
Though BCG induces trained immunity against other pathogens
(1) and provides better protection against extrapulmonary TB in
infants, the need for improved TB vaccines has led to the
exploration of many booster vaccines, including recombinant
BCG vaccines, subunit protein, DNA-based vaccines, and virally
vectored vaccines (2).

Live attenuated vaccines have emerged as promising candidates
for longer-lasting immunity. However, only a few of these have
entered clinical trials, including the recombinant M. bovis-derived
BCG VPM1002, the Mtb-derived vaccine (MTBVAC), and M.
vaccae (3). Efforts to revaccinate infants using BCG are also in
progress (3), although this approach is contraindicated in HIV-I-
infected individuals.

In our previous studies, we sought to develop a mechanism-
based vaccine for enhancing BCG effectiveness. We demonstrated
that the decreased efficacy of the BCG vaccine is likely due to its
inability to undergo phagosome-lysosome (PL) fusion in antigen
presenting cells (APCs), macrophages and dendritic cells, resulting
in decreased ex vivo antigen presentation and CD4 T cell activation
(4). We subsequently developed an autophagy-inducing first-
generation recombinant BCG**® and second-generation BCG**®
vaccine, which enhanced antigen processing in APCs ex vivo,
induced robust T cell responses in vivo, and offered enhanced
protection against aerosol-induced TB relative to BCG in mice (5).

Given the correlation between the efficacy of recombinant BCG
and its ability to enhance antigen processing in APCs (5), we sought
to develop similar vaccines using wild-type Mtb-H37Rv. Unlike
BCG, wild-type Mtb possesses the RD1 region, which encodes
ESAT-6 and CFP-10, along with nearly 90 open reading frames
absent in BCG (6). This difference suggests that Mtb-derived
attenuated vaccines may be more immunogenic due to the
presence of immunodominant antigens. Given this, we generated
single deletion mutants fbopAKO (AfbpA), and sapMKO (AsapM)
from wild-type Mtb-H37Rv (7, 8). fopAKO demonstrated
attenuated growth within mouse M®s and human THP-1 M®s,
and emerged as a promising candidate vaccine in mice
(Supplementary Figure 1) (8-10). Because the single gene mutant
fbpAKO mutant was as effective as the BCG vaccine in protecting
mice against aerosol-induced TB (9), we produced a fbpA and sapM
double knockout mutant (AfbpAAsapM; DKO) (8), which exhibited
attenuated growth in mice similar to BCG and persisted at low
numbers for up to 150 days following aerosol infection
(Supplementary Figure 1) (8). In this study, we demonstrate that
DKO induces robust gene expression in antigen-presenting cells,
resulting in a hyper-immunogenic phenotype characterized by
enhanced antigen processing and TH1 cytokine secretion through
an autophagy and inflammasome-dependent mechanism.
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Collectively, our findings demonstrate that DKO offers superior
protection against TB in mice relative to BCG Pasteur.

Results

The DKO mutant localizes to lysosomes
through autophagy induction
in macrophages

We generated single deletion mutants fbpAKO (AfbpA),
sapMKO (AsapM), along with the double deletion ‘DKO’ mutant
(AfbpAAsapM), derived from Mtb-H37Rv (7, 8). The mutants
exhibited attenuated growth within mouse M®s and human
THP-1 M®s (Supplementary Figures 1A, B) (8). To create the
DKO mutant, we deleted the sapM gene in the fbpA mutant, which
resulted in attenuated growth comparable to that seen with BCG
Pasteur over 150 days in C57Bl/6] mice (Supplementary Figure 1C)
(8-10). In vivo, virulent Mtb predominantly localizes to M®s and
uses various enzymes to evade and suppress immune responses
(11). Therefore, we sought to determine whether the attenuation of
AfbpAAsapM growth could be attributable to its susceptibility to
M®s-mediated killing. Activated M®s play a major role in Mtb
elimination, primarily relying on IFN-y activation to generate nitric
oxide (NO) and reactive oxygen species (ROS). However,
autophagy and PL fusion, mechanisms that deliver mycobacteria
to lysosomes for degradation, operate innately. We hypothesized
that DKO could be susceptible to these mechanisms.

First, we evaluated the level of phosphatidyl-inositol-3
phosphate (PI-3P) on DKO phagosomes relative to fbpAKO,
sapMKO, and Mtb-H37Rv, as DKO lacks the sapM phosphatase
that dephosphorylates PI-3P on the phagosome membrane (12).
We infected M®s with gfp-Mtb-H37Rv, Oregon-green labeled
sapMKO (og-sapMKO), gfp-fopAKO or gfp-DKO, followed by
incubation with a PI-3P-specific antibody and conjugates and
then confocal fluorescent microscopy imaging (CEM) (5). gfp-
DKO phagosomes were highly enriched for PI-3P compared to
other mycobacteria (Figure 1A). We have previously demonstrated
that BCG and Mtb-infected M®s present the Antigen85B-derived
P25 epitope to BB7 CD 4 T cells, eliciting an IL-2 response using a
protocol established by Harding et al. (4, 13, 14). To assess the
importance of PI-3P-Rab7-dependent lysosomal fusion in antigen
presentation (15), we treated M®s with wortmannin, a specific PI-3
kinase inhibitor, or control before infecting them with mycobacteria
and assessing antigen presentation to BB7 CD4 T cells. Figure 1B
shows that wortmannin significantly inhibited antigen presentation
in mycobacteria-infected M®s compared to DMSO vehicle control
diluted in PBS. To validate PL fusion, we performed
immunostaining for LAMP1 and Rab7 markers on M®s
phagosomes; Figures 1C-E shows that gfp-DKO phagosomes were
enriched for these lysosomal markers.

RAB- and SNARE-dependent sorting of mycobacterial
phagosomes to lysosomes is well characterized (16-19), but
mycobacteria can also be delivered to lysosomes via autophagy (20,
21). Autophagy is a homeostatic mechanism of mammalian cells
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FIGURE 1

Mycobacterium tuberculosis (H37Rv)-derived fbpA and sapM double gene knockout (AfbpAAsapM; DKO) mutant undergoes phagosome-lysosome
fusion in mouse macrophages. (A) C57Bl/6J-derived Mds were infected with either Oregon green (og)-labeled sapMKO (og-sapMKO), gfp-labeled
fbpAKO, gfp-Mtb-H37Rv, or gfp-DKO (MOI=1). After 18 h of incubation, cells were fixed and stained with either an isotype antibody or an antibody
targeting phosphatidiyl-inositol-3 phosphate (PI-3P). Counterstaining was performed with Alexa-fluor 590 conjugates. Confocal fluorescence
microscopy (CFM) was used to quantify the number of colocalizing mycobacterial phagosomes among 30 M®s per chamber in triplicates. (B) M®s
infected with mycobacteria were treated with the PI-3 kinase inhibitor wortmannin (1 uM), then washed and overlaid with BB7 T cells for in vitro
antigen presentation. (C—E) Phagosomes, prepared as in panel (A), were stained for Lysosome-associated membrane protein-1 (LAMP1; panel c) and
Rab7 (images not shown) followed by quantitation of colocalization. (F, G) CD11c* dendritic cells (DCs) purified from the bone marrow of wt-C57Bl/
6J mice were infected with fluorescent mycobacteria. Cells were then labeled using a monoclonal antibody against microtubule-associated light

chain-3 (LC3), a canonical marker of autophagy. CFM analysis displayed phagosomes colocalizing with LC3 (**p< 0.009, two-tailed t-test)

responsible for delivering misfolded proteins, damaged organelles,
and cytosol into autophagolysosomes (APLs) for degradation. During
autophagy, many intracellular pathogens are also internalized into
autophagosomes, which are then transported into APLs for
degradation through macroautophagy (22). Because sapM is
deleted in DKO and PI3-P is enriched on DKO phagosomes
(Figure 1A), we hypothesized that the DKO mutant is sorted to
APLs through autophagy. To test this, we infected M®s with
fluorescently tagged mycobacteria and performed immunostaining
using an antibody against microtubule-associated light chain-3
(LC3), a canonical marker of autophagosomes, followed by CFM
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analysis. Figures 1F, G shows that gfp-DKO strongly colocalized with
LC3 compared to phagosomes containing other mycobacteria.

The DKO mutant enhances expression of
genes regulating autophagy induction
in macrophages

In our recent study, we observed upregulation of autophagy-
regulating genes in the lungs of mice and in M®s ex vivo following
administration of an adenovirus-based nasal TB vaccine (23).
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We performed a kinetic assay using RT-PCR in DKO-infected
M®s, as virulent Mtb can downregulate autophagy through a sapM-
dependent mechanism (24, 25). First, we tested CD14 bead-purified
M®s from C57Bl/6] mice for gene expression. Next, we infected
M®s derived from healthy donors (n=3) with DKO, BCG, or Mtb-
H37Rv. We analyzed growth curves over 7 days, and on days 1, 3,
and 5, we analyzed the expression of autophagy-controlling genes
using qQRT-PCR. Autophagy is regulated by autophagy-regulating
genes, including ATG5 and ATG7, while SQSTM1 (p62) serves as an
autophagosome biogenesis substrate (26). The Rab7 protein, which

10.3389/fimmu.2024.1321657

is involved in endosome sorting, mediates PL fusion and APL fusion
(27, 28). Figure 2A shows that DKO induced markedly higher
expression of four autophagy-regulating genes (ATG5/7, SQSTM1
and Rab?) compared to Mtb H37Rv and BCG vaccine, a finding
that correlated with its attenuated growth (Supplementary
Figure 1). Figure 2B shows that both BCG and DKO exhibited
growth attenuation in human M®s compared to Mtb-H37Rv. In
these human M®s, DKO induced a time-dependent increase in
gene expression for ATG5/7, SQSTM1, and Rab7 compared to Mtb-
H37Rv or BCG vaccine (Figure 2C). Notably, DKO also increased
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FIGURE 2

Mycobacterium tuberculosis (H37Rv)-derived fbpA and sapM double gene knockout mutant (AfbpAAsapM; DKO) upregulates genes associated with
autophagy regulation in macrophages. (A) C57Bl/6J bone marrow-derived CD14+ M®s (pooled from 3 mice) were infected with DKO, M. bovis BCG
Pasteur, or Mtb-H37Rv (MOI:1) for 4 h, washed, and then incubated. On the indicated days, Trizol lysates were collected and analyzed using gRT-
PCR for mRNA of the specified genes (**p< 0.006, two-tailed t-test). The growth curve for the mycobacteria is shown in Supplementary Figure 1
(B) Human M®s were infected with DKO, M. bovis BCG Pasteur, or Mtb-H37Rv (MOI:1) for 4 h, washed, and then incubated. On the indicated days,
lysates were plated on 7H11 agar for growth analysis (** p< 0.004 one-way ANOVA). (C) Trizol lysates from days 1, 3, and 5 from panel (A) were
analyzed using gRT-PCR for mRNA of the specified genes (*, **p< 0.009, two-tailed t-test). .
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the expression of genes encoding Guanylate binding proteins
(GBPs) in human M®s. GBPs are IFN-y-inducible proteins that
regulate host defense via phox proteins of the phagocyte oxidase,
antimicrobial peptides, and autophagy effectors (29). Conversely,
we found no difference in GBP gene expression in mouse M®s.
Because we used naive mouse and human M®s for mycobacterial
infection, these gene expression findings highlight the increased
immunogenicity of DKO relative to Mtb H37Rv, emphasizing its
capacity to activate autophagy instead of suppressing it (25, 30).

DKO candidate vaccine induces autophagy
in DCs and M®s and enhances in vitro
antigen presentation to CD4 T cells

In our prior studies, we reported a correlation between the
ability of BCG and recombinant BCG vaccines to confer protection
against TB in mice and PL fusion, either through the Rab7 and
SNARE-dependent phagosome maturation pathway or ATG-
dependent autophagy pathway (4, 9, 10). (5, 31) Indeed,
lysosomal degradation of the vaccine is essential for generating
MHC-II-dependent peptide epitopes (32). Therefore, we sought to
determine whether lysosomal localization renders DKO-infected
APCs more immunogenic. Using an ex vivo model from Harding
et al, we demonstrated that mycobacteria-infected mouse APCs
rapidly present Ag85B-derived P25 epitope to BB7 CD4 T cells in
vitro (4, 13, 14). Because autophagy regulates MHC-II-dependent
mycobacterial antigen presentation in DCs (5), we subjected wt-
DCs to siRNA-mediated beclinl (ATG6) knockdown followed by
infection with non-labeled mycobacteria and antigen presentation
assays. Figure 3A shows that autophagy knockdown significantly
reduced antigen presentation in DCs overlaid with Ag85Bp25
specific CD4 T cells when they were infected with sapMKO,
fbpAKO, Mtb H3Rv, and DKO, but not in BCG-infected DCs. To
validate specificity, we assessed bone marrow-derived DCs from
wild-type C57Bl/6 mice and C57Bl/6 mice with a DC-specific
deletion of ATG7 (ATG7KO-DC) (kindly provided by Dr. Jim
Wang, Houston Methodist Research Institute, Houston TX) (33).
Figure 3B shows that mycobacteria-infected ATG7KO-DCs overlaid
with Ag85Bp25 specific CD4 T cells also showed reduced antigen
presentation compared to wild-type DCs, confirming the key role of
autophagy. Notably, DKO-infected DCs continued to
present antigens.

Previously, we observed that the DKO mutant induced
elevated levels of IL-1P in mouse APCs (10). IL-1P plays a key
role in protection against TB and increases antigen presentation in
mycobacteria-infected M®s (34). We hypothesized that DKO-
induced autophagy and inflammasome activation might synergize
to enhance antigen presentation (35). For example, Cathepsin-B
(CTSB) might leak from lysosomes containing DKO and activate
inflammasomes, releasing IL-1f (36, 37). To test this hypothesis
we treated wild-type APCs with the pan-caspase specific inhibitor
ZVAD-fmk (ZVAD) or caspase-1 specific inhibitor YVAD-fmk
(YVAD), with or without CA-074, an inhibitor of CTSB (CTSBi),
followed by antigen presentation assays. Because antigen
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presentation to T cells is rapid, we measured IL-2 at 4 h post-
infection and 4 h post-overlay of T cells. Figure 3C reveals an
interesting finding: caspase and CTSB blockade reduced antigen
presentation by DKO-infected APCs but not by Mtb or BCG-
infected DCs. Notably, both caspase and CTSB blockade were
effective in reducing antigen presentation in wild-type DCs but
not in ATG7KO-DCs (Figure 3D). This suggests a connection
between inflammasome and autophagy in DKO-infected APCs,
likely mediated by CTSB leaked from lysosomes. Indeed, CFM
studies of DCs confirmed that DKO phagosomes were enriched
for CTSB. (Figure 3E). To further validate that DKO triggers both
inflammasome and autophagy during antigen processing, we
successively treated wild-type DCs with inhibitors of lysosomal
acidification (bafilomycin), autophagy (3-methyladenine) (4), and
inflammasome, either alone or in combination, followed by
infection with DKO or BCG and antigen presentation assays. As
Mtb H37Rv cannot be used as a vaccine, it was not tested.
Figures 3F-H indicate that antigen presentation by DKO and
BCG-infected DCs was nearly abolished when all three
mechanisms were concurrently inhibited. Remarkably, unlike
DKO-infected DCs, antigen presentation by BCG-infected DCs
remained unaffected by autophagy inhibition (Figure 3I).
DKO-infected DCs, therefore, show unique antigen
processing pathways.

Mtb-H37Rv-derived single (sapMKO,
fbpAKO) and DKO mutants induce a
differential IL-1p and T1 cytokine
response in APCs from caspase-1/11-
deficient mice

TB vaccines induce pro-inflammatory cytokines from APCs
and activate T cells. Given the significance of IL-1p as a key cytokine
for protection against TB, and the ability of Mtb to evade
inflammasome-dependent surveillance mechanisms in M®s (38),
first we used wild-type C57Bl/6] mouse bone marrow-derived APCs
for infection experiments, followed by cytokine assays. To ensure
specificity, we then used APCs from C57Bl/6 background capsase-
1/11 KO mice (kindly provided by Dr. Dmitry Shayakhmetov,
Emory University). DKO enhanced the secretion of IL-1B in
wild-type DCs and M®s compared to sapMKO, fopAKO, or Mtb-
H37Rv. Importantly, APCs derived from caspase-1/11 KO mice
showed reduced levels of IL-1f but maintained comparable levels of
(Tyl-driving) pro-inflammatory IL-12 and TNF-c. Conversely,
anti-inflammatory cytokines IL-10 and IL-4 were increased
among caspase-1/11 KO-derived APCs (Figure 4). In additional
studies, we induced pharmacological blockade of caspase in C57Bl/
6] bone marrow-derived APCs using ZVAD and YVAD.
Supplementary Figure 2 illustrates that DKO-induced IL-13 was
dependent on the caspase pathway in both M®s and DCs. In
contrast, Mtb-induced IL-1 was caspase-dependent only in DCs.
This distinction suggests that the DKO mutant differs in its ability
to activate the inflammasome in mouse APCs compared to
Mtb (39).
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FIGURE 3

DKO mutant induces autophagy- and inflammasome-dependent antigen presentation in dendritic cells. (A) wt-DCs were either treated with siRNA
targeting beclinl (ATG6) or left untreated, followed by infection with mycobacteria (MOl=1). Subsequent T cell overlay was used to evaluate antigen
presentation (*, **p< 0.01, two-tailed t-test). (B) wt-APCs sourced from wild-type C57Bl/6J and Atg7DC-KO mice were infected with mycobacteria
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B inhibitor (CA 074; 1 uM), a mix of ZVAD and YVAD (40 uM each) or left untreated, followed by infection with mycobacteria (MOI-1; 4 h). IL-2 levels
in supernatants collected 4 h post-overlay were used as a measure of antigen presentation (***p< 0.008 two-tailed t-test). (D) DCs from wt and
Atg7DC-KO mice were infected with DKO, treated with ZVAD/YVAD and CA 0174, and assessed for antigen presentation (** p< 0.006 two-tailed t-
test). (E) DCs were infected with fluorescently labeled mycobacteria and immunostained using antibodies specific to CTSB. A colocalization assay
using CFM was then performed (**p< 0.01, two-tailed t-test). (F) CD11c* dendritic cells (DCs) purified from the bone marrow of wt-C57Bl/6J mice
were treated with the vATPase inhibitor bafilomycin (100 nM), followed by infection with mycobacteria and in vitro antigen presentation. (**p< 0.009
two-tailed t-test). (G, H) wt-DCs were either treated with bafilomycin (100 nM), 40 uM each of ZVAD and YVAD, 50 uM of 3-methyladenine,
combinations thereof as indicated, or left untreated. Cells were then infected with either DKO (G) or BCG (H). Rapamycin (1 yg/mL) which induces
autophagy was used as a positive control. Antigen presentation was evaluated relative to DKO using IL-2 levels in supernatants collected 18 h post-
infection (*p< 0.01 ** two-tailed t-test; ns, not significant.). Cell viability was confirmed to be >90% using trypan blue. (I) A schematic illustrating the
proposed mechanism for antigen processing of DKO in APCs. For all panels, results from one representative experiment out of two or three similar

experiments are shown.
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DKO mutant induces caspase-dependent IL-1B from mouse antigen-presenting cells. Bone marrow-derived macrophages (M®s) and dendritic cells

(DCs) (collectively, antigen-presenting cells; APCs) from wild-type C57Bl/6J or C57Bl/6J-background caspase 1/11-deficient mice were infected with
Mtb or its mutants (MOI=1). Supernatants were collected 18 h post-infection and tested for IL-1B and indicated TH1 cytokines using sandwich ELISA.
A comparison of IL-1f secretion after caspase blockade in DKO-infected APCs versus Mtb mutants and the BCG vaccine is shown in Supplementary

Figure 2. *p< 0.01, two-tailed t-test.

Enhanced caspase-dependent ex vivo
antigen presentation to CD4 T cells
partially protects mice against tuberculosis
in the Mtb-H37Rv-derived DKO mutant

Inflammasome and caspase-derived IL-1B plays a major role
during the processing of intracellular pathogens (40). IL-1B also
induces monocyte to M® differentiation, thereby enhancing
antigen presentation (34). Notably, inflammasomes can affect
both MHC-I and MHC-II-dependent antigen presentation (41,
42). Further, many immunogenic antigens of Mtb seem to drive
DC maturation, leading to cytokine production, including IL-1f
(42-47). We therefore sought to determine whether DKO, in
addition to promoting TH1 cytokine secretion, increases the
ability of mouse APCs to present mycobacterial antigens to T
cells, rendering them more immunogenic. In an in vitro antigen
presentation assay, mouse APCs rapidly presented an Ag85B-
derived p25 epitope to BB7 hybridoma CD4 T cells, leading to
secretion of IL-2 from T cells (14, 48). This assay serves as a
predictive measure of the immunogenicity of Mtb mutants and
BCG vaccine strains both ex vivo and in vivo (4, 5, 14, 48). (5, 31)
APCs were treated with ZVAD or YVAD to block caspases,
followed by infection and overlay with BB7 T cells in the absence
of drugs. Figures 5A, B shows that ZVAD was able to inhibit DKO
induced antigen presentation in both wt. M®s and DCs, whereas
Mtb H37Rv induced antigen presentation was inhibited only in
DCs. Further, M®s and to some extent DCs from Caspase KO mice
showed reduced antigen presentation after mycobacterial infection.

Frontiers in Immunology

These data suggest that DKO and Mtb H37Rv affect the ability of
APCs to present antigen to T cells (Figures 5C, D).

To determine whether caspase regulated IL-1P affected
immunogenicity of the DKO vaccine in vivo, Caspasel/11 KO mice
were then vaccinated and challenged with Mtb Erdman (Figure 5E).
Because Mtb attains ~6-log;, growth over 4 weeks in C57Bl/6 mice, a
decrease in the colony counts of Mtb (CFUs) in the lungs of vaccinated
mice indicates protection. DKO generated better protection for the
wild-type mice (~1.7-log;, reduction in CFUs) compared to a reduced
level of protection (0.8-log;, reduction) in caspase KO mice
(Figure 5F). However, the BCG vaccine exhibited similar levels of
protection in both wild-type and caspase-1/11 KO mice. These data
suggest that inflammasome-generated caspases and IL-1f likely
contribute to DKO vaccine-induced protection against TB in mice.

DKO vaccine induces robust protection
against primary and reinfection
tuberculosis in mice

Given the encouraging results suggesting that DKO is highly
immunogenic in APCs, we sought to compare its efficacy with that
of BCG in protecting mice against TB. Because Mtb can re-infect
humans in endemic areas, we evaluated the efficacy of the DKO
vaccine using two models. First, we examined its performance as a
primary vaccine relative to BCG (Figure 6A; NIH challenge model).
Subsequently, following drug-mediated clearance of both the
vaccine and Mtb (verified by the absence of growth in post-
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DKO mutant induces better antigen presentation in mouse APCs and protects mice against tuberculosis partially dependent upon IL-1B. (A, B) APCs
derived from wt-C57Bl/6 mice were pre-treated with or without ZVAD-fml (pan-caspase specific inhibitor) and YVAD-fmk (caspase-1 specific
inhibitor; 40 uM each) (Supplementary Figure 4). Following treatment, APCs were infected with Mtb or its mutants (MOI=1). Four hours after
infection, washed APCs were overlaid with Ag85B-p25 epitope-specific BB7 hybridoma CD4 T cells. Supernatants were collected at 18 h and tested
for IL-2 using ELISA. (C, D) APCs from wild-type C57Bl/6 or caspase-1/11-deficient mice were infected with Mtb or its mutants, followed by an
antigen presentation assay (panel a-d; *p< 0.01, **p< 0.007 one-way ANOVA with Tukey's post hoc test; results from 1 of 2 similar experiments with
triplicates shown). (E, F) wild-type C57Bl/6 (n=3 per group) and caspase-1/11 KO mice (n=3 per group) were vaccinated with DKO or BCG Pasteur
(10*6 CFU/mouse, s.c.), and then aerosol-challenged with Mtb-Erdman (tagged with acriflavine resistance gene). Post-challenge, mice were
sacrificed, and Mtb CFU counts from lung homogenates were determined using 7H11 agar containing acriflavine (DKO vs. Erdman)(*p< 0.01; ***p<

0.007, two-way ANOVA).

treatment organs), we subjected mice to a low-dose Mtb re-
challenge to evaluate the ability of DKO to protect against
reinfection (Figure 6A, re-challenge model). In both models, we
evaluated CFU counts and T cell responses.

Efficacy of DKO vaccine in mice after a single dose Mtb challenge.
Vaccinated mice were rested for 30 days, and aerosol-challenged

Frontiers in Immunology

with a low dose of Mtb-Erdman, followed by necropsy on day 60
(Figure 6A). In this model, DKO outperformed BCG as a primary
vaccine, generating >1.7 log;o protection in the lungs and ~0.9-
logy in the spleens compared to BCG (Figure 6B).

Efficacy of DKO vaccine in mice following reinfection with Mtb.
Because BCG-induced protection in mice diminishes over time and
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FIGURE 6

DKO vaccine induces robust protection against primary aerosol challenge and rechallenge with Mycobacterium tuberculosis Erdman in mice.

(A) Schematic representation of vaccine-induced short-term (day 60) and long-term (day 120) protection model. C57Bl/6J mice (4—-6 weeks old,
male and female) were subcutaneously vaccinated with one dose of 10*6 CFU of BCG and DKO or left untreated. One group was aerosol-
challenged using 100 CFU of Mtb-Erdman in a Glas-Col chamber and sacrificed on day 60 for Mtb CFU and T cell profile examination. The second
group received a three-week treatment with a mix of isoniazid and rifampicin by gavage, followed by a 10-day rest period (during which organs
showed no Mtb growth on 7H11 agar). Mice were then aerosol re-challenged using Mtb-Erdman and sacrificed on day 120. (B) Log;g reduction in
Mtb-Erdman counts for the vaccine groups post-challenge and re-challenge. Data represent mean values (n=5 per group; p** 0.007; p *** 0.005,
two-way ANOVA with Dunnett's post hoc test). Results shown are from one of two similar independent experiments. (C, D) Spleens of mice were
collected after necropsy on day 120 and stained for intracellular IFN-y and IL-2 and analyzed using flow cytometry (*, **p< 0.01 two-tailed t test; ns,
not significant).

offers limited protection against Mtb reinfection in mice (49),
various reinfection models have explored the impact of repeated
infections or vaccination on subsequent TB outcomes (50-52). We
adapted a reinfection model wherein mice vaccinated and
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challenged (as described in Figure 6A) were cleared of the
vaccines and Mtb using isoniazid (INH) and rifampin therapy,
followed by a 10-day rest period when organs showed no Mtb
growth on 7H11 agar. These mice were then re-challenged with
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aerosolized Mtb-Erdman. We hypothesized that Tgy; generated
during primary vaccination would transition into Tcy after
chemotherapy and rest, thereby maintaining protection (49).
Figure 6B shows that DKO was more efficient than BCG in
reducing the Mtb burden in both the lungs and spleens, even
after mice were reinfected. Notably, when C57Bl/6] mice are
revaccinated with BCG (homologous booster) and then
challenged, they fail to protect their lungs or spleens against
aerosol-induced TB (52).

Consistent with the increased protection by DKO vaccine,
spleens of mice collected at necropsy after rechallenge (day 120)
contained higher numbers of CD4 and CD8 T cells secreting IFN-y
and IL-2 (Figures 6C, D).

DKO vaccine induces both effector (Tgm)
and central (Tcm) memory T cells
contributing to robust protection against
primary and reinfection tuberculosis

in mice

In the mouse model, T cells play a major role in restricting Mtb
growth and most TB vaccines induce and expand T-helper T cells.
We therefore analyzed Tgy and Ty cells in vaccinated and
challenged mice using flow cytometry (gating strategy details and
T cell populations shown in Supplementary Figure 3). Previous
studies have shown that effector-Tgy; T cells are generally CD62L
CCR7°CD44MCD127*", whereas Tcum memory T cells are
CD62L"CCR7""CD44™ CD127". We note that this classification
is better suited for CD8 T cells since memory in CD4 T cells is more
heterogeneous. T cells also were mapped based on their expression
of CD44, which is an important marker for activation, migration,
and homing. In addition, CD127 expression was measured because
it helps in maintenance of memory.

Following subcutaneous vaccination of mice using BCG, the
inguinal lymph nodes are the primary organs to process the vaccine
and primed cells migrate into spleens and lungs, which are the
target organ for Mtb. Figures 7, 8 show the T cell profiles of three
organs following primary and rechallenge with Mtb.

Figure 7A indicates that the lungs of DKO-vaccinated mice
challenged with Mtb showed a robust expansion of Tg); compared
to BCG-vaccinated mice, underscoring a potential role for Tgy in
clearing Mtb organisms from the lungs. DKO-vaccinated mice
subjected to Mtb re-challenge also showed a significant increase
in Ty along with an elevated level of Ty (Figures 7A, B). when we
analyzed lung T cells based upon CD44 and CD127 expression,
DKO vaccinated mice showed increased CD44 and CD127
expressing T cells both after primary and rechallenge (Figures 7C,
D). In contrast to lungs, spleens of DKO vaccinated mice showed
less pronounced changes in T cell expression of memory markers
(Figure 8). However, lymph nodes indicated a stronger expansion of
Tcwm after re-challenge (Figure 9B).

We propose that, compared to BCG vaccine, DKO likely
induces protection against primary Mtb challenge mainly through
a Tgy response, while its efficacy against Mtb re-challenge reflects
the combined contributions of both Ty and Tgyy. Supplementary
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Figures 4, 5 show T cells enriched for CD62L, CD44, CD127 and
CCR?7 in the organs of vaccinated mice. Further, Supplementary
Figure 6 illustrates that the DKO vaccinated but non challenged
mice showed a stronger IFN-y" CD4 and CD8 T cells compared to
BCG vaccine. We conclude that the Mtb-derived DKO vaccine
generates a qualitatively superior T cell response against TB in mice
compared to the BCG vaccine.

Discussion

It is well established that BCG offers partial protection against
TB in infants and children, but that its effectiveness diminishes with
time. Thus, vaccines generating long-term protection are needed.
Although BCG did not effectively reduce Mtb lung burden in rhesus
non-human primates (NHPs) and cynomolgus NHPs (53),
intravenous BCG was markedly protective (54). However, the
safety of intravenous immunization in infants is unknown. Our
previous studies demonstrated that the Mtb H37Rv-derived DKO
mutant was highly immunogenic within M®s ex vivo and exhibited
attenuated growth in mice, similar to the BCG vaccine (8, 10)
(Supplementary Figure 1). We hypothesized that DKO could serve
as a more immunogenic candidate TB vaccine compared to BCG
due to its retention of the RDI1 region, which encodes six major
immunogenic proteins, including CFP-10 and ESAT-6. Unlike
BCG, which lacks these immunogenic proteins, DKO can induce
antibodies against these antigens, making it a promising candidate
for further investigation (55). Here, we disrupted sapM and fbpA in
Mtb to create a more attenuated vaccine, as the PL-fusion
competent single gene mutants fbpAKO and sapMKO showed
increased antigen processing in APCs (4, 8-10).

Others have also developed Mtb-derived vaccines, including the
faD26/phoP double deletion mutant MTBVAC and the Mtb-AsigH
vaccines, both of which contain the RD1 region and provide better
protection against TB in macaques compared to BCG (56-59). This
suggested that the RD1 region, which controls Mtb virulence (60—
62), may be responsible for retaining immunogenicity due to its
encoding of immunodominant antigens, such as ESAT-6, CFP-10,
and TB10.4 (63, 64). Therefore, we tested a two-step hypothesis:
first, that the RD1-encoded antigens increased the immunogenicity
of DKO, and second, that sapM deletion enhanced antigen
processing in APCs by facilitating autophagy and PL fusion.

We found that DKO phagosomes were enriched for PI-3P,
LAMPI1, Rab7, and vATPase (Figure 1). PL fusion begins with an
accumulation of PI-3P on phagosomes which, in turn, tether RAB-
GTPases like Rab5 and Rab7, resulting in PL fusion (65). We propose
that the deletion of SapM acid phosphatase, which dephosphorylates
PI-3P on the phagosomal membrane, enhances PL fusion in DKO-
Supporting this, both wortmannin-mediated Inhibition of PI-3
kinase, which synthesizes PI3-P, and bafilomycin-dependent
inhibition of the acidifying enzyme vATPase resulted in reduced
antigen presentation (Figure 3). This suggests that DKO undergoes
efficient PL fusion, resulting in increased antigen presentation.
Consistent with this observation, DKO upregulated genes
associated with autophagy induction in mouse and human M®s
(Figure 2). Because SapM acid phosphatase also targets Rab7 during
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DKO vaccine induces robust T cell responses in the lungs of mice after primary aerosol challenge and re-challenge via expansion of effector and
central memory T cells. (A, B) Lung T cells from mice (n=3) were isolated 3 weeks after primary challenge or after secondary challenge. Cells were
stained to determine the numbers of effector (CD62L" CD44*CCR7 CD127* CD4/CD8 effector T cells (Tgy) and CD62L*CD44*CCR77/*CD127*
CD4/CD8 central memory T cells (Tcm). (C—F) Proportion of T cells expressing CD44 and CD127 are shown (*,**p< 0.01; ***p< 0.009, one-way
ANOVA with Dunnett's’ post hoc test). Gating strategy details are shown in Supplementary Figure 3

autophagy, we investigated whether DKO triggers autophagy. We
found that DKO induces autophagy, leading to increased antigen
presentation, which was reduced after autophagy knockdown
(Figure 3). DKO is therefore unique in enhancing autophagy, likely

due to the absence of SapM acid phosphatase.

Additional studies showed that blockade of lysosomal
acidification, autophagy, and the inflammasome nearly abolished
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antigen presentation in DCs (Figure 3), suggesting that DKO
induces robust antigen presentation in DCs through a
combination of mechanisms involving autophagy-mediated
degradation in lysosomes, the release of CTSB, inflammasome

activation, and the release of IL-1B. This is further supported by

11

the observation that DKO induced robust, caspase-dependent IL-13
production in APCs when compared to sapMKO, fbpAKO, or Mtb-
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FIGURE 8

DKO vaccine induces robust T cell responses in the spleens of mice after primary aerosol challenge and re-challenge via expansion of effector and
central memory T cells. (A, B) Splenic T cells from mice (n=3) were isolated 3 weeks after primary challenge or after secondary challenge. Cells were
stained to determine the numbers of effector (CD62L" CD44*CCR7 CD127* CD4/CD8 effector T cells (Tgm) and CD62L*CD44+*CCR7/*CD127"
CD4/CD8 central memory T cells (Tcm). (C—F) Proportion of T cells expressing CD44 and CD127 are shown (*,**p< 0.01; ***p< 0.009, one-way

ANOVA with Dunnett's’ post hoc test).

H37Rv (Figure 4). Notably, DKO displayed reduced protection
against TB in caspase-1/11-deficient mice. Importantly, virulent
Mtb inhibits inflammasomes (39), and the DKO described herein
activates both autophagy and inflammasomes, which enhances its
immunogenicity in APCs.

We confirmed that the increased immunogenicity of DKO in ex
vivo models was also reflected in mice. In both the NIH model of
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vaccine evaluation and a rechallenge model, DKO was more
protective than the BCG vaccine in inducing a better expansion
of Teym and Ty T cells (Figures 6, 7). Notably, revaccination of
C57Bl/6 mice with BCG did not confer protection to the lungs or
spleen against TB, although a heterologous vaccination using
subunit vaccines offered some degree of protection (52). Because
DKO protected mice against TB better than BCG in the rechallenge

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1321657
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Mishra et al.

A CD62L-CCR7- T-effector Tgy "¢ CD62L*CCR7* Ty central B

memory T cellsin the lymph nodes of mice after primary

10.3389/fimmu.2024.1321657

CD62LCCR?7- T-effector Tgy 2" CD62L*CCR7* Ty central
memory T cellsin the lymph nodes of mice after rechallenge

challenge
Lymph node Effector T cells )
o Lymph node Effector T cells . ymp 2. ; ggg pastour
° O BCG Pasteur " 3 20 8 @8 Unvaccinated
3 20 @8 Unvaccinated 3 50 g &
z < — E S5
g . e é 15 )
a ¢ :
B o B g0 g
o S 20 o e
o o e 8
-4 5 2
& gm 8 0 g o
20 vy pe 20 B coe 8 cDé* cos* ® cos* cos*
. Lymph node Central Memory T cells Y Lymph node central memory T cells
_3 s f; 20 ?, - % 25
% . = [
3, 1 g 1 E 2
b8 N . I S
S & 10 & [
3 g 8 &
N o o 1 g1
s g s e 1 -
8 g g g
O S o ] ©
® cps* cos* ® cos* cos* N 2’ cD&* cos*
C E
Lymph node content of CD44+ T cells after primary challenge Lymph node content of CD44+ T cells after after rechallenge
20+ 20-
s = s
e 8 * =
3315 *% xS 151
a - a3
o8 oo
=10 w8
g 2 101 B g1 g
« 8 DKO f_’ o 1 1
62 5 Ol BCGPastet G 2 1
Reg B Unvaccinate 3@ ‘G 5+ | .
: 3 i’}
- 2 I
0- |
$ $ $ $
Cg o> > Cs
;_0 %é> ;_é’ ey
&f & & &
Tem Tem/Tes E Tem Tem/ Tes
Lymph node content of CD127+T cells after primary Lymph node content of CD127+ T cells after after rechallenge
challenge
254
c
c . 2
. % g © 20
a3 3da
o8 DKO O 9 154 *s
Yo & O BCGPasteur % o V
ag B Unvaccnated () €, 7
o% 10 %
- © O o 7
52 w2 4
xe °s f
£ REg 2
> %
= 3
0- 4
A A A N
DKO U 3 N2 N3
BCG Paste éf‘ é)\ (,0\ &N
™ Unvaccinat 0;. o x é
S & & &
Tem Tem/Ten

FIGURE 9

DKO vaccine induces robust T cell responses in the lymph nodes of mice after primary aerosol challenge and re-challenge via expansion of effector
and central memory T cells. (A, B) Splenic T cells from mice (n=3) were isolated 3 weeks after primary challenge or after secondary challenge. Cells
were stained to determine the numbers of effector (CD62L" CD44*CCR7 CD127* CD4/CD8 effector T cells (Tgm) and

CD62L*"CD44*CCR77/*CD127* CD4/CD8 central memory T cells (Tcy). (C—

0.01; ***p< 0.009, one-way ANOVA with Dunnett's’ post hoc test).

model, we propose that the memory T cells induced by DKO last
longer than those elicited by the BCG vaccine (Figure 7-9;
Supplementary Figures 4-6). Given that childhood TB continues
to occur in BCG-vaccinated infants, BCG-induced immunity
appears to wane over time. We propose that boosting the primary
BCG vaccine with an antigenically heterologous DKO may likely
generate long-term protection due to its inclusion of RD1-encoded
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antigens. Therefore, additional gene disruptions may be necessary
to render DKO completely safe for human use.

We conclude that Mtb-derived attenuated vaccines like DKO
induce novel antigen processing mechanisms such as autophagy
and inflammasome pathways in APCs which paves the way for
new-generation vaccines for protection against TB and for boosting
BCG vaccine.
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Methods
Construction of DKO vaccine

This has been described in detail in our previous paper (8).
APCs: Primary bone marrow-derived macrophages (M®s) from
wild-type and Caspase-1 knock out C57Bl/6] mice (4-8 weeks old,
M/F, Harlan or Jackson animal providers, USA) were grown in
Iscove’s medium with 10% FBS (IMDM) and 10 ng/mL GM-CSF.
CD11c microbeads (Miltenyi Inc, USA;130-052-001) were used to
deplete DCs from bone marrow cells cultured for 7 days. The
CD11b+ CD11c- M®s or CD11c bead-purified CD11c+ DCs were
plated in GM-CSF-free medium and incubated overnight at 37°C.
Subsequently, they were then infected with mycobacterial mutants
and wild-type strains of Mtb (MOI=1), prepared as a single-cell
suspension, for 4 h on a shaker at 37°C. Cells were then washed, and
supernatants or cell lysates were collected for further analysis. Cell
viability for both M® and DCs was assessed using trypan blue
staining, with >90% viability confirmed both at the time of plating
and at the end of experiments.

In vitro presentation of Ag85B to BB7 CD4
T cells

M®s and DCs were cultured in IMDM and used as monolayers
in 24-well plates for IL-2 assays. The Ag85B p25 mouse epitope
(spanning amino acids 241-256)-specific (BB7) T cell hybridoma
was kindly provided by Drs. Cliff Harding and David Canaday, Case
Western Reserve University, USA. Untreated or peptide-activated
APCs were infected with various wild-type Mtb strains, its mutants,
and M. bovis BCG (MOI=1). After 2 or 4 h, cells were washed and
sonicated to obtain single cell CFU suspension, followed by washing
monolayers with medium and overlaying with T cells (20:1 ratio).
Supernatants were collected 4 or 24 h later, as indicated, and tested
for IL-2 using sandwich ELISA.

Mycobacteria

Wild-type BCG (wt-BCG Pasteur; ATCC #35734), Mtb-H37Rv
(ATCC#27294), Mtb-Erdman (ATCC#35807), and Mtb-Erdman
tagged with acriflavine resistance gene, all from the American Type
Culture Collection (ATCC), were grown in Dubos’ broth and used
after undergoing three washes in PBS. Cultured mycobacteria were
routinely assessed for >90% viability using fluorescein diacetate
staining (Invitrogen, USA). Recombinant BCG, including gfp-BCG,
were grown in 7H9 broth containing kanamycin. Single-cell
suspensions were used for APC infection, aerosol infection, or
vaccination of mice. McFarland #1 matched suspensions were
washed thoroughly using PBS containing 0.01% Tween 80 to
remove debris, followed by sonication in PBS using a Bronson
sonicator for 10 s, followed by centrifugation at 200g for 5 min to
remove clumps. Resulting supernatants containing single CFUs
were used for infection immediately after confirmation through
acid-fast staining.
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Cytokine assay in APCs

Quantification of cytokines produced by M®s and DCs was
carried out by enzyme-linked immunosorbent assay (ELISA) using
commercially available kits (Biolegend for mouse IL-12, TNF-a,
IFN-B, and IL-1B). Supernatants were collected at indicated times
after activation or blockade with Z-VAD-FMK/Y-VAD-FMK and
other pharmacological agents, followed by infection with Mtb.
Supernatants were filtered through a 0.22-um filter (EMD
Millipore, MA, USA) before they were titrated for cytokine levels
according to the manufacturer’s protocol.

Mtb growth assay in M®s

Primary mouse M®s were lysed with 0.05% SDS at different
timepoints post-Mtb infection with or without Z-VAD FMK/Y-
VAD FMK and other pharmacological agents. Lysates were plated
at serial 10-fold dilutions in PBS on 7H11 Middlebrook agar plates
(Difco Laboratories, Surrey, UK). The agar plates were then
incubated at 37°C for 3 weeks before counting CFUs. Data were
expressed as log;o CFUs per million APCs.

Induction of autophagy and in situ
localization of autophagy markers

Transfection of M®s. C57Bl/6]-derived M®s were
nucleotransfected with DNA encoding rfp-LC3 using the Amaxa kit
with either vector control DNA or rfp-LC3 plasmid purified DNA.
Transfected M®s were treated with rapamycin as a positive control.
Transfected M®s were infected with gfp-BCG for 4 h, fixed and
examined for colocalization using a laser confocal microscope
(LCM). For peptide activation, M®s were incubated with peptides as
indicated, followed by infection with gfp-BCG and colocalization
studies. During LCM analysis, a series of Z-sections were acquired
and analyzed using 2D-deconvolution software. Percent colocalization
was determined by counting colocalizing phagosomes within
macrophages, averaging their number per 100 M®s in quadruplicate
slide chambers per mouse-derived bone marrow preparation three
times per experiment. All scoring was blinded. The standard deviations
were calculated from three independent experiments, each using M®s
from three mice. P values were determined for colocalization scores
using t-tests.

Mouse vaccine experiments

Two types of mouse vaccine experiments were conducted: a
primary challenge and a re-challenge model (Figures 5, 6).
Both wild-type C57Bl/6] mice and Caspase-1 KO mice were used.
Age- and sex-matched C57Bl/6] mice (6-8 weeks) were tested. Naive or
vaccinated (wild-type Mtb and mutant strains along with BCG) mice
were given ~1x10° CFUs subcutaneously in the hind leg. After
vaccination, mice were aerosol-challenged with ~100 CFU virulent
Mtb-Erdman using a Glas-Col (Indiana, USA) aerosol apparatus at
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indicated timepoints. Four weeks after the challenge or at indicated
times, organs were harvested for CFUs, as previously described.
Significant difference in the CFU counts was calculated using two-
way ANOVA, as outlined below. We used five mice per vaccine strain,
and three mice per timepoint for flow cytometry analysis. Challenge
Mtb was differentiated from BCG vaccine by culturing organ
homogenates in 7H11 agar containing Thiophene-2-carboxylic acid
hydrazide (10 ug/mL), which inhibits BCG but not wild-type Mtb; or
from DKO using 7H11 agar with acriflavine.

Drug-induced clearance: Ten mg/kg doses of INH and rifampin
mixed in saline were given daily by gavage for three weeks, followed
by rest as indicated. Organs were plated for CFUs on 7H11 agar to
rule out persisting Mtb.

P value for CFU counts in vaccinated vs. untreated control mice:
Five mice per group were vaccinated with BCG or left untreated as a
control. Four weeks later, they were aerosol-challenged with Mtb.
Mice were sacrificed and colony counts of Mtb were measured in the
lungs. Data were plotted as log;, CFU per organ per mouse. The
example above shows that such early CFU data are highly
discriminative and predictive of survival. Importantly, the statistical
power of these data is superior to survival data. Allowing for a
statistical power of 0.8-0.9, and a usual variance of 0.1-0.2 log; o CFU,
a reduction in the mean CFU values between saline controls and test
groups of about 0.7 log;q CFU is significant when n=5 animals are
used (one-way ANOVA used for p values).

Pathology following Mtb infection

Our previous DKO vaccination studies showed no significant
pathology in the organs compared to BCG vaccinated and Mtb
vaccinated mice (8). Therefore, we monitored weight and health of
mice until day 120 of sacrifice (Supplementary Figure 6) and
vaccinated mice did not lose weight.

Flow cytometry analysis of lung T cell and
memory T cells

T cells from the infected lungs (post infection challenge) were
quantified following established procedures. Briefly, three mice per
dose-group were sacrificed. Lungs, spleen, and lymph nodes were
teased in Iscove ‘s (IMDM) modification of Dulbecco medium and T
cells were enriched from the resulting cell suspensions. Subsequently,
T cells were stained for CD4 and CD8 markers, surface receptors, and
intracellular IFN-y and IL-2 followed by flow cytometric analysis.
Results were reported as absolute numbers of T cells per organ after
the initial organ cell count using trypan blue staining and acquiring a
fixed number of cells. Lungs were processed with 1mg/mL
collagenase and 1mg/mL elastase (Sigma Biologicals, USA) to break
down the fibrous tissue material. Tissue was then passed through cell
strainers and teased using frosted slides until a suspension of cells was
obtained. Tissue was further treated with ACK lysis buffer
(BioWhittaker, USA) to remove red blood cells. From one half of
the spleen or lung tissue from each mouse, T cells were fractionated
and analyzed for IFN-y-secreting CD4 and CD8 T cells. We analyzed
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CD4 and CD8 T cell populations based on the expression of classic
memory markers CD62L, CD44 and CDI127. We determined the
proportions of CD62L° CCR7 CD127~ CD44""~ and CD62L*CCR7*
CDI127"/CD44""" in the lungs, spleens and lymph nodes. We also
mapped proportion of CD44 and CD127 because TB patients show
reduced CD127 expression.

Flow staining was performed per BD Biosciences protocol. Cell
events were collected using Beckman-Coulter-Gallios cytometer,
and the cytokine profile was analyzed using FlowJo software (Tree
Star, Ashland, OR). Graphs were plotted and analyzed using
GraphPad Prism software version 8.
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