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Abstract 

There is an urgent need to develop a more efficacious anti-tuberculosis vaccine as 

the current live-attenuated vaccine strain BCG fails to prevent pulmonary infection 

in adults. In this study, we leverage a synthetic biology approach to engineer BCG 

to produce more (E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate (HMBPP), an 

intermediate of bacterial—but not host—isoprenoid biosynthesis via the methyleryth-

ritol phosphate (MEP) pathway. HMBPP strongly activates and expands Vγ9Vδ2 T 

cells, which are unique to higher-order primates and protect against Mycobacterium 

tuberculosis infection. BCG has been engineered to produce specific ligands and 

antigens to some success; in contrast, our strategy exploits a self-nonself recognition 

mechanism in the host via HMBPP sensing, which has not been attempted before. To 

inform the design of our recombinant strains, we performed synteny analyses of >63 

mycobacterial species and found that isoprenoid biosynthetic genes are not operonic 

across all the 356 surveyed genomes, but some genes are frequently found in pairs. 

Thus, we generated synthetic loci with the goal of specifically overproducing HMBPP 

and tested the ability of these engineered strains to induce human Vγ9Vδ2 expansion 

in an in vitro stimulation assay. We found that BCG expressing a synthetic MEP locus 

significantly enhanced Vγ9Vδ2 T cell expansion over the wild-type vaccine strain, and 

overexpression of the HMBPP synthase GcpE alone potently induced Vγ9Vδ2 T cell 

expansion with no downregulation of other pathway genes. Together these engi-

neered strains present two successful strategies to accumulate HMBPP and over-

come feedback inhibition of the MEP pathway.
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Introduction

Mycobacterium tuberculosis (Mtb), the causative agent of tuberculosis disease, 
has been persistent throughout the course of human history. Most notably in the 
late 1800s to early 1900s, Mtb infected nearly the whole population of Europe and 
resulted in ~25% mortality [1]. Despite the discovery of the bacterium over 142 years 
ago, Mtb remains a global health threat, killing approximately six thousand individuals 
per day and latently infecting an estimated quarter of the world’s population [2].

There is an urgent need to develop new vaccines with greater efficacy than the 
current Bacille Calmette-Guérin (BCG) vaccine, a live-attenuated strain of Mycobac-
terium bovis lacking several Mtb-specific virulence genes [3,4]. BCG has been used 
globally since 1921 despite its failure to prevent pulmonary infection in adults [5,6]. 
Several recombinant BCG (rBCG) vaccine candidates are currently in the clinical 
pipeline, many challenges exist toward the development of an improved vaccine, 
both biological (correlates of protection, epitope selection, limited animal models) and 
epidemiological (ethics of human trials, exclusion of pregnant women) in nature [1].

Building on the existing BCG vaccine platform is appealing due to its established 
safety profile in humans, ease of production and transport, and relatively inexpensive 
cost at a median $0.24 per dose [7]. Other attempts to engineer BCG focus on heter-
ologous expression of antigens and immune ligands, modification and encapsulation 
of surface molecules, and induction of bacterial lysis to varying degrees of protection 
[8–12]. In contrast, our strategy exploits a specific metabolic sensing pathway in the 
host. Our approach is to enhance the immunogenicity of BCG by modulating the 
production of an endogenously synthesized immunostimulatory molecule in the bac-
terium. Specifically, we focused on activating Vγ9Vδ2 T cells, a small but important 
subset of T cells that are unique to humans and non-human primates [13]. Vγ9Vδ2 
T cells constitute the most abundant subset of γδ T cells in humans, comprising 
60−95% of all circulating γδ T cells and have been reported to expand to up to 50% 
of total blood T cells upon infection with pathogens including Mtb [14–16]. These T 
cells respond specifically and potently to a unique diphosphate molecule called (E)-4-
hydroxy-3-methyl-but-2-enyl pyrophosphate (HMBPP), which is produced by most 
bacteria as an intermediate of isoprenoid biosynthesis [17–21].

Isoprenoids represent a large, important class of biomolecules found in all 
domains of life, with as many as 95,000 isoprenoid natural products identified to date 
including cholesterol, heme, and vitamin K [22,23]. In bacteria, isoprenoids support 
fundamental cellular processes, including membrane fluidity, cell wall synthesis, 
electron transport, stress response, and signaling and communication [24,25]. Iso-
prenoids are essential in Mtb, which relies on the isoprenoid decaprenyl phosphate 
for the synthesis of the essential cell wall components lipoarabinomannan and the 
mycolyl-arabinogalactan-peptidoglycan complex, as well as the “linker” molecules 
between arabinogalactan and peptidoglycan in the cell wall [26–28]. Further, Mtb 
employs the isoprenoid virulence factors tuberculosinol and isotuberculosinol to 
arrest phagosomal maturation during infection [29–31]. Together, isoprenoids are 
critical to all domains of life and represent essential molecules for Mtb growth and 
pathogenesis.
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Despite wide structural and functional diversity, all isoprenoids arise from the fundamental precursor isopentenyl 
pyrophosphate (IPP), which can be synthesized via two independent pathways: the mevalonate (MEV) pathway, which 
is primarily found in eukaryotes, archaea, and some bacteria, or the methylerythritol phosphate (MEP) pathway, which is 
found in bacteria, plants, and algae [32,33] (Fig 1A). Importantly, HMBPP is only produced via the MEP pathway, which is 
essential in Mtb [34].

Fig 1.  The MEP pathway is essential in BCG. A. The MEP pathway of isoprenoid biosynthesis. Shown in green are end products and shunts; 
shown in red is HMBPP, the activator of Vγ9Vδ2 T cells. Genes encoding enzymatic steps are as follows: dxs, DOXP synthase; dxr, DOXP reductoisom-
erase; ispD, MEP cytidylyltransferase; ispE, CDP-ME kinase; ispF, MEcPP synthase; gcpE, HMBPP synthase; ispH, HMBPP reductase; idi, isopentenyl 
diphosphate isomerase. B. Silencing of MEP genes is lethal in BCG. Targeting of dxr and ispH by inducible CRISPR interference was lethal in BCG. 
Target genes, including folC and a dCas9 only plasmid as controls, were transcriptionally repressed by the addition ATc (B). CFU without (Kan25) and 
with (Kan25-ATc200) induction were counted and analyzed via two-way ANOVA followed by Sidak’s multiple comparisons (B; *p ≤ 0.05, ****p < 0.0001). 
Targeting of folC, dxr, or ispH caused a significant decrease in viability, while the dCas9-only control experienced notably less death (C; *p ≤ 0.05, 
**p ≤ 0.01, ***p < 0.001, one sample t test). Shown is mean ± SD. N = 3 biological replicates. C. Synteny analysis reveals naturally occurring gene pair 
biases to leverage in our synthetic platform. Several gene pairs are frequently found in proximity to each other across mycobacteria: dxs1 + ispH; 
dxr + ispG/gcpE; ispD + ispF; and occasionally ispH + ispG/gcpE. Synteny analysis was performed on 353 mycobacterial genomes using each gene as a 
query to generate this 7x7 matrix of co-occurrence.

https://doi.org/10.1371/journal.pone.0343925.g001
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The Vγ9Vδ2 T cell receptor (TCR) indirectly senses bacterial HMBPP via an “inside-out” mechanism by which 
HMBPP binds the cytosolic domain of the transmembrane butyrophilin BTN3A1 in an antigen presenting cell [35–39]. 
Upon HMBPP binding, the surface-associated BTN3A1:BTN2A1 heterodimer undergoes a conformational change 
which is recognized by the Vγ9Vδ2 TCR [14,38]. These noncanonical T cells also respond to endogenous host IPP [40], 
however HMBPP is 10,000-fold more potent an activator than IPP [41], demonstrating a considerable bias toward detect-
ing microbial-derived metabolites. Together, the strength and specificity of this interaction suggests that the Vγ9Vδ2-
phosphoantigen sensing pathway is likely predominantly a self-nonself detection mechanism.

Once activated, Vγ9Vδ2 T cells produce important antimicrobial factors including granulysin, granzyme A, perforin, 
tumor necrosis factor alpha (TNF-α), granulocyte-macrophage colony-stimulating factor (GM-CSF), and interferon gamma 
(IFNγ) [42–47]. Importantly, IFNγ in turn leads to the production of reactive nitrogen species, which can control bacterial 
growth in vivo [48]. Further, HMBPP-stimulated Vγ9Vδ2 T cells support the canonical αβ T cell response to infection by 
producing IL-12, the major cytokine driving Th1 polarization of T cells which is crucial to a protective anti-Mtb response 
[44,49]. Finally, activated Vγ9Vδ2 T cells have prolific memory recall abilities, expanding 60-fold in HMBPP-immunized 
non-human primates [44] and a reported memory sustained up to seven months post exposure [50]. Importantly, acti-
vation of Vγ9Vδ2 T cells is protective in vivo. Studies in non-human primates have demonstrated that treatment with an 
HMBPP analog, immunization with HMBPP-producing Listeria monocytogenes, or adoptive transfer of ex vivo activated 
Vγ9Vδ2 T cells protects against Mtb infection [44,45,51]. Thus, HMBPP-mediated activation and subsequent expansion of 
Vγ9Vδ2 T cells is an attractive target for improving the BCG vaccine.

In this study, we leveraged a synthetic biology approach to metabolically engineer BCG to produce excess HMBPP and 
thus, stimulate a more robust Vγ9Vδ2 T cell response. A similar approach of expressing a synthetic MEP operon has been 
previously used to generate a “microbial cell factory” for economically-relevant isoprenoid production in Bacillus subtilis 
[52]. However, in this study we leverage this approach to improve the immunogenicity of the BCG vaccine. We tested 
our rBCG strains in primary human cells and found that both a single-gene overexpression platform and a synthetic MEP 
locus significantly expanded human Vγ9Vδ2 T cells. Together, these data provide critical in vitro validation of metabolically 
reengineered BCG and can be built upon to develop a more efficacious anti-Mtb vaccine.

Materials and methods

Bacterial strains and culture

Mycobacterium tuberculosis variant bovis BCG Pasteur (ATCC 35734) was routinely grown in Middlebrook 7H9 liquid 
medium or 7H10 agar (Difco) supplemented with 10% OADC (oleic acid-albumin-dextrose-catalase) and 0.05% Tween80. 
E. coli strains DH5α or NEB® 10-beta were grown in LB broth or agar and used for propagation and cloning of plasmids. 
When required, the following antibiotics were used: kanamycin (25 µg/ml for mycobacteria, 50 µg/ml for E. coli); hygromy-
cin (50 µg/ml for mycobacteria, 150 µg/ml for E. coli); zeocin (25 µg/ml for mycobacteria, 50 µg/ml for E. coli); anhydro-
tetracycline (200 ng/ml). Institutional Biosafety approval was obtained for all biological agents and genetic manipulations 
under BUA #407 at the University of California, Berkeley.

Molecular cloning

Primers, oligos, and plasmids used in this study are listed in S1 Table in S1 File. Standard electroporation protocols were 
used for the transformation of plasmids into E. coli and mycobacteria. 50uL of electrocompetent DH5α E. coli was com-
bined with 5ul of ligation product or plasmid DNA and incubated on ice for 30 min, then heat shocked at 42°C for 30 sec, 
chilled on ice for 5 min, and recovered at 37°C in Luria broth for one hour. Cells were then plated on selective LB agar and 
incubated 37°C overnight. Electrocompetent mycobacteria were prepared by washing mid-log (OD 0.5–0.8) cultures four 
times in decreasing volumes of sterile 10% glycerol. The final resuspension concentrates cultures ~20-25x, and electro-
competent cells can be used fresh or frozen at −80°C. 200ul of electrocompetent cells were combined with 5ul of plasmid 
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DNA in a 0.2 cm electroporation cuvette, and cells were electroporated with a single pulse at 2.5 kV with 25 μF capaci-
tance and 1,000 Ω resistance. Transformants were recovered overnight at 37°C in 7H9 media. The following day, cells 
were plated on selective 7H10 agar containing the appropriate antibiotic. 3–6 clones were randomly selected and verified 
via PCR.

CRISPRi

Gene silencing and gene deletion were performed using the site-specific transcriptional repression system CRISPRi as 
previously described [53]. Briefly, guide oligos were annealed and ligated into the integrative, dCas9-containing pLJR965 
vector and the subsequent plasmids were transformed into BCG. A dCas9-only vector plasmid was also included as a 
control in the transformation and induction assay. Inducible transcriptional repression was achieved by treatment with 200 
ng/ml anhydrotetracycline (ATc). Bacterial input was OD

600
-normalized to 0.4, spots were plated on 7H10 agar supple-

mented either with kanamycin or kanamycin and ATc, and all plates were incubated for 12 days prior to imaging and CFU 
counting.

Synteny analysis

To identify MEP synteny across mycobacterial genomes, we used the program ‘core analysis of syntenic orthologs to 
prioritize natural product gene clusters’ (CORASON) [54] with some updates. Briefly, 353 Mycobacterium genomes rep-
resenting at least 62 unique species were downloaded from the NCBI Genome database [55]. A database of protein 
sequences was generated using DIAMOND v4.0.515 [56] and queried with the IspE protein sequence from Mycobacterium 
bovis BCG. Results were filtered to include 5 protein sequences upstream and downstream of the IspE match. We created 
a second DIAMOND database of protein sequences within the neighborhood of IspE and queried with the remaining MEP 
protein sequences from BCG. The number of MEP genes within the gene neighborhood of IspE across the Mycobacterium 
genomes were counted and are represented in Fig 1D. To query whether MEP genes are operonic in any bacterium, we 
downloaded 36,193 bacterial reference genomes from NCBI and searched for all MEP genes in close genomic proximity. A 
new DIAMOND database was generated from the reference genomes and queried for the IspE protein sequence as previ-
ously described. Gene neighborhoods were searched for matches to the remaining MEP pathway genes.

Generation of synthetic constructs

(I)	 Expression of a synthetic MEP locus (pCQ88)

The pMV306.hyg backbone was digested with KpnI and XbaI to generate non-compatible ends. The genes dxs1/
BCG_2695, dxr/BCG_2892, ispD/BCG_3647, ispE/BCG_1068, ispF/BCG_3646, and gcpE/BCG_2890 were included; 
HMBPP reductase ispH was not included to optimize HMBPP accumulation. The six genes were further subdivided into 
two-gene operons, driven by unique strong promoters and preceding individual terminators, to optimize expression of 
each gene (Fig 2A). To ensure all genes are expressed, genes were assembled into two-gene operons informed by the 
genomic pair biases identified in our bioinformatic analysis (Fig 1D).

As dxr and gcpE are found within an operon in BCG, the genes were placed in an operon driven by PgroEL. Unique 
RBSs were placed upstream of each gene; the RBS from groEL upstream of dxr and the native RBS upstream of gcpE. 
30 bp downstream of the gcpE stop codon were included to capture the native terminator. The genes ispD and ispF were 
placed in an operon as they are operonic in BCG, with overlapping coding regions. The strong mycobacterial promoter 
Psmyc and its associated RBS was placed upstream of ispD with no intergenic RBS due to the ORF overlap. 30 bp down-
stream of the ispF stop codon were included to capture the native terminator. The genes dxs1 and ispE were placed under 
control of the MOP promoter from pMH406. The Hops RBS was placed upstream of dxs1 and the gcpE RBS was placed 
upstream of ispE. The rrnB T1 terminator from pMV261 was placed downstream of ispE to strongly terminate expression 
of the end of the three operons.
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Resulting operons were optimized to achieve a GC content of <65% while preserving codon usage. Final, codon-
optimized operons were ordered from Twist Bioscience (San Francisco, CA), amplified from the delivery vector, and 
cloned into a final vector via Gibson assembly. Transformants were confirmed via whole plasmid sequencing (Plasmida-
saurus, San Francisco, CA).

(II)	 Overexpression of HMBPP synthase GcpE (pCQ105)

The pMV306.hyg backbone was digested as described above. The strong mycobacterial promoter Psmyc from the 
plasmid pUV15 was PCR amplified using primers oCQ404 and oCQ405 to introduce 5’ homology to the KpnI end of the 
digested vector and 3’ homology to the gcpE insert. The gene gcpE was PCR amplified from BCG gDNA using primers 
oCQ406 and oCQ407 to introduce 5’ homology to the Psmyc insert and 3’ homology to the XbaI end of the digested vec-
tor. All homologous overhangs are 20 bp. The two inserts were assembled into the digested vector via Gibson assembly 
and transformed into NEB® 10-beta competent E. coli. Transformants were confirmed via whole plasmid sequencing.

Fig 2.  Generation of a synthetic MEP locus. A. Designing pCQ88, a synthetic MEP locus. Using gene pairs identified in our synteny analysis, we 
designed an integrative plasmid carrying an engineered biosynthetic gene cluster comprising all upper-branch MEP genes. Each operon is composed of 
one pair of genes (green) driven by a strong, unique mycobacterial promoter (blue), preceded by a ribosome binding site (yellow), and followed by either 
an exogenous or natural terminator (red). B. Genes in the synthetic MEP locus are variably expressed. Operon 1 (dxr, gcpE) and the endogenous 
ispH were significantly downregulated, while operons 2 (ispD, ispF) and 3 (dxs1, ispE) were moderately upregulated compared to WT (One sample t 
test; **p ≤ 0.01, ***p ≤ 0.001). Expression data for ispH is included as a control as it was not encoded in the synthetic MEP synthetic locus. Shown is 
mean ± SD. N = 3 biological replicates in technical triplicate. C. The engineered biosynthetic gene cluster MEPsynthetic significantly enhances Vγ9Vδ2 
T cell expansion over baseline. There is a significant increase in expansion induced by BCG + MEP

synthetic
 (Sidak’s multiple comparisons; **p ≤ 0.01). 

Treatment with purified HMBPP (0.1 ng/mL) is included as a control. Shown is mean ± SD from one independent donor in technical triplicate, representa-
tive of three independent donors (data from other donors are found in S1 Fig).

https://doi.org/10.1371/journal.pone.0343925.g002
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RNA isolation and RT-PCR

Cultures were grown to mid-log (OD
600

 ~ 1.0), pelleted, resuspended in 1 ml Trizol, and lysed via bead beating thrice in 30 
second increments, incubating on ice for five minutes in between bursts. RNA was then extracted from the supernatant via 
chloroform-ethanol extraction, washed using a PureLink RNA Mini kit (Invitrogen), and treated with DNAse I. Following a 
10-minute DNAse heat inactivation at 75°C, RNA was stored at −80°C. Primers were designed with the following crite-
ria: 17−25 bp in length, 3’ G/C clamp, 75−150 bp amplicon, Tm ~ 60ºC. Primers were also analyzed for self- and cross-
secondary structure. cDNA was prepared using a SuperScript III First-Strand Synthesis Kit (Invitrogen). Briefly, random 
hexamer primers were annealed to template RNA, cDNA was synthesized using reverse transcriptase, and residual RNA 
was digested by RNAse H. cDNA was stored at −20°C. The SsoAdvanced Universal SYBR Green Supermix (BioRad) 
was used for RT-PCR reactions on genes of interest as well as 16S for normalization. cDNA samples were run in technical 
triplicate on a CFX Connect Real-Time System (BioRad) running CFX Manager software. ΔΔCq values were log

2
 trans-

formed and presented as log
2
 fold change over WT [57].

PBMC expansion assays

Expansion assays were performed as previously described [15,34]. Mid-log cultures were OD-normalized to OD
600 

= 0.5 
and low-molecular-weight filtrates were generated by washing 15 ml in DPBS and lysing via bead-beating in Lysing 
Matrix B tubes (MP Bio). Lysates were then pelleted and the supernatant fractionated using 3kDa filter cartridges (Ami-
con). Lysate supernatant fractions <3 kDa were used for subsequent assays as this fraction contains microbial HMBPP. 
Equivalent protein input across lysate inputs was confirmed via BCA assay. Primary human peripheral blood mononuclear 
cells (PBMCs) were acquired from and deidentified by the Stanford Blood Center (Stanford, California, USA) in accor-
dance with the University of California, Berkeley Human Research Protection Program’s written policy on Research with 
Coded Private Information or Biological Specimens. Cells were cultured in R10 media (RPMI-1640 with 2mM glutamine, 
10mM HEPES, 10% FBS, 50 U/ml pen-strep, and 50μM β-Mercaptoethanol) supplemented with 100 U/ml IL-2. PMBCs 
were plated at a density of 7.5x105 cells/well in a U-bottom 96-well plate and incubated overnight at 37°C, 5% CO2, with 
humidity. The following day, PBMCs were stimulated with either pure HMBPP or bacterial lysates at various dilutions. 
Fresh media was added on day 4, and cells were harvested, stained with antibodies, and fixed on day 6. Flow cytometry 
was performed on day 7. Antibody panel is as follows: Vδ2-PacBlue (1:50, clone B6, Biolegend cat #331414), Vγ9-APC 
(1:50, clone B3, Biolegend cat #331310), CD3-PerCP-Cy5.5 (1:100, clone OKT3, Biolegend cat #317337), αβ TCR-FITC 
(1:16.67, clone IP26, Biolegend cat #306706).

Metabolite extraction + metabolomic analysis

The metabolite extraction protocol was modified from previously described mycobacterial extraction [58]. Briefly, cells 
were grown to OD

600
 0.8–0.9 and the equivalent of 10 OD

600
 units were pelleted, resuspended in metabolite extraction 

buffer (2:2:1 methanol:acetonitrile:water), and lysed via bead beating six times in 30 second increments at 4°C. Lysate 
was then pelleted, and supernatant was fractionated through 3 kDa ultra centrifugal filter columns (Amicon, catalog 
#UFC500324). Extracts were held at −80°C until targeted metabolomic analysis. Liquid chromatography–mass spectrom-
etry (LC-MS) analysis of metabolites was performed as previously described [59].

Statistical analysis

For CFU-based assays, data were analyzed via two-way ANOVA followed by Tukey’s multiple comparisons test. To calcu-
late log

2
 fold change (log

2
FC) in viability, a ratio of induced to input CFU was calculated and log

2
 transformed, and a one 

sample t test was used to determine whether the log
2
FC was significantly different from a theoretical mean of 0, indicating 

no change in viability. For RT-PCR data, ΔΔCq values were calculated and log
2
-transformed and a one sample t test was 
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used to determine whether the log
2
FC of each gene was significantly different from a theoretical mean of 0, indicating no 

difference in expression compared to WT. For PMBC expansion assays and metabolite measurements, data were ana-
lyzed via ordinary one- or two-way ANOVA followed by Tukey’s or Sidak’s multiple comparisons test, respectively, depend-
ing on the number of conditions in the comparison.

Results

The MEP pathway is essential in BCG

Most mycobacteria solely utilize the MEP pathway for isoprenoid biosynthesis (Fig 1), with the exception of a M. marinum-
derived clade [60–62]. Further, multiple transposon mutagenesis and gene deletion experiments have identified all MEP 
genes as essential in Mtb [34,63–68], and because BCG and Mtb are closely related, we predicted that the MEP path-
way is also essential in BCG. Indeed, we were unable to obtain a chromosomal deletion of dxr or ispH, two genes in the 
MEP pathway. To definitively demonstrate that these genes are essential, we turned to CRISPR interference (CRISPRi) 
to inducibly repress these genes in BCG. Using single guide RNAs that target dxr or ispH, as well as against the known 
essential gene folC, we found that repression of either gene inhibited growth and significantly reduced viability (Fig 1B, C), 
supporting that the MEP pathway is essential in BCG. Together, these data represent the first evidence to demonstrate the 
essentiality of the MEP pathway in BCG, presenting barriers to future engineering of isoprenoid biosynthesis.

Synteny analysis of MEP genes across mycobacterial genomes

Given the evidence supporting a protective role for Vγ9Vδ2 T cells in Mtb infection, we hypothesized that enhanced Vγ9Vδ2 
activation might also enhance protection. To engineer a strain of BCG that produced elevated levels of HMBPP, we initially 
set out to combine all MEP genes leading to HMBPP synthesis into a single locus to maximize expression. To rationally 
design this synthetic MEP locus, we first sought to determine whether any bacterial species already encode all MEP genes 
either in proximity or in an operon. Most bacteria do not encode the MEP pathway as an operon [69], which suggests that 
in all bacteria—and more saliently, in all mycobacteria—the MEP genes are distributed across the genome. To determine 
whether any MEP genes are found together in mycobacteria, we queried 353 mycobacterial genomes for co-occurrences of 
MEP genes clustered in genome neighborhoods. The synteny analysis revealed several gene pairs that are frequently found 
in proximity: dxs1 + ispH; dxr + ispG/gcpE; ispD + ispF; and occasionally ispH + ispG/gcpE (Fig 1D). Because these pair biases 
are strongly represented across the genus, we sought to preserve them in our subsequent engineering attempts.

Generation of a synthetic MEP locus

Our synteny analysis findings posed a unique challenge: if all MEP genes in all bacteria are scattered across the genome, 
we must carefully design a synthetic locus which takes into account the tendency for certain gene pairs to be found in 
proximity to one another, as well as the potential that each gene in the MEP pathway may be regulated differently. Using 
the pair biases revealed in our synteny analysis, we designed the plasmid pCQ88, an integrative plasmid carrying three, 
two-gene operons composed of strong promoters, defined ribosome binding sites, and strong terminators to prevent read-
through transcription (MEP

synthetic
; Fig 2A). We transformed this plasmid expressing the six genes dxr, gcpE, ispD, ispF, 

dxs1, ispE into BCG (BCG + MEP
synthetic

) and confirmed successful integration via junction PCR. Importantly, engineering 
this strain did not result in a change in biomass or CFU per OD compared to wild-type BCG (S3 Fig).

To determine if this strain was more stimulatory to Vγ9Vδ2 T cells, we used an in vitro expansion assay using peripheral 
blood mononuclear cells (PBMCs) from human donors. Animal models were not at our disposal because Vγ9Vδ2 T cells are 
restricted to higher order primates [70]. In our in vitro expansion assay, primary human PBMCs were treated ex vivo with 
lysates from either WT BCG or BCG + MEP

synthetic
 and assessed for Vγ9Vδ2 expansion via flow cytometry. We found that 

BCG + MEP
synthetic

, our first iteration of a synthetic BCG strain, significantly enhanced Vγ9Vδ2 expansion over WT baseline 
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(Figs 2C and S1). qRT-PCR analysis revealed that only some of the ectopically expressed genes were in fact overexpressed 
over WT levels (Fig 2B). Interestingly, we observed downregulation of dxr and gcpE, two critical steps in the isoprenoid bio-
synthetic pathway (Fig 2B), although this clearly did not impact the ability of this strain to expand Vγ9Vδ2 T cells.

One limitation to our synthetic platform of MEP pathway expression is the potential for feedback inhibition by IPP, 
DMAPP, and other downstream metabolites. Intracellular levels of MEP intermediates are tightly regulated via negative 
feedback mechanisms [71,72]. Thus, it is possible that ectopic expression of the synthetic locus overwhelmed the cell with 
metabolites such that the cell throttled all IPP synthesis. Indeed, we observed downregulation of ispH, which was not ecto-
pically expressed in the synthetic locus, suggesting that even the native pathway may have been experiencing feedback 
inhibition (Fig 2B). Together, these challenges prompted us toward a new engineering strategy to maximize Vγ9Vδ2 T cell 
stimulation by BCG.

Generation of a gcpE single gene overexpression platform

To avoid burdening the cell by overexpressing multiple metabolic genes, we turned to a simpler approach in which only 
one gene is ectopically expressed. We attempted to overexpress dxr as it is the first committed step in the pathway; 
however, our initial attempts to transform a dxr-overexpressing plasmid into BCG failed, whether dxr was under the 
control of a strong promoter or its native promoter. We were able to obtain transformants when dxr was placed under an 
anhydrotetracycline-inducible promoter but observed no growth upon induction, suggesting that overexpression of dxr 
alone is toxic in BCG, which has been reported previously in Mtb [34]. This is likely because accumulation of early MEP 
intermediates is toxic. We instead expressed the HMBPP synthase GcpE to specifically accumulate HMBPP, as it likely 
will not accumulate other intermediates in the pathway (BCG + gcpE

OE
; Fig 3A). A similar strategy was successfully engi-

neered in Mtb [34], providing strong evidence that this approach would improve Vγ9Vδ2 T cell expansion in our system. 
We confirmed overexpression of gcpE and found no global pathway repression, in contrast to our previous construct 
(Fig 3B). Interestingly, we observed overexpression of the kinase IspE in our engineered strain in both constructs (Figs 2B 
and 3B), suggesting that expression of this gene may be responsive to a yet-undetermined stimulus.

We transformed the plasmid pCQ105 carrying this construct into BCG and the resultant strain had similar biomass and 
CFU per OD compared to WT (S3 Fig). Using our ex vivo Vγ9Vδ2 T cell stimulation assay, we tested this strain and found 
that it enhanced activation of Vγ9Vδ2 T cells compared to WT (Figs 3C and S2). This is in agreement with findings in Mtb, 
in which gcpE overexpression strongly enhanced activation over WT Mtb [34]. Together, these data suggest that a tar-
geted overexpression strategy may circumvent the tight regulation of this pathway in BCG. Importantly, it is critical to the 
success of BCG engineering to determine how to overcome broader feedback inhibition to maximize HMBPP production, 
and thus vaccine immunogenicity, in this system.

Metabolic profiling reveals minimal energetic and redox perturbations in engineered strains

To test whether our engineering functionally translated to enhanced isoprenoid precursor synthesis, we performed met-
abolic profiling of our strains compared to WT BCG. While cellular HMBPP occurred below the limit of detection [73], we 
found that both engineered strains had significantly higher levels of 2-C-methylerythritol 4-phosphate (MEP), the first 
committed intermediate of this pathway, as well as moderately enhanced levels of the intermediate 1-deoxy-D-xylulose 
5-phosphate (DOXP; Fig 4A). There were no major differences in NAD(H) or NADP(H) redox couples among the strains 
(Fig 4B, C), and our measured ratios are in agreement with those reported for Mtb [74–79]. Interestingly, we did observe 
a notably lower NADH:NAD ratio in BCG + MEP

synthetic
 in comparison to BCG (Fig 4B), indicating a more oxidative cellular 

environment that may prime cells to meet energetic demands [80], although this difference is not statistically significant. 
Further, there were no major differences in cellular concentrations of acetyl CoA, free CoA, ATP, or pyruvate, the starting 
reagent for the MEP pathway (Fig 4D). Together, metabolic profiling suggests our engineered strains had greater iso-
prenoid flux with minimal disruption of global cellular metabolism.
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Discussion

HMBPP is an intermediate of isoprenoid metabolism via the MEP pathway and potently activates and expands host 
Vγ9Vδ2 T cells (Fig 1). We found that this metabolic pathway is essential in BCG (Fig 1B), as has been reported in Mtb 
[34,63,64]. Because Vγ9Vδ2 T cells are protective in the context of Mtb infection, we sought to generate a rBCG vaccine 

Fig 3.  Generation of a gcpE overexpression construct. A. Designing a gcpE OE construct. The pCQ105 construct contains a single-gene expres-
sion platform composed of a strong mycobacterial promoter (blue) driving the expression of gcpE (green), which is preceded by a ribosome binding site 
(yellow) and followed by a terminator (red). B. HMBPP synthase GcpE is strongly overexpressed. Expression of each gene in the MEP pathway was 
compared between WT and pCQ105-expressing BCG. Compared to WT, gcpE was significantly overexpressed in the engineered strain (One sample t 
test; *p < 0.05, **p < 0.01). Shown is mean ± SD. N = 3 biological replicates in technical triplicate. C. Overexpression of gcpE significantly enhances 
Vγ9Vδ2 T cell expansion over WT. Shown is percent of Vγ9Vδ2 T cells when stimulated by either HMBPP or lysate from WT and BCG + pCQ105 
cells, compared to baseline. There is a significant difference in Vγ9Vδ2 between WT and BCG + pCQ105 (Sidak’s multiple comparisons; ***p < 0.001, 
*p < 0.05). Treatment with purified HMBPP (0.1 ng/mL) is included as a control. Shown is mean ± SD from one independent donor in technical triplicate, 
representative of four independent donors (data from other donors are found in S2 Fig).

https://doi.org/10.1371/journal.pone.0343925.g003
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strain that induced a stronger Vγ9Vδ2 response by synthesizing a bolus of HMBPP. Synteny analyses across mycobac-
terial genomes revealed certain pair biases of MEP genes, which we used to assemble a synthetic MEP locus as well 
as a single gene overexpression construct (Figs 2A and 3A). We found that the rBCG strain encoding the synthetic MEP 
locus did not have strong overexpression of MEP genes (Fig 2B), yet still significantly enhanced Vγ9Vδ2 T cell expansion 

Fig 4.  Metabolic profiling of WT and engineered strains of BCG. A. Engineered strains of BCG accumulate more MEP intermediates than WT. 
BCG + MEP

synthetic
 and BCG + gcpE

OE
 both have significantly more 2-C-methylerythritol 4-phosphate (MEP) than WT, and BCG + MEP

synthetic
 had signifi-

cantly more 1-deoxy-D-xylulose 5-phosphate (DOXP) compared to WT (Sidak’s multiple comparisons; ***p < 0.001, *p < 0.05). Other MEP intermedi-
ates, including HMBPP, were not detected in our analysis. Shown is mean ± SD. N = 3 biological replicates per strain. B, C. Cellular redox state is not 
impacted in the engineered strains. There are no significant differences in NADH/NAD (B) and NADPH/NADP (C) ratios among the strains, although 
BCG + MEP

synthetic
 has a moderately lower NADH/NAD ratio compared to WT. Shown is mean ± SD. N = 3 biological replicates per strain. D. Major cellular 

metabolites are not impacted in the engineered strains. There are no significant differences in intracellular acetyl CoA, free CoA, ATP, or pyruvate 
concentrations among the strains. Shown is mean ± SD. N = 3 biological replicates per strain.

https://doi.org/10.1371/journal.pone.0343925.g004
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over wild type (Fig 2C). The gcpE overexpression strain also significantly expanded Vγ9Vδ2 T cells over WT BCG with 
no concomitant downregulation of other MEP genes (Figs 3B and 3C). Interestingly, we detected overexpression of the 
kinase IspE in both engineered strains (Figs 2B and 3B), presenting a potential role of this gene in the regulation of these 
pathways. Metabolomic analysis revealed that both engineered strains accumulated more MEP intermediates compared 
to WT BCG, with no apparent impairment of global cellular metabolism or redox state (Fig 4).

Other rBCG vaccines are in clinical trials, including the candidate VPM1002 which expresses the pore-forming hemoly-
sin listeriolysin O from L. monocytogenes to activate autophagy during vaccination [1]. Our engineering strategy is distinct 
such that we modulated an endogenous biosynthetic pathway to accumulate a metabolic intermediate, which has not 
been attempted before in this system. An HMBPP-boosted strain of BCG has clinical relevance beyond tuberculosis; BCG 
is an FDA-approved treatment for bladder cancer immunotherapy and Vδ2 T cells are correlated with favorable outcomes 
during treatment [81]. However, challenges to modifying BCG remain, including the potential for any engineering pertur-
bation to alter classical antigen production. Thus, understanding the molecular underpinnings of this phenomenon might 
reveal mechanisms by which we can manipulate the system to accumulate more HMBPP.

Future work is needed to develop a live infection model to determine whether the intracellular concentration of HMBPP 
in the engineered strains is relevant in the context of vaccination, as well as the mechanism by which HMBPP is released 
from phagocytosed bacteria into the cytosol of the macrophage. The bacterium may actively secrete HMBPP, although 
this is unlikely as a polar, charged molecule with no transporter identified to date, or it may be released through bacterial 
lysis in the phagosome. It remains to be determined whether HMBPP sensing requires access of the bacterium to the host 
cell cytosol via phagosomal perforation, or whether there is a yet-undetermined mechanism for HMBPP itself to cross the 
phagosomal membrane.

Finally, to optimize future engineering efforts using this strategy, it is critical to understand the mechanisms of iso-
prenoid feedback regulation and, importantly, how to overcome them. Additional improvements may be possible through 
the addition of D-glyceraldehyde-3-phosphate, which has been shown in other systems to strongly accelerate Dxs activity 
[82]. A complementary engineering strategy could be to mildly repress ispH, resulting in less HMBPP conversion and thus 
enhanced accumulation, although this would require careful modulation as full ispH repression is lethal (Fig 1B). Impor-
tantly, our engineered strains demonstrated significant Vγ9Vδ2 T cell expansion over baseline, suggesting protective 
immunity in the context of vaccination; however, validation of protective efficacy requires testing in vivo.

While much remains to be done on the path to developing a more protective vaccine against tuberculosis disease, we 
demonstrated the essentiality of the MEP pathway and explored promising potential avenues for metabolic reconstruction 
of BCG. Together, this study provides a novel investigation of isoprenoid biosynthesis pathway regulation in BCG, laying 
the groundwork to inform a rationally reengineered, Vγ9Vδ2-targeting vaccine strain.

Supporting information

S1 Fig. Supporting data for BCG expressing the synthetic MEP locus. A. Shown are representative flow cytometry 
dot plots and gating strategy from donors stimulated with BCG + pCQ88. B, C. PMBC expansion assay data from two 
additional, independent donors stimulated with BCG + pCQ88 lysate. Data were analyzed via one-way ANOVA followed by 
Sidak’s multiple comparisons; ***p < 0.001, **p < 0.005.
(EPS)

S2 Fig. Supporting data for BCG overexpressing gcpE. A. Shown are representative flow cytometry dot plots and gat-
ing strategy from donors stimulated with BCG + pCQ105. B-D. PMBC expansion assay data from two additional, indepen-
dent donors stimulated with BCG + pCQ105 lysate. Data were analyzed via one-way ANOVA followed by Sidak’s multiple 
comparisons; ****p < 0.0001, **p < 0.005, *p<0.05.
(EPS)

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0343925.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0343925.s002
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S3 Fig. Confirmation of accuracy of OD-normalization. A. Engineered strains do not have significantly different 
biomass than WT. WT BCG and the strains expressing pCQ88 or pCQ105 were grown to late log phase, OD-matched 
to OD

600 
= 1.0 and weighed. Shown is mean ± SD. N = 3 biological replicates. B. Engineered strains do not have sig-

nificantly different OD:CFU ratios. All strains were grown to late log phase, OD-matched to OD
600 

= 0.5 and plated on 
7H10 agar. Colonies were counted after 14 days’ incubation at 37°C. Data were analyzed via one-way ANOVA followed by 
Sidak’s multiple comparisons test. Shown is mean ± SD. N = 3 biological replicates.
(EPS)

S1 File. Tables S1 to S4. 
(XLSX)

Acknowledgments

Many thanks to Preethi Thattai Ragunathan for her expertise and troubleshooting assistance, as well as Anne Xu, Miles 
Wingfield, Rebecca Procknow, and Zoila Álvarez-Aponte for learning alongside me. Thanks to Sarah Stanley, Russell 
Vance, Aziz Qabar, Astrid, and all members of the Cox lab for their helpful discussions and feedback.

Author contributions

Conceptualization: Christine M. Qabar, Dan A. Portnoy, Jeffery S. Cox.

Data curation: Christine M. Qabar.

Formal analysis: Christine M. Qabar, Allison W. Roberts, Lucas M. Waldburger, Edward E. K. Baidoo, Emine Akyuz 
Turumtay, Jeffery S. Cox.

Funding acquisition: Jeffery S. Cox.

Investigation: Christine M. Qabar, Allison W. Roberts, Lucas M. Waldburger, Edward E. K. Baidoo, Emine Akyuz 
Turumtay, Jeffery S. Cox.

Methodology: Christine M. Qabar, Edward E. K. Baidoo, Emine Akyuz Turumtay, Jeffery S. Cox.

Project administration: Jeffery S. Cox.

Resources: Jay D. Keasling, Jeffery S. Cox.

Software: Lucas M. Waldburger.

Supervision: Jay D. Keasling, Dan A. Portnoy, Jeffery S. Cox.

Validation: Allison W. Roberts.

Visualization: Christine M. Qabar.

Writing – original draft: Christine M. Qabar.

Writing – review & editing: Christine M. Qabar, Jeffery S. Cox.

References
	1.	 Zhuang L, Ye Z, Li L, Yang L, Gong W. Next-generation TB vaccines: progress, challenges, and prospects. Vaccines. 2023;11:1304. https://doi.

org/10.3390/vaccines11081304

	2.	 Coppola M, Ottenhoff TH. Genome wide approaches discover novel Mycobacterium tuberculosis antigens as correlates of infection, disease, immu-
nity and targets for vaccination. Semin Immunol. 2018;39:88–101. https://doi.org/10.1016/j.smim.2018.07.001 PMID: 30327124

	3.	 Mahairas GG, Sabo PJ, Hickey MJ, Singh DC, Stover CK. Molecular analysis of genetic differences between Mycobacterium bovis BCG and virulent 
M. bovis. J Bacteriol. 1996;178(5):1274–82. https://doi.org/10.1128/jb.178.5.1274-1282.1996 PMID: 8631702

	4.	 Lewis KN, Liao R, Guinn KM, Hickey MJ, Smith S, Behr MA, et al. Deletion of RD1 from Mycobacterium tuberculosis mimics bacille Calmette-Guérin 
attenuation. J Infect Dis. 2003;187(1):117–23. https://doi.org/10.1086/345862 PMID: 12508154

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0343925.s003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0343925.s004
https://doi.org/10.3390/vaccines11081304
https://doi.org/10.3390/vaccines11081304
https://doi.org/10.1016/j.smim.2018.07.001
http://www.ncbi.nlm.nih.gov/pubmed/30327124
https://doi.org/10.1128/jb.178.5.1274-1282.1996
http://www.ncbi.nlm.nih.gov/pubmed/8631702
https://doi.org/10.1086/345862
http://www.ncbi.nlm.nih.gov/pubmed/12508154


PLOS One | https://doi.org/10.1371/journal.pone.0343925  April 6, 2026 14 / 17

	 5.	 Mangtani P, Abubakar I, Ariti C, Beynon R, Pimpin L, Fine PEM, et al. Protection by BCG vaccine against tuberculosis: a systematic review of 
randomized controlled trials. Clin Infect Dis. 2014;58(4):470–80. https://doi.org/10.1093/cid/cit790 PMID: 24336911

	 6.	 Kaufmann SHE. Vaccination against tuberculosis: revamping BCG by molecular genetics guided by immunology. Front Immunol. 2020;11:316. 
https://doi.org/10.3389/fimmu.2020.00316 PMID: 32174919

	 7.	 WHO. Global Market Study, BCG Vaccine. 2019. Available from: https://cdn.who.int/media/docs/default-source/immunization/mi4a/who_bcg_vac-
cine_global_market_update_may2019.pdf

	 8.	 Singh AK, Praharaj M, Lombardo KA, Yoshida T, Matoso A, Baras AS, et al. Re-engineered BCG overexpressing cyclic di-AMP augments trained 
immunity and exhibits improved efficacy against bladder cancer. Nat Commun. 2022;13(1):878. https://doi.org/10.1038/s41467-022-28509-z PMID: 
35169141

	 9.	 Shaku MT, Um PK, Ocius KL, Apostolos AJ, Pires MM, Bishai WR, et al. A modified BCG with depletion of enzymes associated with peptidoglycan 
amidation induces enhanced protection against tuberculosis in mice. Elife. 2024;13:e89157. https://doi.org/10.7554/eLife.89157 PMID: 38639995

	10.	 Pi J, Zhang Z, Yang E, Chen L, Zeng L, Chen Y, et al. Nanocages engineered from Bacillus Calmette-Guerin facilitate protective Vγ2Vδ2 T cell 
immunity against Mycobacterium tuberculosis infection. J Nanobiotechnology. 2022;20(1):36. https://doi.org/10.1186/s12951-021-01234-3 PMID: 
35033108

	11.	 Smith AA, Su H, Wallach J, Liu Y, Maiello P, Borish HJ, et al. A BCG kill switch strain protects against Mycobacterium tuberculosis in mice and 
non-human primates with improved safety and immunogenicity. Nat Microbiol. 2025;10(2):468–81. https://doi.org/10.1038/s41564-024-01895-4 
PMID: 39794473

	12.	 Guo S, Ouyang J, Hu Z, Cao T, Huang C, Mou J, et al. Intranasal vaccination with engineered BCG expressing CCL2 induces a stronger immune 
barrier against Mycobacterium tuberculosis than BCG. Mol Ther. 2024;32(11):3990–4005. https://doi.org/10.1016/j.ymthe.2024.09.021 PMID: 
39295146

	13.	 Karunakaran MM, Göbel TW, Starick L, Walter L, Herrmann T. Vγ9 and Vδ2 T cell antigen receptor genes and butyrophilin 3 (BTN3) emerged 
with placental mammals and are concomitantly preserved in selected species like alpaca (Vicugna pacos). Immunogenetics. 2014;66(4):243–54. 
https://doi.org/10.1007/s00251-014-0763-8 PMID: 24526346

	14.	 Gu S, Sachleben JR, Boughter CT, Nawrocka WI, Borowska MT, Tarrasch JT, et al. Phosphoantigen-induced conformational change of butyro-
philin 3A1 (BTN3A1) and its implication on Vγ9Vδ2 T cell activation. Proc Natl Acad Sci U S A. 2017;114(35):E7311–20. https://doi.org/10.1073/
pnas.1707547114 PMID: 28807997

	15.	 Frencher JT, Shen H, Yan L, Wilson JO, Freitag NE, Rizzo AN, et al. HMBPP-deficient Listeria mutant immunization alters pulmonary/systemic 
responses, effector functions, and memory polarization of Vγ2Vδ2 T cells. J Leukoc Biol. 2014;96(6):957–67. https://doi.org/10.1189/jlb.6HI1213-
632R PMID: 25114162

	16.	 Vorkas CK, Wipperman MF, Li K, Bean J, Bhattarai SK, Adamow M, et al. Mucosal-associated invariant and γδ T cell subsets respond to initial 
Mycobacterium tuberculosis infection. JCI Insight. 2018;3(19):e121899. https://doi.org/10.1172/jci.insight.121899 PMID: 30282828

	17.	 Hintz M, Reichenberg A, Altincicek B, Bahr U, Gschwind RM, Kollas AK, et al. Identification of (E)‐4‐hydroxy‐3‐methyl‐but‐2‐enyl pyrophosphate as 
a major activator for human γδ T cells in Escherichia coli. FEBS Lett. 2001;509:317–22. https://doi.org/10.1016/s0014-5793(01)03191-x

	18.	 Altincicek B, Moll J, Campos N, Foerster G, Beck E, Hoeffler JF, et al. Cutting edge: human gamma delta T cells are activated by intermediates 
of the 2-C-methyl-D-erythritol 4-phosphate pathway of isoprenoid biosynthesis. J Immunol. 2001;166(6):3655–8. https://doi.org/10.4049/jimmu-
nol.166.6.3655 PMID: 11238603

	19.	 Reichenberg A, Hintz M, Kletschek Y, Kuhl T, Haug C, Engel R, et al. Replacing the pyrophosphate group of HMB-PP by a diphosphonate 
function abrogates Its potential to activate human gammadelta T cells but does not lead to competitive antagonism. Bioorg Med Chem Lett. 
2003;13(7):1257–60. https://doi.org/10.1016/s0960-894x(03)00138-0 PMID: 12657258

	20.	 Hecht S, Eisenreich W, Adam P, Amslinger S, Kis K, Bacher A, et al. Studies on the nonmevalonate pathway to terpenes: the role of the GcpE 
(IspG) protein. Proc Natl Acad Sci U S A. 2001;98(26):14837–42. https://doi.org/10.1073/pnas.201399298 PMID: 11752431

	21.	 Eberl M, Altincicek B, Kollas A-K, Sanderbrand S, Bahr U, Reichenberg A, et al. Accumulation of a potent gammadelta T-cell stimulator after dele-
tion of the lytB gene in Escherichia coli. Immunology. 2002;106(2):200–11. https://doi.org/10.1046/j.1365-2567.2002.01414.x PMID: 12047749

	22.	 Faylo JL, Ronnebaum TA, Christianson DW. Assembly-line catalysis in bifunctional terpene synthases. Acc Chem Res. 2021;54(20):3780–91. 
https://doi.org/10.1021/acs.accounts.1c00296 PMID: 34254507

	23.	 Holstein SA, Hohl RJ. Isoprenoids: remarkable diversity of form and function. Lipids. 2004;39(4):293–309. https://doi.org/10.1007/s11745-004-
1233-3 PMID: 15357017

	24.	 Pérez-Gil J, Rodríguez-Concepción M. Metabolic plasticity for isoprenoid biosynthesis in bacteria. Biochem J. 2013;452(1):19–25. https://doi.
org/10.1042/BJ20121899 PMID: 23614721

	25.	 Avalos M, Garbeva P, Vader L, van Wezel GP, Dickschat JS, Ulanova D. Biosynthesis, evolution and ecology of microbial terpenoids. Nat Prod 
Rep. 2022;39(2):249–72. https://doi.org/10.1039/d1np00047k PMID: 34612321

	26.	 Wolucka BA, McNeil MR, de Hoffmann E, Chojnacki T, Brennan PJ. Recognition of the lipid intermediate for arabinogalactan/arabinomannan 
biosynthesis and its relation to the mode of action of ethambutol on mycobacteria. J Biol Chem. 1994;269(37):23328–35. https://doi.org/10.1016/
s0021-9258(17)31657-5 PMID: 8083238

https://doi.org/10.1093/cid/cit790
http://www.ncbi.nlm.nih.gov/pubmed/24336911
https://doi.org/10.3389/fimmu.2020.00316
http://www.ncbi.nlm.nih.gov/pubmed/32174919
https://cdn.who.int/media/docs/default-source/immunization/mi4a/who_bcg_vaccine_global_market_update_may2019.pdf
https://cdn.who.int/media/docs/default-source/immunization/mi4a/who_bcg_vaccine_global_market_update_may2019.pdf
https://doi.org/10.1038/s41467-022-28509-z
http://www.ncbi.nlm.nih.gov/pubmed/35169141
https://doi.org/10.7554/eLife.89157
http://www.ncbi.nlm.nih.gov/pubmed/38639995
https://doi.org/10.1186/s12951-021-01234-3
http://www.ncbi.nlm.nih.gov/pubmed/35033108
https://doi.org/10.1038/s41564-024-01895-4
http://www.ncbi.nlm.nih.gov/pubmed/39794473
https://doi.org/10.1016/j.ymthe.2024.09.021
http://www.ncbi.nlm.nih.gov/pubmed/39295146
https://doi.org/10.1007/s00251-014-0763-8
http://www.ncbi.nlm.nih.gov/pubmed/24526346
https://doi.org/10.1073/pnas.1707547114
https://doi.org/10.1073/pnas.1707547114
http://www.ncbi.nlm.nih.gov/pubmed/28807997
https://doi.org/10.1189/jlb.6HI1213-632R
https://doi.org/10.1189/jlb.6HI1213-632R
http://www.ncbi.nlm.nih.gov/pubmed/25114162
https://doi.org/10.1172/jci.insight.121899
http://www.ncbi.nlm.nih.gov/pubmed/30282828
https://doi.org/10.1016/s0014-5793(01)03191-x
https://doi.org/10.4049/jimmunol.166.6.3655
https://doi.org/10.4049/jimmunol.166.6.3655
http://www.ncbi.nlm.nih.gov/pubmed/11238603
https://doi.org/10.1016/s0960-894x(03)00138-0
http://www.ncbi.nlm.nih.gov/pubmed/12657258
https://doi.org/10.1073/pnas.201399298
http://www.ncbi.nlm.nih.gov/pubmed/11752431
https://doi.org/10.1046/j.1365-2567.2002.01414.x
http://www.ncbi.nlm.nih.gov/pubmed/12047749
https://doi.org/10.1021/acs.accounts.1c00296
http://www.ncbi.nlm.nih.gov/pubmed/34254507
https://doi.org/10.1007/s11745-004-1233-3
https://doi.org/10.1007/s11745-004-1233-3
http://www.ncbi.nlm.nih.gov/pubmed/15357017
https://doi.org/10.1042/BJ20121899
https://doi.org/10.1042/BJ20121899
http://www.ncbi.nlm.nih.gov/pubmed/23614721
https://doi.org/10.1039/d1np00047k
http://www.ncbi.nlm.nih.gov/pubmed/34612321
https://doi.org/10.1016/s0021-9258(17)31657-5
https://doi.org/10.1016/s0021-9258(17)31657-5
http://www.ncbi.nlm.nih.gov/pubmed/8083238


PLOS One | https://doi.org/10.1371/journal.pone.0343925  April 6, 2026 15 / 17

	27.	 Kaur D, Brennan PJ, Crick DC. Decaprenyl diphosphate synthesis in Mycobacterium tuberculosis. J Bacteriol. 2004;186(22):7564–70. https://doi.
org/10.1128/JB.186.22.7564-7570.2004 PMID: 15516568

	28.	 Mikusová K, Mikus M, Besra GS, Hancock I, Brennan PJ. Biosynthesis of the linkage region of the mycobacterial cell wall. J Biol Chem. 
1996;271(13):7820–8. https://doi.org/10.1074/jbc.271.13.7820 PMID: 8631826

	29.	 Nakano C, Ootsuka T, Takayama K, Mitsui T, Sato T, Hoshino T. Characterization of the Rv3378c gene product, a new diterpene synthase for 
producing tuberculosinol and (13R, S)-isotuberculosinol (nosyberkol), from the Mycobacterium tuberculosis H37Rv genome. Biosci Biotechnol 
Biochem. 2011;75(1):75–81. https://doi.org/10.1271/bbb.100570 PMID: 21228491

	30.	 Prach L, Kirby J, Keasling JD, Alber T. Diterpene production in Mycobacterium tuberculosis. FEBS J. 2010;277(17):3588–95. https://doi.
org/10.1111/j.1742-4658.2010.07767.x PMID: 20670276

	31.	 Mann FM, Xu M, Chen X, Fulton DB, Russell DG, Peters RJ. Edaxadiene: a new bioactive diterpene from Mycobacterium tuberculosis. J Am Chem 
Soc. 2009;131(48):17526–7. https://doi.org/10.1021/ja9019287 PMID: 19583202

	32.	 Wei H, Huang D, Lai X, Chen M, Zhong W, Wang R, et al. Definition of APC presentation of phosphoantigen (E)-4-hydroxy-3-methyl-but-2-enyl 
pyrophosphate to Vgamma2Vdelta 2 TCR. J Immunol. 2008;181(7):4798–806. https://doi.org/10.4049/jimmunol.181.7.4798 PMID: 18802083

	33.	 Begley M, Bron PA, Heuston S, Casey PG, Englert N, Wiesner J, et al. Analysis of the isoprenoid biosynthesis pathways in Listeria monocytogenes 
reveals a role for the alternative 2-C-methyl-d-erythritol 4-phosphate pathway in murine infection. Infect Immun. 2008;76:5392–401. https://doi.
org/10.1128/iai.01376-07

	34.	 Brown AC, Eberl M, Crick DC, Jomaa H, Parish T. The nonmevalonate pathway of isoprenoid biosynthesis in Mycobacterium tuberculosis is essen-
tial and transcriptionally regulated by Dxs. J Bacteriol. 2010;192(9):2424–33. https://doi.org/10.1128/JB.01402-09 PMID: 20172995

	35.	 Rigau M, Ostrouska S, Fulford TS, Johnson DN, Woods K, Ruan Z, et al. Butyrophilin 2A1 is essential for phosphoantigen reactivity by γδ T cells. 
Science. 2020;367(6478):eaay5516. https://doi.org/10.1126/science.aay5516 PMID: 31919129

	36.	 Rhodes DA, Chen H-C, Price AJ, Keeble AH, Davey MS, James LC, et al. Activation of human γδ T cells by cytosolic interactions of BTN3A1 with 
soluble phosphoantigens and the cytoskeletal adaptor periplakin. J Immunol. 2015;194(5):2390–8. https://doi.org/10.4049/jimmunol.1401064 
PMID: 25637025

	37.	 Sandstrom A, Peigné C-M, Léger A, Crooks JE, Konczak F, Gesnel M-C, et al. The intracellular B30.2 domain of butyrophilin 3A1 binds phos-
phoantigens to mediate activation of human Vγ9Vδ2 T cells. Immunity. 2014;40(4):490–500. https://doi.org/10.1016/j.immuni.2014.03.003 PMID: 
24703779

	38.	 Sebestyen Z, Scheper W, Vyborova A, Gu S, Rychnavska Z, Schiffler M, et al. RhoB Mediates Phosphoantigen Recognition by Vγ9Vδ2 T Cell 
Receptor. Cell Rep. 2016;15:1973–85. https://doi.org/10.1016/j.celrep.2016.04.081

	39.	 Harly C, Guillaume Y, Nedellec S, Peigné C-M, Mönkkönen H, Mönkkönen J, et al. Key implication of CD277/butyrophilin-3 (BTN3A) in cellular 
stress sensing by a major human γδ T-cell subset. Blood. 2012;120(11):2269–79. https://doi.org/10.1182/blood-2012-05-430470 PMID: 22767497

	40.	 Gober H-J, Kistowska M, Angman L, Jenö P, Mori L, De Libero G. Human T cell receptor gammadelta cells recognize endogenous mevalonate 
metabolites in tumor cells. J Exp Med. 2003;197(2):163–8. https://doi.org/10.1084/jem.20021500 PMID: 12538656

	41.	 Eberl M, Hintz M, Reichenberg A, Kollas A-K, Wiesner J, Jomaa H. Microbial isoprenoid biosynthesis and human gammadelta T cell activation. 
FEBS Lett. 2003;544(1–3):4–10. https://doi.org/10.1016/s0014-5793(03)00483-6 PMID: 12782281

	42.	 Dieli F, Troye-Blomberg M, Ivanyi J, Fournié JJ, Krensky AM, Bonneville M, et al. Granulysin-dependent killing of intracellular and extracellu-
lar Mycobacterium tuberculosis by Vgamma9/Vdelta2 T lymphocytes. J Infect Dis. 2001;184(8):1082–5. https://doi.org/10.1086/323600 PMID: 
11574927

	43.	 Spencer CT, Abate G, Sakala IG, Xia M, Truscott SM, Eickhoff CS, et al. Granzyme A produced by γ(9)δ(2) T cells induces human macrophages to 
inhibit growth of an intracellular pathogen. PLoS Pathog. 2013;9(1):e1003119. https://doi.org/10.1371/journal.ppat.1003119 PMID: 23326234

	44.	 Chen CY, Yao S, Huang D, Wei H, Sicard H, Zeng G, et al. Phosphoantigen/IL2 expansion and differentiation of Vγ2Vδ2 T cells increase resistance 
to tuberculosis in nonhuman primates. PLoS Pathog. 2013;9(8):e1003501. https://doi.org/10.1371/journal.ppat.1003501 PMID: 23966854

	45.	 Shen L, Frencher J, Huang D, Wang W, Yang E, Chen CY, et al. Immunization of Vγ2Vδ2 T cells programs sustained effector memory responses 
that control tuberculosis in nonhuman primates. Proc Natl Acad Sci U S A. 2019;116(13):6371–8. https://doi.org/10.1073/pnas.1811380116 PMID: 
30850538

	46.	 Brandes M, Willimann K, Moser B. Professional antigen-presentation function by human γδ T cells. Science. 2005;309:264–8. https://doi.
org/10.1126/science.1110267

	47.	 Yang R, Yao L, Shen L, Sha W, Modlin RL, Shen H, et al. IL-12 expands and differentiates human Vγ2Vδ2 T effector cells producing antimicro-
bial cytokines and inhibiting intracellular mycobacterial growth. Front Immunol. 2019;10:913. https://doi.org/10.3389/fimmu.2019.00913 PMID: 
31080452

	48.	 Flynn JL, Chan J, Triebold KJ, Dalton DK, Stewart TA, Bloom BR. An essential role for interferon gamma in resistance to Mycobacterium tuberculo-
sis infection. J Exp Med. 1993;178(6):2249–54. https://doi.org/10.1084/jem.178.6.2249 PMID: 7504064

	49.	 Cooper AM, Magram J, Ferrante J, Orme IM. Interleukin 12 (IL-12) is crucial to the development of protective immunity in mice intravenously 
infected with mycobacterium tuberculosis. J Exp Med. 1997;186(1):39–45. https://doi.org/10.1084/jem.186.1.39 PMID: 9206995

	50.	 Shen Y, Zhou D, Qiu L, Lai X, Simon M, Shen L, et al. Adaptive immune response of Vgamma2Vdelta2+ T cells during mycobacterial infections. 
Science. 2002;295(5563):2255–8. https://doi.org/10.1126/science.1068819 PMID: 11910108

https://doi.org/10.1128/JB.186.22.7564-7570.2004
https://doi.org/10.1128/JB.186.22.7564-7570.2004
http://www.ncbi.nlm.nih.gov/pubmed/15516568
https://doi.org/10.1074/jbc.271.13.7820
http://www.ncbi.nlm.nih.gov/pubmed/8631826
https://doi.org/10.1271/bbb.100570
http://www.ncbi.nlm.nih.gov/pubmed/21228491
https://doi.org/10.1111/j.1742-4658.2010.07767.x
https://doi.org/10.1111/j.1742-4658.2010.07767.x
http://www.ncbi.nlm.nih.gov/pubmed/20670276
https://doi.org/10.1021/ja9019287
http://www.ncbi.nlm.nih.gov/pubmed/19583202
https://doi.org/10.4049/jimmunol.181.7.4798
http://www.ncbi.nlm.nih.gov/pubmed/18802083
https://doi.org/10.1128/iai.01376-07
https://doi.org/10.1128/iai.01376-07
https://doi.org/10.1128/JB.01402-09
http://www.ncbi.nlm.nih.gov/pubmed/20172995
https://doi.org/10.1126/science.aay5516
http://www.ncbi.nlm.nih.gov/pubmed/31919129
https://doi.org/10.4049/jimmunol.1401064
http://www.ncbi.nlm.nih.gov/pubmed/25637025
https://doi.org/10.1016/j.immuni.2014.03.003
http://www.ncbi.nlm.nih.gov/pubmed/24703779
https://doi.org/10.1016/j.celrep.2016.04.081
https://doi.org/10.1182/blood-2012-05-430470
http://www.ncbi.nlm.nih.gov/pubmed/22767497
https://doi.org/10.1084/jem.20021500
http://www.ncbi.nlm.nih.gov/pubmed/12538656
https://doi.org/10.1016/s0014-5793(03)00483-6
http://www.ncbi.nlm.nih.gov/pubmed/12782281
https://doi.org/10.1086/323600
http://www.ncbi.nlm.nih.gov/pubmed/11574927
https://doi.org/10.1371/journal.ppat.1003119
http://www.ncbi.nlm.nih.gov/pubmed/23326234
https://doi.org/10.1371/journal.ppat.1003501
http://www.ncbi.nlm.nih.gov/pubmed/23966854
https://doi.org/10.1073/pnas.1811380116
http://www.ncbi.nlm.nih.gov/pubmed/30850538
https://doi.org/10.1126/science.1110267
https://doi.org/10.1126/science.1110267
https://doi.org/10.3389/fimmu.2019.00913
http://www.ncbi.nlm.nih.gov/pubmed/31080452
https://doi.org/10.1084/jem.178.6.2249
http://www.ncbi.nlm.nih.gov/pubmed/7504064
https://doi.org/10.1084/jem.186.1.39
http://www.ncbi.nlm.nih.gov/pubmed/9206995
https://doi.org/10.1126/science.1068819
http://www.ncbi.nlm.nih.gov/pubmed/11910108


PLOS One | https://doi.org/10.1371/journal.pone.0343925  April 6, 2026 16 / 17

	51.	 Qaqish A, Huang D, Chen CY, Zhang Z, Wang R, Li S, et al. Adoptive transfer of phosphoantigen-specific γδ T cell subset attenuates Mycobacte-
rium tuberculosis infection in nonhuman primates. J Immunol. 2017;198(12):4753–63. https://doi.org/10.4049/jimmunol.1602019 PMID: 28526681

	52.	 Abdallah II, Xue D, Pramastya H, van Merkerk R, Setroikromo R, Quax WJ. A regulated synthetic operon facilitates stable overexpression of 
multigene terpenoid pathway in Bacillus subtilis. J Ind Microbiol Biotechnol. 2020;47(2):243–9. https://doi.org/10.1007/s10295-019-02257-4 PMID: 
31894423

	53.	 Rock JM, Hopkins FF, Chavez A, Diallo M, Chase MR, Gerrick ER, et al. Programmable transcriptional repression in mycobacteria using an orthog-
onal CRISPR interference platform. Nat Microbiol. 2017;2:16274. https://doi.org/10.1038/nmicrobiol.2016.274 PMID: 28165460

	54.	 Navarro-Muñoz JC, Selem-Mojica N, Mullowney MW, Kautsar SA, Tryon JH, Parkinson EI, et al. A computational framework to explore large-scale 
biosynthetic diversity. Nat Chem Biol. 2020;16(1):60–8. https://doi.org/10.1038/s41589-019-0400-9 PMID: 31768033

	55.	 Sayers EW, Bolton EE, Brister JR, Canese K, Chan J, Comeau DC, et al. Database resources of the national center for biotechnology information. 
Nucleic Acids Res. 2022;50(D1):D20–6. https://doi.org/10.1093/nar/gkab1112 PMID: 34850941

	56.	 Buchfink B, Reuter K, Drost H-G. Sensitive protein alignments at tree-of-life scale using DIAMOND. Nat Methods. 2021;18(4):366–8. https://doi.
org/10.1038/s41592-021-01101-x PMID: 33828273

	57.	 Schmittgen TD, Livak KJ. Analyzing real-time PCR data by the comparative C(T) method. Nat Protoc. 2008;3(6):1101–8. https://doi.org/10.1038/
nprot.2008.73 PMID: 18546601

	58.	 Planck KA, Rhee K. Metabolomics of Mycobacterium tuberculosis. In: Parish T, Kumar A, editors. Methods in Molecular Biology. Springer Proto-
cols. Springer Nature; 2021. pp. 579–593. https://doi.org/10.1007/978-1-0716-1460-0_25

	59.	 Banerjee D, Menasalvas J, Chen Y, Gin JW, Baidoo EEK, Petzold CJ, et al. Addressing genome scale design tradeoffs in Pseudomonas putida for 
bioconversion of an aromatic carbon source. NPJ Syst Biol Appl. 2025;11(1):8. https://doi.org/10.1038/s41540-024-00480-z PMID: 39809795

	60.	 Gauthier DT, Doss JH, LaGatta M, Gupta T, Karls RK, Quinn FD. Genomic Degeneration and Reduction in the Fish Pathogen Mycobacterium 
shottsii. Microbiol Spectr. 2022;10(3):e0115821. https://doi.org/10.1128/spectrum.01158-21 PMID: 35579461

	61.	 Das S, Pettersson BMF, Behra PRK, Mallick A, Cheramie M, Ramesh M, et al. Extensive genomic diversity among Mycobacterium marinum strains 
revealed by whole genome sequencing. Sci Rep. 2018;8(1):12040. https://doi.org/10.1038/s41598-018-30152-y PMID: 30104693

	62.	 Doig KD, Holt KE, Fyfe JAM, Lavender CJ, Eddyani M, Portaels F, et al. On the origin of Mycobacterium ulcerans, the causative agent of Buruli 
ulcer. BMC Genomics. 2012;13:258. https://doi.org/10.1186/1471-2164-13-258 PMID: 22712622

	63.	 Brown AC, Parish T. Dxr is essential in Mycobacterium tuberculosis and fosmidomycin resistance is due to a lack of uptake. BMC Microbiol. 
2008;8:78. https://doi.org/10.1186/1471-2180-8-78 PMID: 18489786

	64.	 Brown AC, Kokoczka R, Parish T. LytB1 and LytB2 of Mycobacterium tuberculosis are not genetically redundant. PLoS One. 2015;10(8):e0135638. 
https://doi.org/10.1371/journal.pone.0135638 PMID: 26309039

	65.	 Minato Y, Gohl DM, Thiede JM, Chacón JM, Harcombe WR, Maruyama F, et al. Genomewide Assessment of Mycobacterium tuberculosis Condi-
tionally Essential Metabolic Pathways. mSystems. 2019;4(4):e00070–19. https://doi.org/10.1128/mSystems.00070-19 PMID: 31239393

	66.	 Sassetti CM, Boyd DH, Rubin EJ. Genes required for mycobacterial growth defined by high density mutagenesis. Mol Microbiol. 2003;48(1):77–84. 
https://doi.org/10.1046/j.1365-2958.2003.03425.x PMID: 12657046

	67.	 Griffin JE, Gawronski JD, Dejesus MA, Ioerger TR, Akerley BJ, Sassetti CM. High-resolution phenotypic profiling defines genes essential for myco-
bacterial growth and cholesterol catabolism. PLoS Pathog. 2011;7(9):e1002251. https://doi.org/10.1371/journal.ppat.1002251 PMID: 21980284

	68.	 DeJesus MA, Gerrick ER, Xu W, Park SW, Long JE, Boutte CC, et al. Comprehensive Essentiality Analysis of the Mycobacterium tuberculosis 
Genome via Saturating Transposon Mutagenesis. mBio. 2017;8(1):e02133-16. https://doi.org/10.1128/mBio.02133-16 PMID: 28096490

	69.	 Boucher Y, Douady CJ, Papke RT, Walsh DA, Boudreau MER, Nesbø CL, et al. Lateral gene transfer and the origins of prokaryotic groups. Annu 
Rev Genet. 2003;37:283–328. https://doi.org/10.1146/annurev.genet.37.050503.084247 PMID: 14616063

	70.	 Kazen AR, Adams EJ. Evolution of the V, D, and J gene segments used in the primate gammadelta T-cell receptor reveals a dichotomy of conser-
vation and diversity. Proc Natl Acad Sci U S A. 2011;108(29):E332-40. https://doi.org/10.1073/pnas.1105105108 PMID: 21730193

	71.	 Perez-Gil J, Behrendorff J, Douw A, Vickers CE. The methylerythritol phosphate pathway as an oxidative stress sense and response system. Nat 
Commun. 2024;15(1):5303. https://doi.org/10.1038/s41467-024-49483-8 PMID: 38906898

	72.	 Banerjee A, Wu Y, Banerjee R, Li Y, Yan H, Sharkey TD. Feedback inhibition of deoxy-D-xylulose-5-phosphate synthase regulates the methyleryth-
ritol 4-phosphate pathway. J Biol Chem. 2013;288(23):16926–36. https://doi.org/10.1074/jbc.M113.464636 PMID: 23612965

	73.	 González-Cabanelas D, Hammerbacher A, Raguschke B, Gershenzon J, Wright LP. Quantifying the Metabolites of the Methylerythritol 
4-Phosphate (MEP) Pathway in Plants and Bacteria by Liquid Chromatography-Triple Quadrupole Mass Spectrometry. Methods Enzymol. 
2016;576:225–49. https://doi.org/10.1016/bs.mie.2016.02.025 PMID: 27480689

	74.	 Bhat SA, Iqbal IK, Kumar A. Imaging the NADH:NAD+ Homeostasis for Understanding the Metabolic Response of Mycobacterium to Physiologi-
cally Relevant Stresses. Front Cell Infect Microbiol. 2016;6:145. https://doi.org/10.3389/fcimb.2016.00145 PMID: 27878107

	75.	 Gopinathan KP, Sirsi M, Ramakrishnan T. Nicotin-amide-adenine nucleotides of Mycobacterium tuberculosis H37Rv. Biochem J. 1963;87(2):444–8. 
https://doi.org/10.1042/bj0870444 PMID: 13949147

https://doi.org/10.4049/jimmunol.1602019
http://www.ncbi.nlm.nih.gov/pubmed/28526681
https://doi.org/10.1007/s10295-019-02257-4
http://www.ncbi.nlm.nih.gov/pubmed/31894423
https://doi.org/10.1038/nmicrobiol.2016.274
http://www.ncbi.nlm.nih.gov/pubmed/28165460
https://doi.org/10.1038/s41589-019-0400-9
http://www.ncbi.nlm.nih.gov/pubmed/31768033
https://doi.org/10.1093/nar/gkab1112
http://www.ncbi.nlm.nih.gov/pubmed/34850941
https://doi.org/10.1038/s41592-021-01101-x
https://doi.org/10.1038/s41592-021-01101-x
http://www.ncbi.nlm.nih.gov/pubmed/33828273
https://doi.org/10.1038/nprot.2008.73
https://doi.org/10.1038/nprot.2008.73
http://www.ncbi.nlm.nih.gov/pubmed/18546601
https://doi.org/10.1007/978-1-0716-1460-0_25
https://doi.org/10.1038/s41540-024-00480-z
http://www.ncbi.nlm.nih.gov/pubmed/39809795
https://doi.org/10.1128/spectrum.01158-21
http://www.ncbi.nlm.nih.gov/pubmed/35579461
https://doi.org/10.1038/s41598-018-30152-y
http://www.ncbi.nlm.nih.gov/pubmed/30104693
https://doi.org/10.1186/1471-2164-13-258
http://www.ncbi.nlm.nih.gov/pubmed/22712622
https://doi.org/10.1186/1471-2180-8-78
http://www.ncbi.nlm.nih.gov/pubmed/18489786
https://doi.org/10.1371/journal.pone.0135638
http://www.ncbi.nlm.nih.gov/pubmed/26309039
https://doi.org/10.1128/mSystems.00070-19
http://www.ncbi.nlm.nih.gov/pubmed/31239393
https://doi.org/10.1046/j.1365-2958.2003.03425.x
http://www.ncbi.nlm.nih.gov/pubmed/12657046
https://doi.org/10.1371/journal.ppat.1002251
http://www.ncbi.nlm.nih.gov/pubmed/21980284
https://doi.org/10.1128/mBio.02133-16
http://www.ncbi.nlm.nih.gov/pubmed/28096490
https://doi.org/10.1146/annurev.genet.37.050503.084247
http://www.ncbi.nlm.nih.gov/pubmed/14616063
https://doi.org/10.1073/pnas.1105105108
http://www.ncbi.nlm.nih.gov/pubmed/21730193
https://doi.org/10.1038/s41467-024-49483-8
http://www.ncbi.nlm.nih.gov/pubmed/38906898
https://doi.org/10.1074/jbc.M113.464636
http://www.ncbi.nlm.nih.gov/pubmed/23612965
https://doi.org/10.1016/bs.mie.2016.02.025
http://www.ncbi.nlm.nih.gov/pubmed/27480689
https://doi.org/10.3389/fcimb.2016.00145
http://www.ncbi.nlm.nih.gov/pubmed/27878107
https://doi.org/10.1042/bj0870444
http://www.ncbi.nlm.nih.gov/pubmed/13949147


PLOS One | https://doi.org/10.1371/journal.pone.0343925  April 6, 2026 17 / 17

	76.	 Rao SPS, Alonso S, Rand L, Dick T, Pethe K. The protonmotive force is required for maintaining ATP homeostasis and viability of hypoxic, 
nonreplicating Mycobacterium tuberculosis. Proc Natl Acad Sci U S A. 2008;105(33):11945–50. https://doi.org/10.1073/pnas.0711697105 PMID: 
18697942

	77.	 Boshoff HIM, Xu X, Tahlan K, Dowd CS, Pethe K, Camacho LR, et al. Biosynthesis and recycling of nicotinamide cofactors in mycobacterium 
tuberculosis. An essential role for NAD in nonreplicating bacilli. J Biol Chem. 2008;283(28):19329–41. https://doi.org/10.1074/jbc.M800694200 
PMID: 18490451

	78.	 Sharma R, Hartman TE, Beites T, Kim J-H, Eoh H, Engelhart CA, et al. Metabolically distinct roles of NAD synthetase and NAD kinase define 
the essentiality of NAD and NADP in Mycobacterium tuberculosis. mBio. 2023;14(4):e0034023. https://doi.org/10.1128/mbio.00340-23 PMID: 
37350592

	79.	 Krishnamoorthy G, Kaiser P, Constant P, Abu Abed U, Schmid M, Frese CK, et al. Role of premycofactocin synthase in growth, microaerophilic 
adaptation, and metabolism of Mycobacterium tuberculosis. mBio. 2021;12(4):e0166521. https://doi.org/10.1128/mBio.01665-21 PMID: 34311585

	80.	 Chen Y, Ying Y, Lalsiamthara J, Zhao Y, Imani S, Li X, et al. From bacteria to biomedicine: developing therapies exploiting NAD+ metabolism. 
Bioorg Chem. 2024;142:106974. https://doi.org/10.1016/j.bioorg.2023.106974 PMID: 37984103

	81.	 Nguyen S, Chevalier MF, Benmerzoug S, Cesson V, Schneider AK, Rodrigues-Dias S-C, et al. Vδ2 T cells are associated with favorable clinical 
outcomes in patients with bladder cancer and their tumor reactivity can be boosted by BCG and zoledronate treatments. J Immunother Cancer. 
2022;10(8):e004880. https://doi.org/10.1136/jitc-2022-004880 PMID: 36002184

	82.	 Patel H, Nemeria NS, Brammer LA, Freel Meyers CL, Jordan F. Observation of thiamin-bound intermediates and microscopic rate con-
stants for their interconversion on 1-deoxy-D-xylulose 5-phosphate synthase: 600-fold rate acceleration of pyruvate decarboxylation by 
D-glyceraldehyde-3-phosphate. J Am Chem Soc. 2012;134(44):18374–9. https://doi.org/10.1021/ja307315u PMID: 23072514

https://doi.org/10.1073/pnas.0711697105
http://www.ncbi.nlm.nih.gov/pubmed/18697942
https://doi.org/10.1074/jbc.M800694200
http://www.ncbi.nlm.nih.gov/pubmed/18490451
https://doi.org/10.1128/mbio.00340-23
http://www.ncbi.nlm.nih.gov/pubmed/37350592
https://doi.org/10.1128/mBio.01665-21
http://www.ncbi.nlm.nih.gov/pubmed/34311585
https://doi.org/10.1016/j.bioorg.2023.106974
http://www.ncbi.nlm.nih.gov/pubmed/37984103
https://doi.org/10.1136/jitc-2022-004880
http://www.ncbi.nlm.nih.gov/pubmed/36002184
https://doi.org/10.1021/ja307315u
http://www.ncbi.nlm.nih.gov/pubmed/23072514



