
Citation: Maxson, M.E.; Das, L.;

Goldberg, M.F.; Porcelli, S.A.; Chan,

J.; Jacobs, W.R., Jr. Mycobacterium

tuberculosis Central Metabolism Is

Key Regulator of Macrophage

Pyroptosis and Host Immunity.

Pathogens 2023, 12, 1109. https://

doi.org/10.3390/pathogens12091109

Academic Editors: Luis Quadri,

Delphi Chatterjee and Dean C.

Crick

Received: 27 July 2023

Revised: 17 August 2023

Accepted: 26 August 2023

Published: 30 August 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

pathogens

Article

Mycobacterium tuberculosis Central Metabolism Is Key
Regulator of Macrophage Pyroptosis and Host Immunity
Michelle E. Maxson 1,†, Lahari Das 2,†, Michael F. Goldberg 3, Steven A. Porcelli 2, John Chan 4

and William R. Jacobs, Jr. 2,*

1 Program in Cell Biology, The Hospital for Sick Children, Toronto, ON M5G 0A4, Canada;
michelle.maxson@sickkids.ca

2 Department of Microbiology and Immunology, Albert Einstein College of Medicine, Bronx, NY 10461, USA;
lahari.das@einsteinmed.edu (L.D.); steven.porcelli@einsteinmed.edu (S.A.P.)

3 BostonGene, 100 Beaver St., Waltham, MA 02453, USA; michael.goldberg@bostongene.com
4 Department of Medicine, New Jersey Medical School, 205 South Orange Avenue, Newark, NJ 07103, USA;

jc2864@njms.rutgers.edu
* Correspondence: william.jacobs@einsteinmed.edu; Tel.: +1-718-678-1075; Fax: +1-718-678-1085
† These authors contributed equally to this work.

Abstract: Metabolic dysregulation in Mycobacterium tuberculosis results in increased macrophage
apoptosis or pyroptosis. However, mechanistic links between Mycobacterium virulence and bacterial
metabolic plasticity remain ill defined. In this study, we screened random transposon insertions of
M. bovis BCG to identify mutants that induce pyroptotic death of the infected macrophage. Analysis
of the transposon insertion sites identified a panel of fdr (functioning death repressor) genes, which
were shown in some cases to encode functions central to Mycobacterium metabolism. In-depth studies
of one fdr gene, fdr8 (BCG3787/Rv3727), demonstrated its important role in the maintenance of
M. tuberculosis and M. bovis BCG redox balance in reductive stress conditions in the host. Our studies
expand the subset of known Mycobacterium genes linking bacterial metabolic plasticity to virulence
and also reveal that the broad induction of pyroptosis by an intracellular bacterial pathogen is linked
to enhanced cellular immunity in vivo.

Keywords: pyroptosis; Mycobacterium; caspase-1; Rv3727; redox balance

1. Introduction

Mycobacterium tuberculosis is a highly effective pathogen that has evolved numerous
mechanisms to successfully invade, replicate, and persist in the macrophage (MΦ) of hu-
mans and mammals. Persistence in MΦ in vivo contributes to the chronicity of tuberculosis
(TB), the infectious disease caused by members of the M. tuberculosis complex. To effectively
persist, intracellular mycobacteria must not only evade innate pathogen recognition mech-
anisms and antimicrobial pathways but also metabolically adapt to the MΦ intracellular
environment. The successful synthesis of these strategies allows for the tubercle bacilli to
persist and multiply within the host.

In vivo, innate immune cells such as MΦ are major cellular reservoirs for persistent
intracellular mycobacteria [1,2]. Following infection of the host by infectious aerosol,
lung-resident MΦ are amongst the first cells to encounter the bacterium. Within MΦ,
mycobacteria initiate global changes in gene expression, upregulating virulence factors
and pathways for fatty acid degradation, gluconeogenesis, and iron acquisition [3–7]. For
intracellular pathogens such as mycobacteria, pathogenicity is correlated to metabolic
plasticity in vivo and the adaptation to host lipid carbon sources [8–12]. These observations
highlight the importance of bacterial metabolism to the host–pathogen interaction, although
the mechanisms for this linkage remain to be clarified.

Virulent mycobacteria inhibit several MΦ cell death pathways, and in some cases, this
has been linked to effects of mycobacterial infection on metabolic homeostasis [13–23]. The
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derepression of apoptosis or pyroptosis by precise deletions of mycobacterial genes (∆secA2,
∆nuoG, ∆zmp1, and ∆ptpB) results in attenuation of virulence [13,15,17,24–27]. Surprisingly,
the products of these mycobacterial genes are mainly involved in bacterial respiration
and intermediate metabolism [28]. In addition, a partial screen of 5000 M. tuberculosis
transposon mutants for effects on growth in human myeloid lineage cells identified 27 genes
that affect MΦ apoptosis and pyroptosis, 15 of which are involved in intermediate or lipid
metabolism [22,23]. These findings emphasize the connections between host cell death and
mycobacterial intracellular metabolic adaptation.

In the current study, we used a global genetic analysis to investigate a well-known my-
cobacterial innate immune evasion tactic, the suppression of MΦ cell death, as a means to
broadly interrogate requirements for pathogen virulence and host immunity. By screening
an M. bovis BCG transposon (Tn) mutant library for mutants that caused death of infected
human MΦ, we identified a panel of fdr (functioning death repressor) mutants that induced
robust pyroptotic cell death in human MΦ. A number of these mutations mapped to genes
central to Mycobacterium metabolism, supporting a link between mycobacterial metabolic
homeostasis and the host MΦ response to infection. One fdr gene, fdr8 (BCG3787/Rv3727),
encoded a hypothetical oxidoreductase/phytoene desaturase important for the mainte-
nance of M. tuberculosis and M. bovis BCG redox balance in reductive stress conditions. In
addition, fdr-induced MΦ pyroptosis resulted in enhanced M. tuberculosis-specific CD4
and CD8 T-cell immunity in vivo. This work presents data connecting bacterial pyroptosis
induction and in vivo protective immunity. Our studies underscore the intimate connection
between M. tuberculosis intracellular metabolic plasticity and innate immune evasion, an
essential aspect of mycobacterial pathogenesis in the human host.

2. Materials and Methods
2.1. THP-1 and Primary Human MΦ Infection with Mycobacteria Strains

After differentiation into adherent MΦ by overnight treatment in 50 nM phorbol
12-myristate 13-acetate (PMA, Sigma-Aldrich, St. Louis, MO, USA), the medium was
changed to complete RPMI medium (see Supporting Information) containing 5% non-heat
inactivated human serum. Adherent THP-1 cells were infected an MOI of 5 bacteria to
1 MΦ (5:1) for 3 h. After infection, infected THP-1 monolayers were washed 3 times with
1X PBS to remove extracellular bacteria and left in complete RPMI media at 37 ◦C and 5%
CO2 until analysis. Most analyses were carried out 3–5 days post infection, as indicated.
For infections with human primary cells, the same infection protocol was followed, with
the exception that pre- and post-infection monolayers were maintained in RPMI media
containing 10% AB human serum.

2.2. Flow Cytometric Sub-G1 Cell Cycle Analysis of Infected THP-1 Cells

Procedure was adapted from Riccardi et al. 2006 [29]. Briefly, 3 days post infection, the
media from mycobacteria-infected THP-1 monolayers were removed from micotiter plates
using 0.1% trypsin-EDTA (Invitrogen, Waltham, MA, USA) and mechanical pipetting. THP-
1 cells were washed in 1× PBS, and fixed in ice-cold 70% ethanol at −20 ◦C. The following
day, fixed cells were washed in 1× PBS and resuspended in propidium iodide staining
solution (0.1% Triton X-100, 20 µg·mL−1 propidium iodide, 200 µg·mL−1 RNase A). Cells
were incubated 30 min at room temperature in the dark. Cells were then subjected to flow
cytometric cell cycle analysis using a FACSCalibur cytometer (BD Biosciences, Franklin
Lakes, NJ, USA). Data were further analyzed with the FlowJo software (v.9, Tree Star, Inc.,
San Carlos, CA, USA). A hypodiploid, i.e., sub-G1, population in the FL2-H channel was
indicative of DNA fragmentation that accompanies apoptotic or pyroptotic cell death.

2.3. Detection of Active Caspase-1 and Caspase-3/7

FAM-FLICA in vitro Caspase Detection Kits for caspase-1 and caspase-3 (Immuno-
chemistry technologies) were used to detect active caspases in infected THP-1 cells by
microscopy. Briefly, 4 × 105 THP-1 cells were seeded onto 12 mm glass coverslips in 24-well
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plates following differentiation procedures (Supporting Information). Infections with vari-
ous mycobacteria strains were performed as described (Supporting Information), and 3 days
post infection, coverslips were stained with FAM-YVAD-fmk or FAM-DEVD-fmk to detect
active caspase-1 or caspase-3/7, respectively, and fixed according to the manufacturer’s
instructions for adhered cells. Stained monolayers were visualized under 200× magni-
fication and the green channel using an Olympus IX 70 inverted microscope, equipped
with a 100 W Hg light source, a lambda filter wheel containing 61002 DAPI/FITC/Texas
Red cube (61002 exciter and 61002bs dichroic), and blue (BP 330-385), cyan (S403/12),
green (S492/18), and red (S572/23) fluorescence channels. Images were captured using an
ORCA-II Hamamatsu camera controlled by MetaMorph software (version 3.5, Molecular
Devices). Image processing and analyses were done using Photoshop CS5 (Adobe, San
Jose, CA, USA) or ImageJ (version 2, Wayne Rasband, U.S. National Institute of Health)
software. For each sample, cells were counted from three different fields, with 100 cells
counted per field.

2.4. Caspase and Inflammasome Inhibitor Studies

After infection with various mycobacteria strains, THP-1 monolayers were placed in
complete RPMI media containing 50 µM Z-YVAD-FMK (Millipore, Burlington, MA, USA)
or Z-DEVD-FMK (Millipore) to inhibit caspase-1 or caspase-3, respectively. Three days
post infection, infected THP-1 cells were subjected to sub-G1 analysis and flow cytometry,
as described above. Similarly, infected THP-1 monolayers were treated with 50 µM gly-
buride (Millipore) to inhibit the NALP3 inflammasome and subsequently analyzed by flow
cytometric sub-G1 analysis.

2.5. Multiplex Cytokine Analysis of Infected THP-1 Cell Supernatants

Cytokine analysis was performed on supernatants from THP-1 cells infected with var-
ious mycobacteria strains. Infection of THP-1 cells was carried out as described above, and
4 days post infection, supernatant samples were collected for analysis. MSD MULTI-ARRAY
human TH1/TH2 10-plex kit (Meso Scale Diagnostics LLC, Rockville, MD, USA) was used
to analyze 25 µL of supernatant containing secreted human cytokines, according to the
manufacturer’s instructions. The human TH1/TH2 10-plex kit was used to detect secreted
IFN-γ, IL-1β, IL-2, IL-4, IL-5, IL-8, IL-10, IL-12p70, IL-13, and TNF-α. MULTI-ARRAY plates
were read using the MSD SECTOR Imager 2400, following the manufacturer’s instructions.

2.6. Immunizations and Enzyme-Linked Immunosorbent Spot (ELISPOT) Assay

Mycobacteria strains were grown to mid-log phase and resuspended in 1X PBS con-
taining 0.05% (v/v) tyloxapol. A 1 × 106 cfu total dose was subcutaneously injected into
C57BL/6 mice in both leg flanks, with 3 mice per group. At 21 days post immunization,
animals were sacrificed and spleens isolated. Splenic T cells were separated using the
Pan T-cell isolation kit and AutoMACS cell separator (Miltenyi Biotec, Bergisch Gladbach,
Germany), according to the manufacturer’s instructions. Purified T cells (1.5 × 105 cells per
well) and naïve splenocytes (5 × 105 cells per well) were resuspended in complete RPMI
media and seeded into MultiScreenHTS plates pre-coated with 10 µg·mL−1 IFN-γ capture
antibody (rat α-mouse IFN-γ antibody (clone R4-6A2, BD Biosciences, Franklin Lakes,
NJ, USA)). Then, 5 µg·mL−1 of peptide specific to mycobacterial CD4 (Peptide-25 (H2N-
FQDAYNAAGGHNAVF-OH, >85% purity, New England Peptide)) or CD8 (TB10.3/4
(H2N-QIMYNYPAM-OH, >85% purity, New England Peptide)) T-cell responses were
added to ELISPOT plates. Plates were incubated at 37 ◦C, 5% CO2 for 16 h. Plates were then
developed using 1 µg·mL−1 biotin rat α-mouse IFN-γ detection antibody (clone XMG1.2,
BD Biosciences, Franklin Lakes, NJ, USA) overnight (approximately 20 h), 1:800 diluted
streptavidin-alkaline phosphatase (Invitrogen, Waltham, MA, USA), and BCIP substrate so-
lution (1 tablet 5-bromo-4-chloro-3-indolyl-phosphate (BCIP)/nitroblue tetrazolium tablets
(Sigma-Aldrich, St. Louis, MO, USA) dissolved in 10 mL H2O). The frequency (spot form-
ing units, SFU) of lymphocytes secreting IFN-γ in response to Mycobacterium peptides
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was determined using an automated ELISPOT reader (Autoimmun Diagnostika GmpH,
Straßberg, Germany).

2.7. Mycobacterium Spotted Microarray Analysis

Microarray analysis was performed on RNA isolated from Mycobacterium grown
in standard 7H9 broth conditions or isolated from THP-1 cells, as indicated. Spotted
M. tuberculosis H37Rv DNA microarrays were obtained through the U.S. National Institute
of Allergy and Infectious Diseases-sponsored Pathogen Functional Genomics Resource
Center (PFGRC) at the J. Craig Venter Institute (JCVI, La Jolla, CA, USA). cDNA probes
were prepared from mycobacteria’s 4 µg RNA following the PFGRC microarray laboratory
protocol SOP # M007. Cy3- and Cy5-labeled cDNA probes were hybridized according to
PFGRC protocol SOP # M008 to 70-mer oligo DNA microarrays representing the complete
M. tuberculosis genome (M. tuberculosis v. 4 microarray slides). Three biological replicate
microarrays were carried out per sample. Slides were scanned on a GenePix 4000A scanner
(Molecular Devices, San Jose, CA, USA). Images were processed with the TM4 software
suite37 (JCVI). TIGR Spotfinder was used to grid and quantitate spots. TIGR MIDAS
was used for Lowess normalization, S.D. regularization, and in-slide replicate analysis,
with all quality-control flags on and one bad-channel-tolerance policy set to “generous”.
Results were analyzed in TIGR MeV with significance analysis of microarrays (SAM) and
considered significant at q < 0.05.

2.8. Infected-THP-1 Cell Affymetrix Microarray Analysis

Microarray analysis was performed on RNA isolated from mycobacteria-infected
THP-1 cells, as described above. First, 700 ng total RNA was further processed by the
Albert Einstein College of Medicine Microarray Facility using the standard Affymetrix
pipeline and hybridized to a Human Gene 1.0 ST GeneChip array (Affymetrix, Santa Clara,
CA, USA). The raw data CEL files, provided by the Microarray Facility, were normalized
by RMA methods in GeneSpring GX software (Affymetrix). The log2-transformed signal
intensities were averaged for biological triplicates and the mean value used to compute the
fold expression change. Results were analyzed in TIGR MeV with significance analysis of
microarrays (SAM) and considered significant at q < 0.05.

Significant data were analyzed through the use of IPA (Ingenuity Systems, www.
ingenuity.com, accessed on 12 December 2012). Functional analysis identified the biological
functions from the Ingenuity Knowledge Base most significant to the dataset and the
dataset molecules associated with these functions. Right-tailed Fisher’s exact test was used
to calculate p-value, determining the probability that each biological function assigned to
the dataset was due to chance alone.

2.9. Mycobacteria Oxidative and Reductive Stress Exposure Experiments

Strains were grown to mid-log phase, with an approximate OD600nm = 0.5–1 in stan-
dard media. For oxidative stress, 1.5 × 107 cfu of bacteria were incubated in 7H9-based
media containing 0.5% BSA, 0.2% glycerol, and 0.05% tyloxapol with 0, 0.01%, 0.1%, or 1%
H2O2. For reductive stress, 1.5 × 107 cfu of bacteria were incubated in the same 7H9-based
media containing 0, 0.5 mM, 5 mM, or 50 mM DTT. Samples were incubated at 37 ◦C for up
to 5 days, and samples were spotted for cfu every 24 h.

2.10. M. bovis BCG and M. tuberculosis Growth Curves

Ten milliliters of Mycobacterium seed cultures were grown to mid-log phase in standard
media (see Supporting Information). Bacteria were resuspended in 7H9 base media (no
carbon source) and used to inoculate 10 mL cultures to an OD600nm of 0.05. M. bovis BCG-
derived strains were grown in 7H9 broth containing 100 mM MOPS pH 6.6, 0.05% (v/v)
tyloxapol, and a single carbon source at the following concentrations: 10 mM glucose,
20 mM glycerol, 30 mM acetate, 20 mM propionic acid, 15 mM butyric acid, 12 mM valeric
acid, 10 mM caproic acid, 250 µM cholesterol, and 25 µM 1,2-dipalmitoyl-sn-glycero-3-

www.ingenuity.com
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phosphocholine (DpPC). M. tuberculosis H37Rv-derived strains were grown in 7H9 broth
containing 100 mM MOPS pH 6.6, 0.5% (w/v) BSA, 0.085% (w/v) NaCl, 0.05% (v/v)
tyloxapol, and a single carbon source at the following concentrations (w/v): 0.2% glucose,
0.2% glycerol, 0.06% acetate, 0.06% propionic acid, 0.06% butyric acid, 0.06% valeric acid,
and 0.016% caproic acid. Cultures were incubated at 37 ◦C and monitored for 4 weeks
by OD600nm.

2.11. Statistical Analyses

GraphPad Prism 5 and Microsoft Excel (version 2011) were used for statistical analyses.
The F-test was used to determine equal variance between experimental data and control
(p > 0.05). The unpaired, two-tailed t-test was used to evaluate significance relative to
control, as indicated in the text. Significance is displayed according to the Michelin Guide
scale: * p < 0.05; ** p < 0.01; *** p < 0.001; ns: not significant.

For growth curves, Graphpad Prism 5 software was used for non-linear regression
Logistic curve fit analysis, using the following formulas:

y = ymax ∗ y0/[(ymax − y0) ∗ exp(−k ∗ x) + y0)]

where y0 is the OD600nm at time zero, and ymax is OD600nm at plateau.

k = growth rate = ln 2/doubling time.

The typical growth rate for a bacterial strain with a 24 h doubling time is 0.029 h−1.

3. Results
3.1. Identification of Mycobacterium Mutants That Promote MΦ Cell Death

The strain chosen for Tn mutagenesis was mc26455, a recombinant M. bovis BCG
Danish 1331 strain (see Table S1). M. bovis BCG is genetically 99.95% identical to M. tu-
berculosis and preserves many mycobacterial immune evasion mechanisms, including the
suppression of host cell death [17,30]. Strain mc26455 expresses the Clostridium perfringens
perfringolysin O [31,32], predicted to mediate bacterial endosomal escape in a manner
similar to M. tuberculosis RD1-mediated phagosomal escape [33–35]. Therefore, mc26455 is
expected to partially mimic the phenotype of virulent RD1+ M. tuberculosis and M. bovis in
intracellular lifestyle.

Tn mutagenesis was performed on mc26455, and 5000 Tn mutants were screened by
infection of human monocytoid THP-1 cells to identify mutants defective in the suppression
of MΦ cell death. Candidate Tn mutants were selected on the basis of increased numbers
of dead THP-1 cells based on microscopy of cultures stained with the fluorescent dye
HO258. Initial screening identified 17 candidate mutants that had substantially lost the
ability of the parental mc26455 to suppress MΦ cell death. These mutants were subjected to
secondary screening using an alternate cell death detection method in which infected MΦ
were analyzed by flow cytometry to quantitate the proportion of cells showing substantial
loss of genomic DNA due to DNA fragmentation [29]. These results confirmed the robust
induction of MΦ cell death by 9 of the Tn mutants (Figure 1A), which we designated as
fdr (functioning death repressor) mutants. The percent cell death in THP-1 cells following
infection with fdr mutants was similar to that observed in M. kansasii-infected control
cultures. In these experiments, treatment of THP-1 cells with 1 µM staurosporine (an
inducer of apoptosis) or 20 µM nigericin (an inducer of necrosis) were also included
as controls.
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Figure 1. fdr mutants induce cell death of infected MΦ. (A). Secondary screening of candidate fdr
mutants by sub-G1 analysis. Flow cytometric cell cycle analysis of infected THP-1 cells that were
ethanol-fixed and stained with propidium idodide. Percent sub-G1 was calculated from the total gated
population for each sample from three independent experiments. Staurosporine and nigericin treat-
ments were for 4 h at 37 ◦C. (B) THP-1 cells were infected with mycobacteria strains at an MOI of 5:1,
and 3 days post infection, infected cells were analyzed by sub-G1 analysis for cell death. Checkered
bars = cosmid integrants; solid bars = fdr strains. Data are from three independent experiments.

To prove that the fdr genes were responsible for the induction of MΦ cell death, com-
plementation analysis was performed. Specific complementing cosmids were transformed
into corresponding fdr mutants, and these strains were used to infect THP-1 cells. The
results indicated that the introduction of the appropriate cosmids clearly complemented
the cell death phenotype (Figure 1B). Therefore, these fdr mutant phenotypes were specific
to an fdr gene knockout.

The Tn insertion sites for these five fdr mutants were mapped to the M. bovis BCG
genome (Table 1). Of note, one ORF was identified by two independent Tn hits (BCG3787,
in fdr8 and fdr15); therefore, fdr8 was used for all subsequent experiments. The fdr ORF
functional classifications revealed that four out of the five ORFs identified (fdr2, fdr4, fdr8/15,
and fdr16) were involved in intermediate metabolism or lipid metabolism. This abundance
of metabolic genes suggests a major role for the metabolic state of intracellular bacteria
in the induction of cell death in infected MΦ and in the inhibition of this process by
pathogenic mycobacteria.

Table 1. Functional annotations of identified fdr genes.

fdr BCG ORF Rv Ortholog Gene Name Predicted Function a

2 BCG1866 Rv1831 Hypothetical protein
4 BCG3824c Rv3765c tcrX Probable 2-component RR
8 BCG3787 Rv3727 Probable phytoene desaturase crtI
11 BCG1264c Rv1204c Hypothetical protein

15
BCG2813c Rv2795c Hypothetical protein
BCG3787 Rv3727 Probable phytoene desaturase crtI

16 BCG1058 Rv1001 arcA Probable arginine deiminase
a Annotated functions provided by TubercuList and BCGList.

3.2. Mechanism of Cell Death in MΦ Infected with fdr Mutants

Preliminary cell death analyses further defined the MΦ cell death induced by the
fdr mutants. fdr-infected THP-1 monolayers were subjected to terminal deoxynucleotidyl
transferase dUTP nick-end labeling (TUNEL staining). Microscopy analysis showed that
all the fdr-infected THP-1 cells showed increased nuclear TUNEL staining (Figure S1A).
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In addition, M. kansasii-infected and staurosporine-treated cells showed robust TUNEL
staining. These data corroborated the results of sub-G1 analysis (Figure 1A). However,
TUNEL staining can be seen in cells undergoing DNA fragmentation associated with
apoptosis or pyroptosis [23,36].

In addition, infected THP-1 monolayers were stained for pan-caspase activation.
Microscopic analysis showed that all fdr-infected THP-1 cells were caspase-positive (Figure
S1B). M. kansasii controls were also caspase-positive. Between the cell death modes that
result in HO258 positivity, apoptosis and pyroptosis are caspase-positive, while necrosis is
caspase-negative [37]. Taken together, these data suggested that the cell death induced in
THP-1 cells by fdr mutants is not necrotic but more representative of apoptosis or pyroptosis.

3.3. fdr Mutants Induced Caspase-1, NALP3-, and ROS-Dependent Pyroptosis

The fdr-mutants induced cell death in THP-1 cells sharing features with apoptosis and
pyroptosis. Therefore, to distinguish between apoptosis and pyroptosis in fdr-infected MΦ,
the involvement of caspase-3 or caspase-1 in fdr-induced cell death was assessed [38,39].
Initially, fdr-infected THP-1 cells were analyzed for the presence of active caspase-3/7 or
caspase-1. In fdr-infected THP-1 cells, caspase-3/7 and -1 were activated equally, implying
both were induced in the same infected cells (Figure 2A,C). The M. kansasii control showed
active caspase-3 and caspase-1, consistent with previous reports [14,40,41]. Staurosporine
induced active caspase-1; however, a study by Danelishvili et al. (2011) reported caspase-1
induction after staurosporine treatment [23]. Active caspase-3/7 and caspase-1 are both
seen during pyroptosis [42–44]; however, apoptosis is A caspase-3-dependent cell death,
while pyroptosis is caspase-1-dependent. Therefore, these data suggested the cell death
induced by the fdr mutants was pyroptosis.

To further demonstrate that fdr-induced cell death was pyroptosis, inhibitor studies
were performed. Caspase-1 is solely required for pyroptotic cell death [38,42,44–46]. In-
fected THP-1 cells’ monolayers were treated with 50 µM caspase-3/7 or caspase-1 inhibitor
(Figure 2B,D). Cell death analyses showed that while caspase-3/7 inhibitor had no effect
on fdr-induced THP-1 cell death (Figure 2B), caspase-1 inhibitor significantly decreased
fdr-induced cell death to control levels (Figure 2D). Therefore, caspase-1 was required
for fdr-induced cell death, consistent with similar pyroptosis studies using the avirulent
M. kansasii [41]. Taken together, these results indicate that the cell death induced by fdr
mutants in THP-1 cells was not apoptotic but pyroptotic in nature.

Pyroptosis involves the activation of caspase-1 by the recognition of intracellular
danger signals by Nod-like-receptors, culminating in the secretion of IL-1β and caspase-
1-dependent cell death [37,46,47]. Pyroptosis induced by M. kansasii involves the Nod-
like-receptor NALP3 [41]. Therefore, the requirement for NALP3 inflammasome in py-
roptosis induced by fdr mutants was tested by using a well-known inhibitor of NALP3,
glyburide [48]. Cell death analyses confirmed that glyburide significantly decreased fdr-
induced MΦ cell death to that of the BCG parent control (Figure 2E). This expected decrease
was also seen in the M. kansasii control.

Because reactive oxygen species (ROS) have been shown to be a danger signal mediat-
ing activation of the NALP3 inflammasome [49,50] and are involved in M. kansasii-induced
pyroptosis [41], the effect of an ROS scavenger N-acetylcysteine (NAC) was tested. As a
result, 20 mM NAC reduced pyroptosis induced by fdr mutants by approximately 50%, sim-
ilar to the M. kansasii-infected MΦ (Figure 2F). Therefore, the pyroptosis seen in THP-1 cells
infected with fdr mutants was dependent on the NALP3 inflammasome, with intracellular
ROS contributing to the pyroptosis induction.
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Figure 2. fdr mutants induce pyroptosis of infected MΦ, dependent on the NALP3 inflammasome and
ROS. THP-1 cells were infected at an MOI 5:1 with mycobacteria strains. Three days post infection,
cells were analyzed. (A) Caspase-3/7 was activated during fdr infection of THP-1 cells. Infected
MΦ were stained for active caspase-3/7 staining and quantitated by microscopy. Data are from two
independent experiments. (B) Caspase-3/7 inhibitor had no effect on fdr-induced cell death. THP-1
cells were infected and incubated in media containing 50 µM Z-DEVD-fmk until cell death analyses.
Data are from three independent experiments. (C) Caspase-1 is activated during fdr infection of
THP-1 cells. Infected MΦ were stained for active caspase-3/7 staining and quantitated by microscopy.
Data are from two independent experiments. (D) Caspase-1 inhibitor abolished fdr-induced cell death.
THP-1 cells were infected and incubated in media containing 50 µM Z-YVAD-fmk until cell death
analyses. Data are from three independent experiments. (E) THP-1 cells were infected and incubated
in media containing 50 µM glybyride until cell death analyses. Data are from three independent
experiments. For all fdr infections, (F) ROS contributes to the induction of pyroptosis in fdr-infected
THP-1 cells. THP-1 cells were infected and incubated in media containing 20 mM NAC until cell
death analyses. Data are from three independent experiments.
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3.4. MΦ Infected with fdr Mutants Secreted IL-1β and Exhibited a Host-Protective
Cytokine Profile

The activation of caspase-1 in pyroptotic cells results in the processing of pro-IL-1β
into mature IL-1β, which is secreted [51]. IL-1β can have autocrine and paracrine effects on
local pro- and anti-inflammatory cytokine secretion. Therefore, THP-1 cells infected with
fdr mutants were analyzed for secretion of TH1 and TH2 cytokines by MSD MULTI-ARRAY
technology at 4 days post infection. M. kansasii and M. tuberculosis H37Ra-infected THP-1
cell supernatants were included as cell-death-positive controls [14].

In all cases, the cytokine profile of fdr mutant-infected THP-1 cells was similar to
the cell death control infections (Figure 3). fdr mutant-infected cells showed significantly
increased IL-1β, consistent with pyroptosis (Figure 3A). They also secreted significantly
increased TNF-α, less IL-8, and increased IL-4 (Figure 3B–D). Unexpectedly, fdr mutant-
infected THP-1 cells produced increased IFN-γ (Figure 3E), which is normally secreted
primarily by T cells but has also been found to be secreted by human MΦ in the presence of
IL-12 and IL-18. Here, IL-12 showed a tendency to be increased (Figure 3F), but IL-18 was
not tested. Overall, fdr mutant-infected MΦ exhibited a pro-inflammatory cytokine profile
that included IL-4 and IFN-γ, two cytokines important for the control of mycobacterial
infection and inflammation in the host.

Interestingly, the cell death and cytokine responses to infection with fdr mutants was
correlated with an intracellular bacterial growth restriction prior to the appearance of cell
death (Figure S2A). For five mutants (fdr2, fdr4, fdr8, fdr11, and fdr16), the approximately
half-log decrease in cfu at day 3 was statistically significant (between p < 0.01 and p < 0.05).
The fdr strains had no significant growth differences 7H9 broth medium (Figure S2B),
indicating that these mutants did not have intrinsic growth defects. Together, these data
suggest that the effects of fdr mutations on MΦ cell death and cytokine production were
responsible for the enhanced control of intracellular burden.

3.5. Augmentation of CD4 and CD8 T-Cell Responses by Infection with fdr Mutants

As a pro-inflammatory, TH1-skewed immune response is considered optimal for the
control of TB and the establishment of immunity to mycobacteria [52–54]. Pyroptosis has
also been hypothesized to play an important role in bacterial immunity in vivo; however,
direct evidence has been lacking [55]. Our results showing that pyroptotic fdr mutants
induced a pro-inflammatory cytokine profile and have a growth defect in MΦ were con-
sistent with the proposed role of pyroptosis in promoting host immunity. To further asses
this in vivo and examine the effects of pyroptosis on adaptive immunity, the stimulation
of IFN-γ producing T-cell responses in mice infected with fdr mutants was assessed by
ELISPOT. BCG parent and fdr mutant bacteria were injected subcutaneously into C57BL/6
mice, and 21 days later, M. tuberculosis-specific CD4 and CD8 T-cell responses in the spleen
were quantitated by IFN-γ ELISPOT (Figure 3G,H). BCG Danish strain 1331 was included
for comparison to the BCG parent (mc26455), and these showed similar results. Remarkably,
the fdr mutants robustly enhanced both CD4 and CD8 responses to peptides from M. tubercu-
losis antigens Ag85B and TB10.3/4 (Figure 3G,F). The differences in responses between BCG
parent and mutants were not due to differences in inoculum or bacterial burden at harvest
since, despite the enhanced immunogenicity, the bacterial loads in the spleens at 3 weeks
showed no significant differences between BCG parent and fdr strains (Figure S3A,B).

3.6. Microarray Analysis of fdr8 Intracellular Expression Patterns

Because the BCG3787 was identified twice in the Tn mutagenesis screen (fdr8 and
fdr15; Table 1), and these Tn insertions could be complemented with an appropriate cosmid
(Figure 1B), this fdr locus was selected for more detailed analysis. To gain initial insight
into the interaction of the fdr8 mutant bacilli with host MΦ, we carried out global analyses
by microarrays of both the bacterial and host cell transcriptomes. For intracellular bacterial
gene expression analysis, mc26455 (parental strain) and fdr8 mutant strain were used to
infect THP-1 cells, and bacterial RNA isolated 3 days post infection was used for microarray
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analysis. This revealed 294 genes differentially expressed at least 2-fold in fdr8 mutant
compared to the parental strain bacilli. Among these, 222 genes were over-represented
(Table S2), and 72 genes were under-represented (Table S3) in the fdr8 mutant. Amongst the
over-represented genes was a large subset involved in mycobacterial fatty acid and protein
biosynthesis (Figure 4, in red).
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Figure 3. fdr mutants are more immunogenic in MΦ and in vivo. MSD MULTIARRAY analyses of
mycobacteria-infected THP-1 supernatants for (A) IL-1β, (B) TNF-α, (C) IL-8, (D) IL-4, (E) IFN-γ,
and (F) IL-12. Supernatants were collected on day 4 for analyses. Data are from three independent
infections; means and standard deviations are shown. (A–E) For fdr infections, p < 0.05, relative
to BCG parent control. (G) fdr mutants enhanced M. tuberculosis-specific CD4 T-cell responses
in vivo. C57BL/6 mice were subcutaneously immunized with fdr mutants or controls, and at 3 weeks
post immunization, spleens were harvested and assayed for M. tuberculosis-specific CD4 responses
(peptide-25) by IFN-γ ELISPOT. (H) fdr mutants enhanced M. tuberculosis-specific CD8 T-cell responses
in vivo. C57BL/6 mice were subcutaneously immunized with fdr mutants or controls, and at 3 weeks
post immunization, spleens were harvested and assayed for M. tuberculosis-specific CD8 responses
(TB10.3/.4) by IFN-γ ELISPOT; 3 mice per group. (G,H) For fdr infections, p < 0.05, relative to BCG
parent control.
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Figure 4. Bacterial and host transcriptional responses during fdr8 MΦ infections. THP-1 MΦ were
infected at an MOI of 5:1, and 3 days post infection, RNA was isolated for use in microarray analyses.
Subset of bacterial genes differentially expressed in the intracellular environment in fdr8 compared to
wild-type bacterium. Fold change is given for each gene. Genes over-represented in fdr8 compared to
wild type are indicated in red bars, while genes under-represented are in blue bars. All microarray
results were analyzed using TIGR MeV software (JCVI).

Since it is hypothesized that lipid anabolism functions in redox balance to alleviate
reductive stress [56,57], these data suggest that the fdr8 mutant was undergoing reductive
stress in MΦ. Consistent with this, eight genes involved in the mycobacterial response to
stress from reactive oxygen species (ROS) were also over-represented (Figure 4, in red).
Reductive stress can also paradoxically lead to production of ROS, resulting from the release
of redox-active iron leading to oxidative stress [57,58]. Therefore, this implies the fdr8
mutant experienced greater redox stress in MΦ and provides a possible explanation for the
partial decrease in fdr-induced pyroptosis that was observed after NAC treatment (Figure 2).

Also, there were over-represented genes in the mce1 and ESX-5 regions, which are both
predicted to have roles in M. tuberculosis pathogenesis. The mce1 genes are expressed early
in M. tuberculosis infection and induce pro-inflammatory cytokines [59]. The ESX-5 system
is expressed intracellularly and induces caspase-1, secretion of IL-1β, and pyroptotic cell
death in THP-1 MΦ [60]. Therefore, the over-representation of mce1 and ESX-5 genes may
contribute to the effects of fdr8 mutant bacilli on MΦ cytokine and cell death responses.

Amongst the 72 under-represented genes, many were conserved hypothetical proteins.
However, consistent with the over-representation of redox stress-related genes, the under-
represented genes included genes that increase bacterial iron acquisition and storage that
could potentially promote redox damage (Figure 4, in blue) Of note, there were several
uncharacterized, transcriptional regulators under-represented in the fdr8 mutant, which
could be involved in regulation of these redox genes.

3.7. Microarray Analysis of fdr8-Infected MΦ Gene Expression

Gene expression profiles of THP-1 cells infected with fdr8 mutant versus parental
strains were also assessed by microarray, revealing 80 genes that were differentially ex-
pressed. To determine whether any biological pathways or functions were overrepresented
within this gene set, ingenuity pathway analysis (IPA) was performed (Ingenuity Systems).

Overall, 67 genes were over-represented in fdr8 mutant-infected THP-1 cells (Table S5)
and 13 genes under-represented (Table S6) compared to wild-type infected MΦ. The
expression data and IPA analyses support previous observations that pyroptosis and a
pro-inflammatory innate response was induced in fdr8 mutant-infected MΦ (Figure S4A,B).
IPA identified the cell-to-cell signaling and interaction, cellular movement, and immune cell
trafficking functions to be most highly over-represented in this pattern of gene expression.
(Figure S4A). On the other hand, cell-mediated immune responses, hematological system
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development, lymphoid tissue structure and development, and cell-to-cell signaling and
interaction functions were the most under-represented (Figure S4B).

3.8. Sensitivity of fdr8-Null Mutants to Reductive Stress

In order to test the impact of the fdr8 locus on redox stress, we tested the impact of
both a classical oxidative stress inducer (0.1% hydrogen peroxide) and a reductive stress
inducer (5 mM dithiothreitol, DTT) on the growth of mycobacteria in culture. For these
experiments, we generated precise null deletions of this locus in the parental mc26455 BCG
strain as well as standard BCG-Danish and in an attenuated strain of M. tuberculosis (Table
S1 and Figure S5A; mc26206-M. tuberculosis H37RV ∆panCD∆leuCD) [61]. Of note, all null
mutants induced pyroptosis in THP-1 cells independent of strain background (Figure S5B).
In addition, this induction of cell death was seen in human primary MΦ (Figure S5C). The
fdr8-null mutants of BCG-Danish and mc26206 were used in further studies.

In redox stress experiments, M. bovis BCG and M. tuberculosis strains showed similar
results (Figure 5).
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Figure 5. An fdr8-null mutant exhibits a growth defect when grown under reductive stress conditions.
First, 3 × 106 log phase bacteria were resuspended in media containing 5 mM DTT (A,B) or 0.1%
H2O2 (C,D). At 24 h and 48 h timepoints, cultures were serial diluted 100–10−7 and 5 µL spotted for
cfu. Results are representative of two independent experiments with similar results.

The fdr8 nulls were significantly more sensitive to 5 mM DTT treatment (reductive
stress) than the wild type (Figure 5A,B). In contrast, the fdr8-null bacteria did not show
growth inhibition in the presence of 0.1% H2O2 (Figure 5C,D). Rather, there was a trend
for increased cfu of the BCG-Danish mutant and a statistically significant increase in cfu
for the M. tuberculosis mutant. This enhancement, while unexpected, may reflect the over-
representation of several ROS scavenging genes observed in the intracellular transcriptome
of fdr8 mutants (Figure 4). In contrast, the reductive stress induced by DTT treatment may
represent a different form of redox stress that the fdr8-null mutant cannot overcome.

3.9. Defect in the Utilization of Odd-Chain Fatty Acids by fdr8 Mutants

Many of the identified fdr genes have metabolic roles, including fdr8 (Table 1). These
strains had a growth defect in MΦ (Figure S2). Therefore, it is possible that the inactiva-
tion of fdr genes may affect bacterial metabolism and growth on in vivo carbons sources.
Moreover, the fdr8-null mutants exhibited a defect in reductive stress conditions (Figure 5),
and reductive stress has been correlated with mycobacterial catabolism of host lipid carbon
sources [57]. Therefore, we investigated the effect of fdr8 inactivation on growth during a
4-week period in media containing a variety of individual carbon sources (glucose, glyc-
erol, acetate, propionate, butyrate, valerate, and caproate). In the M. bovis BCG and M.
tuberculosis fdr8-null mutants, there were strong growth defects when the odd-chain lipids
propionate and valerate were used as sole carbon sources (Figure S6). This was reflected in
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decreased growth rates compared to wild-type parent strains (Table 2, decreased growth
rate has been bolded). The BCG-Danish fdr8 mutant also had small defects in glucose and
glycerol, while the M. tuberculosis mutant did not. The reason for this disparity in glucose
and glycerol defects is currently not known but may represent species-specific differences
in carbon utilization. Regardless, the odd-chain lipid growth defects in both M. bovis BCG
and M. tuberculosis fdr8-null mutants strongly suggested that the fdr8 locus has a conserved
role in mycobacterial catabolism or detoxification of host cell lipids.

Table 2. Growth rate of Mycobacterium strains, calculated from OD600nm data by Logistic non-linear
regression curve fit a,b.

Growth Rate (h−1) c

Strain Glu Glyc Acet Prop But Val Cap

BCG-Danish 0.031 0.022 0.03 0.017 0.042 0.051 0.022
BCG Danish ∆BCG3787::hyg 0.013 0.016 0.033 0.008 0.037 0.003 0.021

mc26206 0.008 0.016 0.015 0.01 0.058 0.02 0.022
mc26206 ∆Rv3727::hyg 0.008 0.018 0.013 0.002 0.039 0.004 0.016

a Graphpad Prism 5 software used for non-linear regression curve fit analysis, using the Logistic for-
mula y = ymax ∗ y0/[(ymax − y0) ∗ exp(−k ∗ x) + y0)]. b The mean r2 correlation value for curve fitting was
0.9836 ± 0.021. c Growth rate = k = ln 2/doubling time. The typical growth rate for a Mycobacterium strain
with a 24 h doubling time is 0.029 h−1.

4. Discussion
4.1. fdr Mutations Map to a Diverse Set of Genes Conserved in Virulent Mycobacterium

In this study, we identified that novel fdr mutants induce MΦ cell death. Unlike the
cell-death-repressing genes of other pathogenic bacteria that directly modulate host cell
death machinery (such as Yop proteins of Yersinia) [62], a number of fdr Tn insertions
mapped to genes involved in metabolism, albeit with uncharacterized or hypothetical
functions (Table 1). Nonetheless, the fdr mutants characterized exhibited normal growth
kinetics in vitro. Their growth defects in MΦ suggests the metabolic pathways identified
are important for mycobacterial intracellular growth. This is supported by the observed
in vitro growth defect of fdr8 on odd-chain fatty acids; however, the defects of other fdr
mutants on in-vivo-relevant carbon sources remain to be explored. Most are implicated
in M. tuberculosis pathogenicity. fdr2 (Rv1831) is expressed in both murine and human
MΦ and is required for survival in primary murine MΦ [5,63]. fdr4 (tcrX) is implicated
in the response of Mycobacterium to iron starvation in the host [64] and is required [63]
for survival in primary mouse MΦ. fdr8 (Rv3727) is required for M. tuberculosis survival
in non-human primates [65]. fdr16 (arcA) is also required for M. tuberculosis survival in
non-human primates [65]. These fdr genes indicate that mycobacterial metabolic balance in
the host is paramount to the mycobacterial–MΦ interaction. However, it is possible that
with reduced stringencies, future genetic studies may show that additional mycobacterial
factors and metabolic pathways contribute to the host viability.

4.2. Mechanistic Insights into Pyroptosis Induction by fdr Mutants

Several experiments confirmed that the fdr mutants induced robust pyroptosis of
THP-1 cells (Figure 2). Gasdermin D (GSDMD) mediates pyroptosis by binding to the host
membrane to form pores, which leads to the release of proinflammatory mediators, majorly
IL-1β [66,67]. In humans, caspase-1 activates GSDMD, and the M. tuberculosis protein
EST12 has been reported to induce GSDMD-induced pyroptosis in MΦ [45]. The induction
of pyroptosis requires two inducing signals: (1) the expression of pro-IL-1β in response to
TLR stimulation or MyD88 signaling and (2) the activation of inflammasome and caspase-1,
requiring recognition of an intracellular danger signal by an NLR, such as NALP3. The
fdr mutants clearly modulate signal 2 since fdr-induced MΦ cell death was dependent
on caspase-1 and the NALP3 inflammasome (Figure 2) and resulted in IL-1β secretion
(Figure 3A). Although we did not analyze GSDMD, the detection of IL-1β secretion in
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our experiment results strongly indicates its involvement in fdr8-induced pyroptosis. In
addition, the observed fdr8-induced increase in MΦ IL-1β expression suggests that signal
1 is also modulated by fdr (Figure 4). fdr-induced pyroptosis was partially dependent on
ROS, which is a confirmed activator of the NALP3 inflammasome [49,50], including during
microbial infection [68]. The pyroptosis induced by M. kansasii has been attributed to the
NALP3 inflammasome and ROS [41]. The data presented here provide further evidence
that the NALP3 inflammasome has a role in the control of virulent Mycobacterium infection.

4.3. The Effects of Mycobacterial Suppression of Pyroptosis on Host Immunity

fdr inactivation had multiple immunological effects on MΦ and in vivo. Infection of
THP-1 cells with fdr mutants resulted in increased IL-1β, TNF-α, and IL-4 (Figure 3). IL-1
and TNF-α are known to be critical for the control of tuberculosis [69,70]. Interestingly,
IL-4 is also important for the control of inflammation during tuberculosis, protecting
against the lung pathology concurrent with an unchecked inflammatory response [71].
Surprisingly, fdr-infected THP-1 cells showed significant secretion of IFN-γ, a cytokine
normally secreted by T cells. Reports show that human MΦ can secrete IFN-γ in the
presence of pro-inflammatory cytokines IL-12 and IL-18 [72,73]. While IL-12 showed only a
trend for increase, IL-12 had an early peak and was endocytosed [74]. IL-18 was not tested
as part of this assay but is processed by caspase-1 in a manner similar to IL-1β, and the
secretion of the two are correlated [75]. Interestingly, IFN-γ has anti-inflammatory functions,
including the promotion of caspase-1- and -3-dependent cell death and the inhibition of
IL-1β, TNF-α, and IL-8 production [76]. Perhaps together, the IL-4 and IFN-γ seen in
fdr-infected MΦ help modulate the pyroptotic inflammatory response. Finally, fdr-infected
THP-1 cells secreted less IL-8 than wild-type-infected controls. This chemokine is a major
mediator of the inflammatory response and recruits neutrophils. IL-8 secretion is normally
repressed by the anti-inflammatory properties of IL-4 [77] and IFN-γ [69], consistent with
the results of this study. Therefore, these data indicate that the pyroptosis induced by fdr
strains results in a protective—and not pathological—immunological response in the host.

This is supported by the growth of fdr mutants in MΦ and the immunogenicity of
these strains in mice. The fdr mutants showed decreased growth in THP-1 cells. The
induction of pyroptosis is associated with intracellular control of infection for several
intracellular pathogens [42,78–81]. Moreover, in vivo, ELISPOT analysis confirmed that
the inactivation of fdr genes and pyroptosis-suppressing mechanisms was beneficial to
cellular immunity to M. tuberculosis in vivo. This group previously reported the first in vivo
studies linking the subversion of mycobacterial MΦ apoptosis-suppressing mechanisms,
by precise deletion of secA2, to the augmentation of M. tuberculosis-specific CD8 T-cell
immunity [13]. Here, the inactivation of pyroptosis-suppressing fdr genes was robustly
enhanced both CD4 and CD8 T-cell responses (Figure 3). The in vivo results are especially
significant since a direct connection between pathogen-induced pyroptosis and adaptive
immunity to M. tuberculosis-specific antigens have not been demonstrated. The induction
of pyroptosis through non-microbial compounds has been demonstrated to augment CD4
and CD8 T-cell immunity [82,83], and the importance of pyroptosis to adaptive immunity
to microbes has been predicted [25,55]. However, it was reported recently that Rv1759c, a
secreted protein of M. tuberculosis-induced pyroptosis in MΦ by activating NLRP3 (NACHT,
LRR, and PYD domains containing protein 3)–caspase-1/11–GSDMD–interleukin-1β (IL-
1β) immune process but had no effect on T cells [45].Therefore, this work represents
an important association of mycobacteria-induced NALP3-dependent pyroptosis with
augmented cellular immunity. However, CFU burden in fdr-immunized mice showed
no attenuation at this point (Figure S3). The ELISPOT results at 3 weeks post infection
reflect a time point optimal to sampling of early cellular responses but represent a point
prior to onset of active adaptive immunity, the main controlling factor of Mycobacterium
burden in vivo [84]. Chai et al. (2022) reported that the protein tyrosine phosphatase B
(PtpB, also called Rv0153c) from M. tuberculosis inhibits GSDMD-dependent pyropotosis
by altering the phospholipid composition of the host membrane [27].This interaction has
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also been shown to be important in evading host immunity in a mouse model. Together,
these data confirm that the suppression of pyroptosis is a potent immune evasion tactic of
virulent Mycobacterium.

4.4. The Role of fdr8 in Bacterial Homeostasis and Redox Balance

fdr8 (BCG3787 or Rv3727) is annotated to encode a predicted oxidoreductase, similar
to phytoene dehydrogenase crtI, which is involved in microbial carotenoid biosynthe-
sis. Interestingly, carotenoids are protective against reactive oxygen species in bacteria
species [85–87]. ctrI and/or carotenoid production is essential for virulence of Rhodococcus
equi [88], Staphylococcus aureus [89], M. marinum [65,90], and M. tuberculosis. Interestingly,
M. marinum crtI is required for growth and survival in MΦ [65,90]. Similarly, M. tuberculosis
Rv3727 is required for survival in non-human primates [65]. Therefore, it is clear that
Rv3727 plays an important role during host infection, although the functional data are
currently lacking.

Transcriptomic studies have provided valuable clues to the role of Rv3727 in Mycobac-
terium pathogenesis. Microarray experiments identified an over-representation of redox
stress genes in an Rv3727-null mutant during MΦ infection (Figure 4A, left). Consistent
with this, under-represented genes (Figure 4A, right) included genes involved in oxidation
reactions or iron metabolism. These data suggest the fdr8 mutant experiences greater redox
stress in MΦ compared to wild-type BCG. Exposure of fdr8-null mutants to H2O2 stress, a
classical ROS generator, did not negatively affect bacterial viability (Figure 5C,D). However,
exposure to reductive stress, DTT, did affect growth (Figure 5A,B). Reductive stress is also
linked to the production of ROS, as reduction of electron carriers can promote the formation
of toxic ROS in the presence of oxygen [57,58]. The data suggest that BCG3787/Rv3727 is
important for redox balance during reductive stress.

In vivo studies show that M. tuberculosis experiences severe reductive stress in vivo [91],
presumably due to the β-oxidation of host lipids. β-oxidation is associated with redox
stress, free Fe3+, and ROS [58]. Lipid biosynthesis (polyketides and triacyglycerol) has
been hypothesized to be an important reductive sink in Mycobacterium used to maintain
redox balance when utilizing host cholesterol and lipids [92]. Consistent with this, several
genes involved in fatty acid and protein biosynthesis were over-represented in an fdr8-null
during MΦ infection, two processes that maintain bacterial redox balance and decrease
reductive stress [57,92]. Moreover, fdr8-null exhibited a growth defect when grown in vitro
on odd-chain lipids, a reductive-stress-inducing condition. Unlike even-chain fatty acids,
odd-chain fatty acid catabolism produces propionyl-CoA units that must be processed,
mainly through the methylcitrate cycle [93,94]. This feeds into the reductive arm of the TCA
cycle (succinate to malate), unlike even-chain fatty acid catabolism, which yields acetyl-CoA
and feeds into the glyoxylate bypass. In support of this, an increase in cellular propionyl-
CoA during host lipid (cholesterol) catabolism has been reported for M. tuberculosis [95].
Perhaps an increase in cellular reducing equivalents induces reductive stress and ROS in
the fdr8 mutant during intracellular infection that cannot be overcome (Figure 6).

In addition to functioning as an antioxidant, mycobacterial carotenoid biosynthe-
sis may serve as a valuable lipid reductive sink, similar to the biosynthesis of related
terpenoids (polyketides) [57]. Carotenoids may also aid in the maintenance of lipid re-
ductive sinks in mycobacteria and other bacteria. Carotenoid production is tied with the
oxidation of NADPH [96,97] and the production of lipids such as triacylglyerols [98,99].
BCG3787/Rv3727 may contribute in this way to M. tuberculosis redox balance while utilizing
host carbon sources (Figure 6).
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Figure 6. Predicted model for fdr8-regulated redox balance and MΦ pyroptosis suppression by
intracellular Mycobacterium. In the host, Mycobacterium utilizes host lipids (cholesterol) as a primary
carbon source. β-oxidation catabolizes even and odd-chain lipids into acetyl-CoA or propionyl-CoA
units, respectively, generating NADPH and a reductive environment that must be balanced. Acetyl-
CoA is metabolized via the glyoxylate shunt, bypassing the reductive arm of the TCA cycle. However,
propionyl-CoA is primarily metabolized via the methylcitrate cycle, which feeds into the TCA
cycle, generating reduced cofactors and contributing to reductive stress. To balance reductive stress,
Mycobacterium utilizes several metabolic processes as reductant sinks. Lipid anabolism functions as
a main means to regenerate NADP+. fdr8 and carotenoid biosynthesis may contribute directly to
this process, or carotenoids may protect against reductive-stress-induced ROS. ROS production is an
inducing signal for the NALP3 inflammasome, and in the absence of fdr8 and/or other fdr genes, ROS
is increased, resulting in the induction of pyroptosis, IL-1β secretion, and macrophage cell death.
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4.5. Mechanistic Links between fdr and the Induction of Pyroptosis

ROS is an inducing signal of the NALP3 inflammasome and pyroptosis in eukaryotic
cells [49,50]. The transcriptome of fdr8-infected THP-1 cells did not identify an over-
representation of host antioxidant functions (Table S4). Therefore, the pyroptosis inducing
ROS, as observed during fdr infection, is likely to be bacteria-derived (Figure 6). This is
supported by mechanistic work characterizing the fdr8 mutant (Figure 4 , Figure 5 and
Figure S4–S6), which indicates that BCG3787/Rv3727 is required for the balance of bacterial
redox and ROS in the intracellular lifestyle of Mycobacterium.

A recent report has linked NALP3 inflammasome activation with fatty acids and
fatty acid–CoA derivatives in MΦ [100], and dependent on palmitate, ROS, TLR4 stim-
ulation, and TNF-α, Mycobacteria stimulate TLR4 signaling [101], and TNF-α was seen
up-regulated in fdr-mutant-infected THP-1 cells (Figure 3B). There is also ample proof that
Mycobacterium changes its protein/enzyme profile and lipid profile in response to infection
and redox stress [3,7,102,103]. Therefore, fdr-deletion-induced redox imbalance in the host
may modulate fatty acid biosynthesis in such a way that the NALP3 inflammasome is
induced in response to mycobacterial lipid. Future investigations will examine the NALP3-
inducing signal modulated by fdr genes and whether the fdr strains exhibit differences in
lipid profile during host infection or while utilizing host carbon sources.

5. Conclusions

In summary, our studies have identified novel mycobacterial pyroptosis-suppressing
mechanisms that underscore the significance of metabolic and redox balance to the M.
tuberculosis intracellular lifestyle and provide striking evidence that the metabolic state
of Mycobacterium during infection is critical to the pathogen–host interaction. Therefore,
central metabolic homeostasis constitutes a bona fide but perhaps underappreciate, host
evasion virulence mechanism in virulent Mycobacterium. Importantly, this work presents a
critical link between pathogen-induced pyroptosis of innate cells and augmented cellular
immunity. Continued investigation of the requirements for Mycobacterium pathogenicity,
including metabolic requirements, will no doubt prove invaluable to our evolutionary
understanding of this complex pathogen and to the future rational design of drugs and
vaccines to combat tuberculosis worldwide.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pathogens12091109/s1. References [104–112] are citied in Sup-
plementary Materials.

Author Contributions: Conceptualization, M.E.M., W.R.J.J., S.A.P. and J.C.; methodology, M.E.M.,
W.R.J.J., S.A.P. and J.C.; validation, M.E.M.; formal analysis, M.E.M., W.R.J.J., S.A.P. and J.C.; investi-
gation, M.E.M. and M.F.G.; resources, W.R.J.J. and S.A.P.; writing—original draft preparation, M.E.M.,
L.D. and M.F.G.; writing—review and editing, M.E.M., L.D. and M.F.G.; supervision, M.E.M., W.R.J.J.,
S.A.P. and J.C.; project administration, W.R.J.J., S.A.P. and J.C.; funding acquisition, W.R.J.J. and S.A.P.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by US National Institutes of Health (NIH) grants AI0635737,
AI26170-24, AI051519 (Einstein Center for AIDS Research), and 2T32-AI007506. The funders had no
role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not Applicable.

Data Availability Statement: Data available as Supplementary File.

https://www.mdpi.com/article/10.3390/pathogens12091109/s1
https://www.mdpi.com/article/10.3390/pathogens12091109/s1


Pathogens 2023, 12, 1109 18 of 22

Acknowledgments: We thank John Kim and Dhinakaran Sambandan for assistance in the ELISPOT
assays. We thank Travis Hartman for assistance in Mycobacterium microarray analyses and Brian
Weinrick for assistance in Mycobacterium and human microarray analyses. In addition, we acknowl-
edge the Einstein Microarray Facility for technical assistance with the Human Gene 1.0 ST GeneChip
Affymetrix arrays.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sabin, F.R.; Doan, C.A. The Biological Reactions in Rabbits to the Protein and Phosphatide Fractions from the Chemical Analysis

of Human Tubercle Bacilli. J. Exp. Med. 1927, 46, 645–669. [CrossRef] [PubMed]
2. Suter, E. The multiplication of tubercle bacilli within normal phagocytes in tissue culture. J. Exp. Med. 1952, 96, 137–150.

[CrossRef] [PubMed]
3. Dubnau, E.; Chan, J.; Mohan, V.P.; Smith, I. Responses of Mycobacterium tuberculosis to growth in the mouse lung. Infect. Immun.

2005, 73, 3754–3757. [CrossRef] [PubMed]
4. Dubnau, E.; Fontán, P.; Manganelli, R.; Soares-Appel, S.; Smith, I. Mycobacterium tuberculosis genes induced during infection of

human macrophages. Infect. Immun. 2002, 70, 2787–2795. [CrossRef]
5. Schnappinger, D.; Ehrt, S.; Voskuil, M.I.; Liu, Y.; Mangan, J.A.; Monahan, I.M.; Dolganov, G.; Efron, B.; Butcher, P.D.;

Nathan, C.; et al. Transcriptional Adaptation of Mycobacterium tuberculosis within Macrophages: Insights into the Phagoso-
mal Environment. J. Exp. Med. 2003, 198, 693–704. [CrossRef]

6. Tailleux, L.; Waddell, S.J.; Pelizzola, M.; Mortellaro, A.; Withers, M.; Tanne, A.; Castagnoli, P.R.; Gicquel, B.; Stoker, N.G.;
Butcher, P.D.; et al. Probing host pathogen cross-talk by transcriptional profiling of both Mycobacterium tuberculosis and infected
human dendritic cells and macrophages. PLoS ONE 2008, 3, e1403. [CrossRef]

7. Talaat, A.M.; Lyons, R.; Howard, S.T.; Johnston, S.A. The temporal expression profile of Mycobacterium tuberculosis infection in
mice. Proc. Natl. Acad. Sci. USA 2004, 101, 4602–4607. [CrossRef]

8. Lamontagne, J.; Béland, M.; Forest, A.; Côté-Martin, A.; Nassif, N.; Tomaki, F.; Moriyón, I.; Moreno, E.; Paramithiotis, E.
Proteomics-based confirmation of protein expression and correction of annotation errors in the Brucella abortus genome. BMC
Genom. 2010, 11, 300. [CrossRef]

9. Marrero, J.; Rhee, K.Y.; Schnappinger, D.; Pethe, K.; Ehrt, S. Gluconeogenic carbon flow of tricarboxylic acid cycle intermediates
is critical for Mycobacterium tuberculosis to establish and maintain infection. Proc. Natl. Acad. Sci. USA 2010, 107, 9819–9824.
[CrossRef]

10. McKinney, J.D.; Höner zu Bentrup, K.; Muñoz-Elías, E.J.; Miczak, A.; Chen, B.; Chan, W.T.; Swenson, D.; Sacchettini, J.C.;
Jacobs, W.R., Jr.; Russell, D.G. Persistence of Mycobacterium tuberculosis in macrophages and mice requires the glyoxylate shunt
enzyme isocitrate lyase. Nature 2000, 406, 735–738. [CrossRef]

11. Muñoz-Elías, E.J.; McKinney, J.D. Mycobacterium tuberculosis isocitrate lyases 1 and 2 are jointly required for in vivo growth and
virulence. Nat. Med. 2005, 11, 638–644. [CrossRef] [PubMed]

12. Rhee, K.Y.; de Carvalho, L.P.; Bryk, R.; Ehrt, S.; Marrero, J.; Park, S.W.; Schnappinger, D.; Venugopal, A.; Nathan, C. Central carbon
metabolism in Mycobacterium tuberculosis: An unexpected frontier. Trends Microbiol. 2011, 19, 307–314. [CrossRef] [PubMed]

13. Hinchey, J.; Lee, S.; Jeon, B.Y.; Basaraba, R.J.; Venkataswamy, M.M.; Chen, B.; Chan, J.; Braunstein, M.; Orme, I.M.;
Derrick, S.C.; et al. Enhanced priming of adaptive immunity by a proapoptotic mutant of Mycobacterium tuberculosis. J. Clin.
Investig. 2007, 117, 2279–2288. [CrossRef] [PubMed]

14. Keane, J.; Remold, H.G.; Kornfeld, H. Virulent Mycobacterium tuberculosis strains evade apoptosis of infected alveolar macrophages.
J. Immunol. 2000, 164, 2016–2020. [CrossRef]

15. Master, S.S.; Rampini, S.K.; Davis, A.S.; Keller, C.; Ehlers, S.; Springer, B.; Timmins, G.S.; Sander, P.; Deretic, V. Mycobacterium
tuberculosis prevents inflammasome activation. Cell Host Microbe 2008, 3, 224–232. [CrossRef]

16. Riendeau, C.J.; Kornfeld, H. THP-1 cell apoptosis in response to Mycobacterial infection. Infect. Immun. 2003, 71, 254–259.
[CrossRef]

17. Velmurugan, K.; Chen, B.; Miller, J.L.; Azogue, S.; Gurses, S.; Hsu, T.; Glickman, M.; Jacobs, W.R., Jr.; Porcelli, S.A.; Briken, V.
Mycobacterium tuberculosis nuoG is a virulence gene that inhibits apoptosis of infected host cells. PLoS Pathog. 2007, 3, e110.
[CrossRef]

18. Gan, H.; Lee, J.; Ren, F.; Chen, M.; Kornfeld, H.; Remold, H.G. Mycobacterium tuberculosis blocks crosslinking of annexin-1 and
apoptotic envelope formation on infected macrophages to maintain virulence. Nat. Immunol. 2008, 9, 1189–1197. [CrossRef]

19. Chen, M.; Divangahi, M.; Gan, H.; Shin, D.S.; Hong, S.; Lee, D.M.; Serhan, C.N.; Behar, S.M.; Remold, H.G. Lipid mediators in
innate immunity against tuberculosis: Opposing roles of PGE2 and LXA4 in the induction of macrophage death. J. Exp. Med.
2008, 205, 2791–2801. [CrossRef]

20. Divangahi, M.; Chen, M.; Gan, H.; Desjardins, D.; Hickman, T.T.; Lee, D.M.; Fortune, S.; Behar, S.M.; Remold, H.G. Mycobacterium
tuberculosis evades macrophage defenses by inhibiting plasma membrane repair. Nat. Immunol. 2009, 10, 899–906. [CrossRef]

21. Divangahi, M.; Desjardins, D.; Nunes-Alves, C.; Remold, H.G.; Behar, S.M. Eicosanoid pathways regulate adaptive immunity to
Mycobacterium tuberculosis. Nat. Immunol. 2010, 11, 751–758. [CrossRef] [PubMed]

https://doi.org/10.1084/jem.46.4.645
https://www.ncbi.nlm.nih.gov/pubmed/19869363
https://doi.org/10.1084/jem.96.2.137
https://www.ncbi.nlm.nih.gov/pubmed/14955570
https://doi.org/10.1128/IAI.73.6.3754-3757.2005
https://www.ncbi.nlm.nih.gov/pubmed/15908407
https://doi.org/10.1128/IAI.70.6.2787-2795.2002
https://doi.org/10.1084/jem.20030846
https://doi.org/10.1371/journal.pone.0001403
https://doi.org/10.1073/pnas.0306023101
https://doi.org/10.1186/1471-2164-11-300
https://doi.org/10.1073/pnas.1000715107
https://doi.org/10.1038/35021074
https://doi.org/10.1038/nm1252
https://www.ncbi.nlm.nih.gov/pubmed/15895072
https://doi.org/10.1016/j.tim.2011.03.008
https://www.ncbi.nlm.nih.gov/pubmed/21561773
https://doi.org/10.1172/JCI31947
https://www.ncbi.nlm.nih.gov/pubmed/17671656
https://doi.org/10.4049/jimmunol.164.4.2016
https://doi.org/10.1016/j.chom.2008.03.003
https://doi.org/10.1128/IAI.71.1.254-259.2003
https://doi.org/10.1371/journal.ppat.0030110
https://doi.org/10.1038/ni.1654
https://doi.org/10.1084/jem.20080767
https://doi.org/10.1038/ni.1758
https://doi.org/10.1038/ni.1904
https://www.ncbi.nlm.nih.gov/pubmed/20622882


Pathogens 2023, 12, 1109 19 of 22

22. Danelishvili, L.; Yamazaki, Y.; Selker, J.; Bermudez, L.E. Secreted Mycobacterium tuberculosis Rv3654c and Rv3655c proteins
participate in the suppression of macrophage apoptosis. PLoS ONE 2010, 5, e10474. [CrossRef] [PubMed]

23. Danelishvili, L.; Everman, J.L.; McNamara, M.J.; Bermudez, L.E. Inhibition of the Plasma-Membrane-Associated Serine Protease
Cathepsin G by Mycobacterium tuberculosis Rv3364c Suppresses Caspase-1 and Pyroptosis in Macrophages. Front. Microbiol. 2011,
2, 281. [CrossRef] [PubMed]

24. Braunstein, M.; Espinosa, B.J.; Chan, J.; Belisle, J.T.; Jacobs, W.R., Jr. SecA2 functions in the secretion of superoxide dismutase A
and in the virulence of Mycobacterium tuberculosis. Mol. Microbiol. 2003, 48, 453–464. [CrossRef]

25. Johansen, P.; Fettelschoss, A.; Amstutz, B.; Selchow, P.; Waeckerle-Men, Y.; Keller, P.; Deretic, V.; Held, L.; Kündig, T.M.;
Böttger, E.C.; et al. Relief from Zmp1-mediated arrest of phagosome maturation is associated with facilitated presentation and
enhanced immunogenicity of mycobacterial antigens. Clin. Vaccine Immunol. 2011, 18, 907–913. [CrossRef]

26. Miller, J.L.; Velmurugan, K.; Cowan, M.J.; Briken, V. The type I NADH dehydrogenase of Mycobacterium tuberculosis counters
phagosomal NOX2 activity to inhibit TNF-alpha-mediated host cell apoptosis. PLoS Pathog. 2010, 6, e1000864. [CrossRef]

27. Chai, Q.; Yu, S.; Zhong, Y.; Lu, Z.; Qiu, C.; Yu, Y.; Zhang, X.; Zhang, Y.; Lei, Z.; Qiang, L.; et al. A bacterial phospholipid
phosphatase inhibits host pyroptosis by hijacking ubiquitin. Science 2022, 378, eabq0132. [CrossRef]

28. Kapopoulou, A.; Lew, J.M.; Cole, S.T. The MycoBrowser portal: A comprehensive and manually annotated resource for
mycobacterial genomes. Tuberculosis 2011, 91, 8–13. [CrossRef]

29. Riccardi, C.; Nicoletti, I. Analysis of apoptosis by propidium iodide staining and flow cytometry. Nat. Protoc. 2006, 1, 1458–1461.
[CrossRef]

30. Kremer, L.; Estaquier, J.; Brandt, E.; Ameisen, J.C.; Locht, C. Mycobacterium bovis Bacillus Calmette Guérin infection prevents
apoptosis of resting human monocytes. Eur. J. Immunol. 1997, 27, 2450–2456. [CrossRef]

31. Sun, R.; Skeiky, Y.A.; Izzo, A.; Dheenadhayalan, V.; Imam, Z.; Penn, E.; Stagliano, K.; Haddock, S.; Mueller, S.; Fulkerson, J.; et al.
Novel recombinant BCG expressing perfringolysin O and the over-expression of key immunodominant antigens; pre-clinical
characterization, safety and protection against challenge with Mycobacterium tuberculosis. Vaccine 2009, 27, 4412–4423. [CrossRef]

32. Magalhaes, I.; Sizemore, D.R.; Ahmed, R.K.; Mueller, S.; Wehlin, L.; Scanga, C.; Weichold, F.; Schirru, G.; Pau, M.G.;
Goudsmit, J.; et al. rBCG induces strong antigen-specific T cell responses in rhesus macaques in a prime-boost setting with an
adenovirus 35 tuberculosis vaccine vector. PLoS ONE 2008, 3, e3790. [CrossRef]

33. Houben, D.; Demangel, C.; van Ingen, J.; Perez, J.; Baldeón, L.; Abdallah, A.M.; Caleechurn, L.; Bottai, D.; van Zon, M.;
de Punder, K.; et al. ESX-1-mediated translocation to the cytosol controls virulence of mycobacteria. Cell. Microbiol. 2012,
14, 1287–1298. [CrossRef]

34. Hsu, T.; Hingley-Wilson, S.M.; Chen, B.; Chen, M.; Dai, A.Z.; Morin, P.M.; Marks, C.B.; Padiyar, J.; Goulding, C.; Gingery, M.; et al.
The primary mechanism of attenuation of bacillus Calmette-Guerin is a loss of secreted lytic function required for invasion of
lung interstitial tissue. Proc. Natl. Acad. Sci. USA 2003, 100, 12420–12425. [CrossRef]

35. McDonough, K.A.; Kress, Y.; Bloom, B.R. Pathogenesis of tuberculosis: Interaction of Mycobacterium tuberculosis with macrophages.
Infect. Immun. 1993, 61, 2763–2773. [CrossRef]

36. Fink, S.L.; Cookson, B.T. Caspase-1-dependent pore formation during pyroptosis leads to osmotic lysis of infected host
macrophages. Cell. Microbiol. 2006, 8, 1812–1825. [CrossRef]

37. Lamkanfi, M. Emerging inflammasome effector mechanisms. Nat. Rev. Immunol. 2011, 11, 213–220. [CrossRef]
38. Pan, Y.; Cai, W.; Huang, J.; Cheng, A.; Wang, M.; Yin, Z.; Jia, R. Pyroptosis in development, inflammation and disease. Front.

Immunol. 2022, 13, 991044. [CrossRef]
39. Tan, Y.; Chen, Q.; Li, X.; Zeng, Z.; Xiong, W.; Li, G.; Li, X.; Yang, J.; Xiang, B.; Yi, M. Pyroptosis: A new paradigm of cell death for

fighting against cancer. J. Exp. Clin. Cancer Res. 2021, 40, 153. [CrossRef]
40. Bohsali, A.; Abdalla, H.; Velmurugan, K.; Briken, V. The non-pathogenic mycobacteria M. smegmatis and M. fortuitum induce

rapid host cell apoptosis via a caspase-3 and TNF dependent pathway. BMC Microbiol. 2010, 10, 237. [CrossRef]
41. Chen, C.-C.; Tsai, S.-H.; Lu, C.-C.; Hu, S.-T.; Wu, T.-S.; Huang, T.-T.; Saïd-Sadier, N.; Ojcius, D.M.; Lai, H.-C. Activation of an

NLRP3 Inflammasome Restricts Mycobacterium kansasii Infection. PLoS ONE 2012, 7, e36292. [CrossRef]
42. Akhter, A.; Gavrilin, M.A.; Frantz, L.; Washington, S.; Ditty, C.; Limoli, D.; Day, C.; Sarkar, A.; Newland, C.; Butchar, J.; et al.

Caspase-7 Activation by the Nlrc4/Ipaf Inflammasome Restricts Legionella pneumophila Infection. PLOS Pathog. 2009,
5, e1000361. [CrossRef]

43. Lamkanfi, M.; Dixit, V.M. Manipulation of host cell death pathways during microbial infections. Cell Host Microbe 2010, 8, 44–54.
[CrossRef]

44. Lamkanfi, M.; Kanneganti, T.D.; Van Damme, P.; Vanden Berghe, T.; Vanoverberghe, I.; Vandekerckhove, J.; Vandenabeele, P.;
Gevaert, K.; Núñez, G. Targeted peptidecentric proteomics reveals caspase-7 as a substrate of the caspase-1 inflammasomes. Mol.
Cell. Proteom. 2008, 7, 2350–2363. [CrossRef]

45. Qu, Z.; Zhou, J.; Zhou, Y.; Xie, Y.; Jiang, Y.; Wu, J.; Luo, Z.; Liu, G.; Yin, L.; Zhang, X.L. Mycobacterial EST12 activates a
RACK1-NLRP3-gasdermin D pyroptosis-IL-1β immune pathway. Sci. Adv. 2020, 6, eaba4733. [CrossRef]

46. Beckwith, K.S.; Beckwith, M.S.; Ullmann, S.; Sætra, R.S.; Kim, H.; Marstad, A.; Åsberg, S.E.; Strand, T.A.; Haug, M.;
Niederweis, M.; et al. Plasma membrane damage causes NLRP3 activation and pyroptosis during Mycobacterium tuberculosis
infection. Nat. Commun. 2020, 11, 2270. [CrossRef]

https://doi.org/10.1371/journal.pone.0010474
https://www.ncbi.nlm.nih.gov/pubmed/20454556
https://doi.org/10.3389/fmicb.2011.00281
https://www.ncbi.nlm.nih.gov/pubmed/22275911
https://doi.org/10.1046/j.1365-2958.2003.03438.x
https://doi.org/10.1128/CVI.00015-11
https://doi.org/10.1371/journal.ppat.1000864
https://doi.org/10.1126/science.abq0132
https://doi.org/10.1016/j.tube.2010.09.006
https://doi.org/10.1038/nprot.2006.238
https://doi.org/10.1002/eji.1830270945
https://doi.org/10.1016/j.vaccine.2009.05.048
https://doi.org/10.1371/journal.pone.0003790
https://doi.org/10.1111/j.1462-5822.2012.01799.x
https://doi.org/10.1073/pnas.1635213100
https://doi.org/10.1128/iai.61.7.2763-2773.1993
https://doi.org/10.1111/j.1462-5822.2006.00751.x
https://doi.org/10.1038/nri2936
https://doi.org/10.3389/fimmu.2022.991044
https://doi.org/10.1186/s13046-021-01959-x
https://doi.org/10.1186/1471-2180-10-237
https://doi.org/10.1371/journal.pone.0036292
https://doi.org/10.1371/journal.ppat.1000361
https://doi.org/10.1016/j.chom.2010.06.007
https://doi.org/10.1074/mcp.M800132-MCP200
https://doi.org/10.1126/sciadv.aba4733
https://doi.org/10.1038/s41467-020-16143-6


Pathogens 2023, 12, 1109 20 of 22

47. Ting, J.P.; Willingham, S.B.; Bergstralh, D.T. NLRs at the intersection of cell death and immunity. Nat. Rev. Immunol. 2008,
8, 372–379. [CrossRef]

48. Lamkanfi, M.; Mueller, J.L.; Vitari, A.C.; Misaghi, S.; Fedorova, A.; Deshayes, K.; Lee, W.P.; Hoffman, H.M.; Dixit, V.M. Glyburide
inhibits the Cryopyrin/Nalp3 inflammasome. J. Cell Biol. 2009, 187, 61–70. [CrossRef]

49. Jin, C.; Flavell, R.A. Molecular mechanism of NLRP3 inflammasome activation. J. Clin. Immunol. 2010, 30, 628–631. [CrossRef]
50. Zhou, R.; Tardivel, A.; Thorens, B.; Choi, I.; Tschopp, J. Thioredoxin-interacting protein links oxidative stress to inflammasome

activation. Nat. Immunol. 2010, 11, 136–140. [CrossRef]
51. Martinon, F.; Burns, K.; Tschopp, J. The inflammasome: A molecular platform triggering activation of inflammatory caspases and

processing of proIL-beta. Mol. Cell 2002, 10, 417–426. [CrossRef] [PubMed]
52. Barnes, P.F.; Abrams, J.S.; Lu, S.; Sieling, P.A.; Rea, T.H.; Modlin, R.L. Patterns of cytokine production by mycobacterium-reactive

human T-cell clones. Infect. Immun. 1993, 61, 197–203. [CrossRef] [PubMed]
53. Cooper, A.M.; Dalton, D.K.; Stewart, T.A.; Griffin, J.P.; Russell, D.G.; Orme, I.M. Disseminated tuberculosis in interferon gamma

gene-disrupted mice. J. Exp. Med. 1993, 178, 2243–2247. [CrossRef] [PubMed]
54. Flynn, J.L.; Chan, J.; Triebold, K.J.; Dalton, D.K.; Stewart, T.A.; Bloom, B.R. An essential role for interferon gamma in resistance to

Mycobacterium tuberculosis infection. J. Exp. Med. 1993, 178, 2249–2254. [CrossRef]
55. Bergsbaken, T.; Fink, S.L.; Cookson, B.T. Pyroptosis: Host cell death and inflammation. Nat. Rev. Microbiol. 2009, 7, 99–109.

[CrossRef]
56. Kumar, A.; Farhana, A.; Guidry, L.; Saini, V.; Hondalus, M.; Steyn, A.J. Redox homeostasis in mycobacteria: The key to tuberculosis

control? Expert Rev. Mol. Med. 2011, 13, e39. [CrossRef]
57. Farhana, A.; Guidry, L.; Srivastava, A.; Singh, A.; Hondalus, M.K.; Steyn, A.J. Reductive stress in microbes: Implications for

understanding Mycobacterium tuberculosis disease and persistence. Adv. Microb. Physiol. 2010, 57, 43–117. [CrossRef]
58. Ghyczy, M.; Boros, M. Electrophilic methyl groups present in the diet ameliorate pathological states induced by reductive and

oxidative stress: A hypothesis. Br. J. Nutr. 2001, 85, 409–414. [CrossRef]
59. Shimono, N.; Morici, L.; Casali, N.; Cantrell, S.; Sidders, B.; Ehrt, S.; Riley, L.W. Hypervirulent mutant of Mycobacterium tuberculosis

resulting from disruption of the mce1 operon. Proc. Natl. Acad. Sci. USA 2003, 100, 15918–15923. [CrossRef]
60. Abdallah, A.M.; Bestebroer, J.; Savage, N.D.; de Punder, K.; van Zon, M.; Wilson, L.; Korbee, C.J.; van der Sar, A.M.; Ottenhoff, T.H.;

van der Wel, N.N.; et al. Mycobacterial secretion systems ESX-1 and ESX-5 play distinct roles in host cell death and inflammasome
activation. J. Immunol. 2011, 187, 4744–4753. [CrossRef]

61. Sampson, S.L.; Dascher, C.C.; Sambandamurthy, V.K.; Russell, R.G.; Jacobs, W.R., Jr.; Bloom, B.R.; Hondalus, M.K. Protection
elicited by a double leucine and pantothenate auxotroph of Mycobacterium tuberculosis in guinea pigs. Infect. Immun. 2004,
72, 3031–3037. [CrossRef] [PubMed]

62. Mecsas, J.J.; Strauss, E.J. Molecular mechanisms of bacterial virulence: Type III secretion and pathogenicity islands. Emerg. Infect.
Dis. 1996, 2, 270–288. [CrossRef] [PubMed]

63. Rengarajan, J.; Bloom, B.R.; Rubin, E.J. Genome-wide requirements for Mycobacterium tuberculosis adaptation and survival in
macrophages. Proc. Natl. Acad. Sci. USA 2005, 102, 8327–8332. [CrossRef] [PubMed]

64. Bacon, J.; Dover, L.G.; Hatch, K.A.; Zhang, Y.; Gomes, J.M.; Kendall, S.; Wernisch, L.; Stoker, N.G.; Butcher, P.D.; Besra, G.S.; et al.
Lipid composition and transcriptional response of Mycobacterium tuberculosis grown under iron-limitation in continuous culture:
Identification of a novel wax ester. Microbiology 2007, 153, 1435–1444. [CrossRef] [PubMed]

65. Dutta, N.K.; Mehra, S.; Didier, P.J.; Roy, C.J.; Doyle, L.A.; Alvarez, X.; Ratterree, M.; Be, N.A.; Lamichhane, G.; Jain, S.K.; et al.
Genetic requirements for the survival of tubercle bacilli in primates. J. Infect. Dis. 2010, 201, 1743–1752. [CrossRef]

66. He, W.-T.; Wan, H.; Hu, L.; Chen, P.; Wang, X.; Huang, Z.; Yang, Z.-H.; Zhong, C.-Q.; Han, J. Gasdermin D is an executor of
pyroptosis and required for interleukin-1β secretion. Cell Res. 2015, 25, 1285–1298. [CrossRef]

67. Shi, J.; Zhao, Y.; Wang, K.; Shi, X.; Wang, Y.; Huang, H.; Zhuang, Y.; Cai, T.; Wang, F.; Shao, F. Cleavage of GSDMD by inflammatory
caspases determines pyroptotic cell death. Nature 2015, 526, 660–665. [CrossRef] [PubMed]

68. Tschopp, J.; Schroder, K. NLRP3 inflammasome activation: The convergence of multiple signalling pathways on ROS production?
Nat. Rev. Immunol. 2010, 10, 210–215. [CrossRef]

69. Flynn, J.L.; Goldstein, M.M.; Chan, J.; Triebold, K.J.; Pfeffer, K.; Lowenstein, C.J.; Schreiber, R.; Mak, T.W.; Bloom, B.R. Tumor
necrosis factor-alpha is required in the protective immune response against Mycobacterium tuberculosis in mice. Immunity 1995,
2, 561–572. [CrossRef]

70. Yamada, H.; Mizumo, S.; Horai, R.; Iwakura, Y.; Sugawara, I. Protective role of interleukin-1 in mycobacterial infection in IL-1
alpha/beta double-knockout mice. Lab. Investig. 2000, 80, 759–767. [CrossRef]

71. Sugawara, I.; Yamada, H.; Mizuno, S.; Iwakura, Y. IL-4 is required for defense against mycobacterial infection. Microbiol. Immunol.
2000, 44, 971–979. [CrossRef] [PubMed]

72. Darwich, L.; Coma, G.; Peña, R.; Bellido, R.; Blanco, E.J.; Este, J.A.; Borras, F.E.; Clotet, B.; Ruiz, L.; Rosell, A.; et al. Secretion of
interferon-gamma by human macrophages demonstrated at the single-cell level after costimulation with interleukin (IL)-12 plus
IL-18. Immunology 2009, 126, 386–393. [CrossRef] [PubMed]

73. Fenton, M.J.; Vermeulen, M.W.; Kim, S.; Burdick, M.; Strieter, R.M.; Kornfeld, H. Induction of gamma interferon production in
human alveolar macrophages by Mycobacterium tuberculosis. Infect. Immun. 1997, 65, 5149–5156. [CrossRef] [PubMed]

https://doi.org/10.1038/nri2296
https://doi.org/10.1083/jcb.200903124
https://doi.org/10.1007/s10875-010-9440-3
https://doi.org/10.1038/ni.1831
https://doi.org/10.1016/S1097-2765(02)00599-3
https://www.ncbi.nlm.nih.gov/pubmed/12191486
https://doi.org/10.1128/iai.61.1.197-203.1993
https://www.ncbi.nlm.nih.gov/pubmed/8418042
https://doi.org/10.1084/jem.178.6.2243
https://www.ncbi.nlm.nih.gov/pubmed/8245795
https://doi.org/10.1084/jem.178.6.2249
https://doi.org/10.1038/nrmicro2070
https://doi.org/10.1017/S1462399411002079
https://doi.org/10.1016/b978-0-12-381045-8.00002-3
https://doi.org/10.1079/BJN2000274
https://doi.org/10.1073/pnas.2433882100
https://doi.org/10.4049/jimmunol.1101457
https://doi.org/10.1128/IAI.72.5.3031-3037.2004
https://www.ncbi.nlm.nih.gov/pubmed/15102816
https://doi.org/10.3201/eid0204.960403
https://www.ncbi.nlm.nih.gov/pubmed/8969244
https://doi.org/10.1073/pnas.0503272102
https://www.ncbi.nlm.nih.gov/pubmed/15928073
https://doi.org/10.1099/mic.0.2006/004317-0
https://www.ncbi.nlm.nih.gov/pubmed/17464057
https://doi.org/10.1086/652497
https://doi.org/10.1038/cr.2015.139
https://doi.org/10.1038/nature15514
https://www.ncbi.nlm.nih.gov/pubmed/26375003
https://doi.org/10.1038/nri2725
https://doi.org/10.1016/1074-7613(95)90001-2
https://doi.org/10.1038/labinvest.3780079
https://doi.org/10.1111/j.1348-0421.2000.tb02592.x
https://www.ncbi.nlm.nih.gov/pubmed/11220685
https://doi.org/10.1111/j.1365-2567.2008.02905.x
https://www.ncbi.nlm.nih.gov/pubmed/18759749
https://doi.org/10.1128/iai.65.12.5149-5156.1997
https://www.ncbi.nlm.nih.gov/pubmed/9393809


Pathogens 2023, 12, 1109 21 of 22

74. Fulton, S.A.; Johnsen, J.M.; Wolf, S.F.; Sieburth, D.S.; Boom, W.H. Interleukin-12 production by human monocytes infected with
Mycobacterium tuberculosis: Role of phagocytosis. Infect. Immun. 1996, 64, 2523–2531. [CrossRef]

75. Mariathasan, S.; Newton, K.; Monack, D.M.; Vucic, D.; French, D.M.; Lee, W.P.; Roose-Girma, M.; Erickson, S.; Dixit, V.M.
Differential activation of the inflammasome by caspase-1 adaptors ASC and Ipaf. Nature 2004, 430, 213–218. [CrossRef]

76. Mühl, H.; Pfeilschifter, J. Anti-inflammatory properties of pro-inflammatory interferon-gamma. Int. Immunopharmacol. 2003,
3, 1247–1255. [CrossRef]

77. Standiford, T.J.; Strieter, R.M.; Chensue, S.W.; Westwick, J.; Kasahara, K.; Kunkel, S.L. IL-4 inhibits the expression of IL-8 from
stimulated human monocytes. J. Immunol. 1990, 145, 1435–1439. [CrossRef]

78. Kim, S.; Bauernfeind, F.; Ablasser, A.; Hartmann, G.; Fitzgerald, K.A.; Latz, E.; Hornung, V. Listeria monocytogenes is sensed by
the NLRP3 and AIM2 inflammasome. Eur. J. Immunol. 2010, 40, 1545–1551. [CrossRef]

79. Miao, E.A.; Leaf, I.A.; Treuting, P.M.; Mao, D.P.; Dors, M.; Sarkar, A.; Warren, S.E.; Wewers, M.D.; Aderem, A. Caspase-1-induced
pyroptosis is an innate immune effector mechanism against intracellular bacteria. Nat. Immunol. 2010, 11, 1136–1142. [CrossRef]

80. Toma, C.; Higa, N.; Koizumi, Y.; Nakasone, N.; Ogura, Y.; McCoy, A.J.; Franchi, L.; Uematsu, S.; Sagara, J.; Taniguchi, S.; et al.
Pathogenic Vibrio activate NLRP3 inflammasome via cytotoxins and TLR/nucleotide-binding oligomerization domain-mediated
NF-kappa B signaling. J. Immunol. 2010, 184, 5287–5297. [CrossRef]

81. Vinzing, M.; Eitel, J.; Lippmann, J.; Hocke, A.C.; Zahlten, J.; Slevogt, H.; N’Guessan, P.D.; Günther, S.; Schmeck, B.;
Hippenstiel, S.; et al. NAIP and Ipaf control Legionella pneumophila replication in human cells. J. Immunol. 2008, 180, 6808–6815.
[CrossRef] [PubMed]

82. Kool, M.; Soullié, T.; van Nimwegen, M.; Willart, M.A.; Muskens, F.; Jung, S.; Hoogsteden, H.C.; Hammad, H.; Lambrecht, B.N.
Alum adjuvant boosts adaptive immunity by inducing uric acid and activating inflammatory dendritic cells. J. Exp. Med. 2008,
205, 869–882. [CrossRef] [PubMed]

83. Shi, Y.; Evans, J.E.; Rock, K.L. Molecular identification of a danger signal that alerts the immune system to dying cells. Nature
2003, 425, 516–521. [CrossRef]

84. Flynn, J.L.; Chan, J. Immunology of tuberculosis. Annu. Rev. Immunol. 2001, 19, 93–129. [CrossRef]
85. Batra, P.P. Mechanism of photoinduced carotenoid synthesis. Induction of carotenoid synthesis by antimycin A in the absence of

light in mycobacterium marinum. J. Biol. Chem. 1967, 242, 5630–5635. [CrossRef]
86. Ramakrishnan, L.; Tran, H.T.; Federspiel, N.A.; Falkow, S. A crtB homolog essential for photochromogenicity in Mycobacterium

marinum: Isolation, characterization, and gene disruption via homologous recombination. J. Bacteriol. 1997, 179, 5862–5868.
[CrossRef] [PubMed]

87. Zhang, L.; Yang, Q.; Luo, X.; Fang, C.; Zhang, Q.; Tang, Y. Knockout of crtB or crtI gene blocks the carotenoid biosynthetic
pathway in Deinococcus radiodurans R1 and influences its resistance to oxidative DNA-damaging agents due to change of free
radicals scavenging ability. Arch. Microbiol. 2007, 188, 411–419. [CrossRef]

88. Ashour, J.; Hondalus, M.K. Phenotypic mutants of the intracellular actinomycete Rhodococcus equi created by in vivo Himar1
transposon mutagenesis. J. Bacteriol. 2003, 185, 2644–2652. [CrossRef]

89. Liu, G.Y.; Essex, A.; Buchanan, J.T.; Datta, V.; Hoffman, H.M.; Bastian, J.F.; Fierer, J.; Nizet, V. Staphylococcus aureus golden
pigment impairs neutrophil killing and promotes virulence through its antioxidant activity. J. Exp. Med. 2005, 202, 209–215.
[CrossRef]

90. Gao, L.Y.; Groger, R.; Cox, J.S.; Beverley, S.M.; Lawson, E.H.; Brown, E.J. Transposon mutagenesis of Mycobacterium marinum
identifies a locus linking pigmentation and intracellular survival. Infect. Immun. 2003, 71, 922–929. [CrossRef]

91. Boshoff, H.I.; Xu, X.; Tahlan, K.; Dowd, C.S.; Pethe, K.; Camacho, L.R.; Park, T.H.; Yun, C.S.; Schnappinger, D.; Ehrt, S.; et al.
Biosynthesis and recycling of nicotinamide cofactors in Mycobacterium tuberculosis. An essential role for NAD in nonreplicating
bacilli. J. Biol. Chem. 2008, 283, 19329–19341. [CrossRef] [PubMed]

92. Singh, A.; Crossman, D.K.; Mai, D.; Guidry, L.; Voskuil, M.I.; Renfrow, M.B.; Steyn, A.J.C. Mycobacterium tuberculosis WhiB3
Maintains Redox Homeostasis by Regulating Virulence Lipid Anabolism to Modulate Macrophage Response. PLoS Pathog. 2009,
5, e1000545. [CrossRef] [PubMed]

93. Muñoz-Elías, E.J.; Upton, A.M.; Cherian, J.; McKinney, J.D. Role of the methylcitrate cycle in Mycobacterium tuberculosis metabolism,
intracellular growth, and virulence. Mol. Microbiol. 2006, 60, 1109–1122. [CrossRef] [PubMed]

94. Gould, T.A.; van de Langemheen, H.; Muñoz-Elías, E.J.; McKinney, J.D.; Sacchettini, J.C. Dual role of isocitrate lyase 1 in the
glyoxylate and methylcitrate cycles in Mycobacterium tuberculosis. Mol. Microbiol. 2006, 61, 940–947. [CrossRef]

95. Griffin, J.E.; Pandey, A.K.; Gilmore, S.A.; Mizrahi, V.; McKinney, J.D.; Bertozzi, C.R.; Sassetti, C.M. Cholesterol catabolism by
Mycobacterium tuberculosis requires transcriptional and metabolic adaptations. Chem. Biol. 2012, 19, 218–227. [CrossRef]

96. Fraser, P.D.; Linden, H.; Sandmann, G. Purification and reactivation of recombinant Synechococcus phytoene desaturase from an
overexpressing strain of Escherichia coli. Biochem. J. 1993, 291 Pt 3, 687–692. [CrossRef]

97. Nievelstein, V.; Vandekerchove, J.; Tadros, M.H.; Lintig, J.V.; Nitschke, W.; Beyer, P. Carotene desaturation is linked to a respiratory
redox pathway in Narcissus pseudonarcissus chromoplast membranes. Involvement of a 23-kDa oxygen-evolving-complex-like
protein. Eur. J. Biochem. 1995, 233, 864–872. [CrossRef]

98. Alvarez, H.M.; Steinbüchel, A. Triacylglycerols in prokaryotic microorganisms. Appl. Microbiol. Biotechnol. 2002, 60, 367–376.
[CrossRef]

https://doi.org/10.1128/iai.64.7.2523-2531.1996
https://doi.org/10.1038/nature02664
https://doi.org/10.1016/S1567-5769(03)00131-0
https://doi.org/10.4049/jimmunol.145.5.1435
https://doi.org/10.1002/eji.201040425
https://doi.org/10.1038/ni.1960
https://doi.org/10.4049/jimmunol.0903536
https://doi.org/10.4049/jimmunol.180.10.6808
https://www.ncbi.nlm.nih.gov/pubmed/18453601
https://doi.org/10.1084/jem.20071087
https://www.ncbi.nlm.nih.gov/pubmed/18362170
https://doi.org/10.1038/nature01991
https://doi.org/10.1146/annurev.immunol.19.1.93
https://doi.org/10.1016/S0021-9258(18)99403-2
https://doi.org/10.1128/jb.179.18.5862-5868.1997
https://www.ncbi.nlm.nih.gov/pubmed/9294446
https://doi.org/10.1007/s00203-007-0262-5
https://doi.org/10.1128/JB.185.8.2644-2652.2003
https://doi.org/10.1084/jem.20050846
https://doi.org/10.1128/IAI.71.2.922-929.2003
https://doi.org/10.1074/jbc.M800694200
https://www.ncbi.nlm.nih.gov/pubmed/18490451
https://doi.org/10.1371/journal.ppat.1000545
https://www.ncbi.nlm.nih.gov/pubmed/19680450
https://doi.org/10.1111/j.1365-2958.2006.05155.x
https://www.ncbi.nlm.nih.gov/pubmed/16689789
https://doi.org/10.1111/j.1365-2958.2006.05297.x
https://doi.org/10.1016/j.chembiol.2011.12.016
https://doi.org/10.1042/bj2910687
https://doi.org/10.1111/j.1432-1033.1995.864_3.x
https://doi.org/10.1007/s00253-002-1135-0


Pathogens 2023, 12, 1109 22 of 22

99. Rabbani, S.; Beyer, P.; Lintig, J.; Hugueney, P.; Kleinig, H. Induced beta-carotene synthesis driven by triacylglycerol deposition in
the unicellular alga dunaliella bardawil. Plant Physiol. 1998, 116, 1239–1248. [CrossRef]

100. Wen, H.; Gris, D.; Lei, Y.; Jha, S.; Zhang, L.; Huang, M.T.; Brickey, W.J.; Ting, J.P. Fatty acid-induced NLRP3-ASC inflammasome
activation interferes with insulin signaling. Nat. Immunol. 2011, 12, 408–415. [CrossRef]

101. Jo, E.K.; Yang, C.S.; Choi, C.H.; Harding, C.V. Intracellular signalling cascades regulating innate immune responses to Mycobacte-
ria: Branching out from Toll-like receptors. Cell. Microbiol. 2007, 9, 1087–1098. [CrossRef] [PubMed]

102. Onwueme, K.C.; Vos, C.J.; Zurita, J.; Ferreras, J.A.; Quadri, L.E. The dimycocerosate ester polyketide virulence factors of
mycobacteria. Prog. Lipid Res. 2005, 44, 259–302. [CrossRef] [PubMed]

103. Saini, V.; Farhana, A.; Steyn, A.J. Mycobacterium tuberculosis WhiB3: A novel iron-sulfur cluster protein that regulates redox
homeostasis and virulence. Antioxid. Redox Signal 2012, 16, 687–697. [CrossRef] [PubMed]

104. Rubin, E.J.; Akerley, B.J.; Novik, V.N.; Lampe, D.J.; Husson, R.N.; Mekalanos, J.J. In vivo transposition of mariner-based elements
in enteric bacteria and mycobacteria. Proc. Natl. Acad. Sci. USA 1999, 96, 645–650. [CrossRef] [PubMed]

105. Lee, S.; Kriakov, J.; Vilcheze, C.; Dai, Z.; Hatfull, G.F.; Jacobs, W.R., Jr. Bxz1, a new generalized transducing phage for mycobacteria.
FEMS Microbiol. Lett. 2004, 241, 271–276. [CrossRef] [PubMed]

106. TubercuList (1999–2004). Available online: http://genolist.pasteur.fr/TubercuList/ (accessed on 26 July 2023).
107. Bardarov, S.; Bardarov, S.; Pavelka, M.S.; Sambandamurthy, V.; Larsen, M.; Tufariello, J.; Chan, J.; Hatfull, G.; Jacobs, W.R.

Specialized transduction: An efficient method for generating marked and unmarked targeted gene disruptions in Mycobacterium
tuberculosis, M. bovis BCG and M. smegmatis. Microbiology 2002, 148, 3007–3017. [CrossRef]

108. Monahan, I.M.; Mangan, J.A.; Butcher, P.D. Extraction of RNA from Intracellular Mycobacterium tuberculosis: Methods, Considera-
tions, and Applications. Methods Mol Med. 2001, 54, 31–42. [CrossRef]

109. Hauduroy, P. Demiers Aspects du Monde des Mycobacteries; Masson: Paris, French, 1955.
110. Jensen, K.A.; Mörch, J.R.; Ørskov, J. Recherches sur la virulence du Bacille Calmette-Guérin. Ann Inst Pasteur 1929, 6, 785–798.
111. Bange, F.C.; Collins, F.M.; Jacobs, W.R., Jr. Survival of mice infected with Mycobacterium smegmatis containing large DNA

fragments from Mycobacterium tuberculosis. Tuber Lung Dis. 1999, 79, 171–180. [CrossRef]
112. Fujita, P.A.; Rhead, B.; Zweig, A.S.; Hinrichs, A.S.; Karolchik, D.; Cline, M.S.; Goldman, M.; Barber, G.P.; Clawson, H.;

Coelho, A.; et al. The UCSC Genome Browser database: Update 2011. Nucleic Acids Res. 2011, 9, 876–882. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1104/pp.116.4.1239
https://doi.org/10.1038/ni.2022
https://doi.org/10.1111/j.1462-5822.2007.00914.x
https://www.ncbi.nlm.nih.gov/pubmed/17359235
https://doi.org/10.1016/j.plipres.2005.07.001
https://www.ncbi.nlm.nih.gov/pubmed/16115688
https://doi.org/10.1089/ars.2011.4341
https://www.ncbi.nlm.nih.gov/pubmed/22010944
https://doi.org/10.1073/pnas.96.4.1645
https://www.ncbi.nlm.nih.gov/pubmed/9990078
https://doi.org/10.1016/j.femsle.2004.10.032
https://www.ncbi.nlm.nih.gov/pubmed/15598543
http://genolist.pasteur.fr/TubercuList/
https://doi.org/10.1099/00221287-148-10-3007
https://doi.org/10.1385/1-59259-147-7:031
https://doi.org/10.1054/tuld.1998.0201
https://doi.org/10.1093/nar/gkq963

	Introduction 
	Materials and Methods 
	THP-1 and Primary Human M Infection with Mycobacteria Strains 
	Flow Cytometric Sub-G1 Cell Cycle Analysis of Infected THP-1 Cells 
	Detection of Active Caspase-1 and Caspase-3/7 
	Caspase and Inflammasome Inhibitor Studies 
	Multiplex Cytokine Analysis of Infected THP-1 Cell Supernatants 
	Immunizations and Enzyme-Linked Immunosorbent Spot (ELISPOT) Assay 
	Mycobacterium Spotted Microarray Analysis 
	Infected-THP-1 Cell Affymetrix Microarray Analysis 
	Mycobacteria Oxidative and Reductive Stress Exposure Experiments 
	M. bovis BCG and M. tuberculosis Growth Curves 
	Statistical Analyses 

	Results 
	Identification of Mycobacterium Mutants That Promote M Cell Death 
	Mechanism of Cell Death in M Infected with fdr Mutants 
	fdr Mutants Induced Caspase-1, NALP3-, and ROS-Dependent Pyroptosis 
	M Infected with fdr Mutants Secreted IL-1 and Exhibited a Host-Protective Cytokine Profile 
	Augmentation of CD4 and CD8 T-Cell Responses by Infection with fdr Mutants 
	Microarray Analysis of fdr8 Intracellular Expression Patterns 
	Microarray Analysis of fdr8-Infected M Gene Expression 
	Sensitivity of fdr8-Null Mutants to Reductive Stress 
	Defect in the Utilization of Odd-Chain Fatty Acids by fdr8 Mutants 

	Discussion 
	fdr Mutations Map to a Diverse Set of Genes Conserved in Virulent Mycobacterium 
	Mechanistic Insights into Pyroptosis Induction by fdr Mutants 
	The Effects of Mycobacterial Suppression of Pyroptosis on Host Immunity 
	The Role of fdr8 in Bacterial Homeostasis and Redox Balance 
	Mechanistic Links between fdr and the Induction of Pyroptosis 

	Conclusions 
	References

