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Abstract

The metabolic signaling pathways that drive pathologic tissue inflammation and damage in
humans with pulmonary tuberculosis (TB) are not well understood. Using combined meth-
ods in plasma high-resolution metabolomics, lipidomics and cytokine profiling from a multi-
cohort study of humans with pulmonary TB disease, we discovered that IL-13-mediated
inflammatory signaling was closely associated with TCA cycle remodeling, characterized by
accumulation of the proinflammatory metabolite succinate and decreased concentrations of
the anti-inflammatory metabolite itaconate. This inflammatory metabolic response was par-
ticularly active in persons with multidrug-resistant (MDR)-TB that received at least 2 months
of ineffective treatment and was only reversed after 1 year of appropriate anti-TB chemo-
therapy. Both succinate and IL-1f were significantly associated with proinflammatory lipid
signaling, including increases in the products of phospholipase A2, increased arachidonic
acid formation, and metabolism of arachidonic acid to proinflammatory eicosanoids.
Together, these results indicate that decreased itaconate and accumulation of succinate
and other TCA cycle intermediates is associated with IL-13-mediated proinflammatory
eicosanoid signaling in pulmonary TB disease. These findings support host metabolic
remodeling as a key driver of pathologic inflammation in human TB disease.
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Author summary

Pulmonary tuberculosis (TB) often results in pathologic lung inflammation that causes tis-
sue damage and does not control bacterial replication. This impairs the host response to
antibiotic treatment and can result in long term deficits in lung function. Currently, the
role of host metabolism in regulating the inflammatory response in TB disease is not well
understood. Here, we use detailed immunometabolic phenotyping to show that metabolic
remodeling of the tricarboxylic acid (TCA) cycle is closely associated with pathologic
inflammatory signaling in humans with TB disease. Accumulation of TCA cycle interme-
diates in plasma, including the proinflammatory metabolite succinate, as well as decreased
concentrations of the anti-inflammatory metabolite itaconate, were associated with
increases in IL-1P and upregulation of proinflammatory lipid signaling cascades. This
inflammatory network was upregulated following delays in appropriate anti-TB treatment
and was associated with prolonged time to sputum culture clearance of Mycobacterium
tuberculosis. Our study provides new insights into the metabolic reprograming that leads
to pathologic inflammation in humans with pulmonary TB.

Introduction

Prior to the COVID-19 pandemic, tuberculosis (TB) was the leading global cause of infectious
disease mortality, accounting for ~1.4 million deaths each year [1]. In persons successfully
treated for pulmonary TB, rates of post-TB obstructive lung disease are high [2,3] and may be
even higher in persons treated for multidrug resistant (MDR)-TB [4]. Such long-term changes
in pulmonary function are likely the result of pathologic lung inflammation and tissue damage
prior to and shortly after initiation of anti-TB chemotherapy [5]. Elucidating host response
pathways that promote pathologic tissue inflammation in persons with pulmonary TB will be
critical to detect those at greatest risk for adverse pulmonary outcomes and identify targets for
host-directed therapeutics.

The cytokine IL-1 plays a complex role following infection with Mycobacterium tuberculosis
(Mtb) that appears to evolve as one progresses to TB disease. In mice infected with Mtb, IL-1
initially augments production of prostaglandin E2 (PGE2) and limits production of type I
interferons, thereby enhancing control of bacterial replication [6]. However, in later stages of
TB disease, IL-1 signaling leads to upregulation of proinflammatory eicosanoids and an influx
of neutrophils, which promote further bacterial replication and tissue destruction [7]. Simi-
larly, IL-1 signaling in macaques with TB disease is highly correlated with pulmonary inflam-
mation, and IL-1 receptor blockade attenuates tissue damage [8]. This suggests that as TB
disease progresses, IL-1 signaling becomes pathologic and leads to tissue inflammation that is
permissive to bacterial growth. The primary drivers of IL-1 signaling in humans with pulmo-
nary TB and whether such signaling yields a primarily proinflammatory or anti-inflammatory
phenotype has yet to be established.

Recent studies in macrophage biology show tricarboxylic acid (TCA) cycle remodeling may
play an important role in regulating IL-1 [9-11]. Inflammatory macrophage activation leads to
accumulation of TCA cycle intermediates such as succinate, which, in turn, results in upregu-
lation of the proinflammatory IL-1B-HIF-1o axis [9-11]. The metabolite itaconate counteracts
this inflammatory metabolic remodeling by inhibiting succinate dehydrogenase and stabilizing
the anti-inflammatory transcription factor Nrf2 [9,12]. However, the contribution of this host
metabolic response pathway to inflammation in human pulmonary TB has not been previously
described.
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To better characterize the contribution of host metabolism to pathologic inflammatory cas-
cades in humans with pulmonary TB, we performed detailed immunometabolic profiling
using combined approaches in targeted and untargeted high-resolution metabolomics (HRM),
lipidomics and cytokine profiling in a multicohort study of persons with drug susceptible (DS)
and MDR pulmonary TB. Our aim was to gain a more comprehensive understanding of the
metabolic drivers of inflammation in human TB disease. Here we show TCA cycle remodeling,
characterized by accumulation of TCA cycle intermediates and decreased itaconate, is closely
associated with molecular response networks of pathologic inflammation in human TB
disease.

Results
Metabolic Pathway Regulation in MDR-TB

We hypothesized that persons experiencing delays in the receipt of effective anti-TB chemo-
therapy would experience continued progression of pulmonary TB disease and propagation of
proinflammatory signaling cascades. We therefore sought to determine which metabolic path-
ways were most regulated in a population with MDR-TB (n = 85) that was initially treated
with at least 2 months of ineffective, first-line anti-TB drug therapy prior to the diagnosis of
MDR-TB (Table 1; described in Methods) [13]. Persons with MDR-TB were enrolled from
2011-2013 and prior to widespread implementation of rapid molecular diagnostic testing
(Xpert MTB/RIF). The diagnosis of MDR-TB was made after a positive sputum culture for
Mtb demonstrated MDR-TB using phenotypic drug susceptibility testing (DST). We com-
pared the plasma metabolome in the MDR-TB cohort to a population of persons with drug
susceptible (DS)-TB (n = 89) enrolled within 1 week of pulmonary TB diagnosis as well as a
group of control participants, which included asymptomatic individuals with LTBI (n = 20)

Table 1. Clinical and demographic characteristics of study participants.

Participant Characteristics MDR-TB HIV positive | MDR-TB HIV negative DS-TB LTBI Controls without Mtb infection

(n=64) (n=21) (n=89) (n=20) (n=37)

Female sex, n (%) 42 (66) 11 (52) 31(35) 9 (45) 31 (84)

Age, years (median [IQR]) 35 (29-41) 28 (20-438) 31 (24-43) 39 (28-44) 51 (41-56)

CD4, cells/mm’ 229 (138-400) N/A N/A N/A N/A

(median [IQR])

HIV Viral Load, copies/mL 122 (<40-14,850) N/A N/A N/A N/A

(median [IQR])

Receiving anti-retroviral therapy at 50 (78) N/A N/A N/A N/A

enrollment n (%)

TB disease history, n (%) N/A N/A

No TB history 21 (33) 9 (43) 89 (100)

Yes, completed treatment 31 (48) 6 (29)

Yes, failed treatment 12 (19) 6 (29)

+AFB smear at first study visit, n (%)* 28 (56) 8 (50) 67 (75) N/A N/A

+Sputum culture at diagnosis, n (%) 64 (100) 21 (100) 89 (100) N/A N/A

+Sputum culture at first study visit, n (%)** 56 (79) 16 (80) 76 (85) N/A N/A

Time to sputum culture conversion, days 81 (51-90) 57 (53-80) 28 (22-47) N/A N/A

(median [IQR]) §

Multidrug resistant (MDR); Drug susceptible (DS)
*AFB sputum smear results were not available for 19 MDR-TB participants (22.4%)
** AFB sputum culture results were not available for 14 MDR-TB participants (16.5%)

§Data on sputum culture conversion was missing for 7 MDR-TB participants (12.5%) with a positive sputum culture at baseline

https://doi.org/10.1371/journal.ppat.1009941.t001
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Fig 1. Metabolic pathway regulation in MDR-TB. (A) Unbiased pathway analysis using plasma HRM with C18 negative chromatography to compare the
metabolome of persons with multidrug resistant (MDR)-TB (n = 85) to (A) asymptomatic controls without TB disease (n = 57) and (B) persons with drug susceptible
(DS)-TB (n = 89) shows TCA cycle metabolism and multiple overlapping pathways in fatty acid synthesis, activation and metabolism were the most significantly
regulated pathways in MDR-TB. The y-axis shows significantly regulated metabolic pathways and the x-axis shows the -log p-value for pathway enrichment adjusted
for age, sex and HIV status. (C) Correlation analysis of primary metabolite adducts (M-H) mapping to significant pathways reveals a network of highly correlated
metabolites involved in the TCA cycle, fatty acid metabolism and methionine and cysteine metabolism that were significantly increased in persons with MDR-TB.

https://doi.org/10.1371/journal.ppat.1009941.9001

enrolled from a clinic serving refugees recently arrived in the U.S. and a population of U.S.-
born individuals without evidence of TB disease or Mtb infection (n = 37) [14].

With plasma HRM, we detected 9,787 m/z features using C18 liquid chromatography in nega-
tive ionization mode, of which 5,146 were present in >90% of samples and selected for down-
stream analysis. We first sought to determine which metabolic pathways were significantly
regulated in persons with MDR-TB versus controls and persons with DS-TB. After adjustment
for age, sex and HIV status, unbiased pathway analysis [15] revealed the TCA cycle and multiple
overlapping pathways in fatty acid metabolism, including de novo fatty acid biosynthesis, fatty
acid activation, and fatty acid oxidation, were the most significantly regulated metabolic pathways
in persons with MDR-TB versus persons without TB disease (Fig 1A) as well as persons with
DS-TB (Fig 1B). We then performed a correlation analysis of metabolites with primary adducts
(M-H) mapping to significant metabolic pathways. This analysis yielded a cluster of highly corre-
lated metabolites that were upregulated in the MDR-TB cohort including arachidonic acid,

4/21
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homolinoleic acid and TCA cycle intermediates alpha-ketoglutarate, succinate, fumarate and
malate (p<0.001 for all; Fig 1C). There was a smaller cluster of correlated metabolites mapping to
the xenobiotics and tyrosine metabolic pathways that were down-regulated in MDR-TB.

Accumulation of succinate and downstream TCA cycle intermediates has been described as
a potent driver of inflammation in multiple disease states [9,10,16]. We therefore hypothesized
that TCA cycle remodeling in MDR-TB represented a proinflammatory signaling cascade. To
better characterize observed changes in this metabolic pathway, TCA cycle intermediates were
confirmed and quantified by accurate mass, MS/MS and retention time relative to authentic
standards [17]. TCA cycle remodeling in persons with MDR-TB both with and without HIV
coinfection was characterized by significant increases in plasma concentrations of succinate,
fumarate, and malate versus persons with DS-TB, LTBI and controls without evidence of
infection with Mtb (p<0.001 for all; Fig 2). Persons with MDR-TB also exhibited significant
increases in plasma concentrations of alpha-ketoglutarate and glutamate (p<0.001 for all)
whereas concentrations of citrate were significantly decreased in persons with MDR-TB and
concentrations of cis-aconitate were similar between groups. These findings suggest the pri-
mary source of succinate in those with MDR-TB was not flux through the TCA cycle, but
rather glutamine-dependent anaplerosis to alpha-ketoglutarate as has been described in in
vitro and mouse models [10].

The metabolite itaconate is derived from TCA cycle intermediate cis-aconitate and has
been shown to attenuate inflammatory metabolic signals through inhibition of succinate dehy-
drogenase [9], induction of Nrf2 [12], and inhibition of inflammasome activation [18]. Thus,
we posited that accumulation of TCA cycle intermediates in MDR-TB may be accompanied
by decreases in itaconate. Indeed, we found itaconate was significantly decreased in HIV-posi-
tive and HIV-negative persons with MDR-TB compared to persons with DS-TB, LTBI and
uninfected controls (p<0.001 for all). Plasma concentrations of itaconate were significantly
and negatively correlated with plasma concentrations of succinate, fumarate, and malate
(p<0.001 for all; SIA-S1C Fig) consistent with a counterregulatory role. These findings sug-
gest persons with progressive and untreated pulmonary TB experience proinflammatory meta-
bolic remodeling characterized by accumulation of succinate via glutamine-dependent
anaplerosis and decreased itaconate.

TCA cycle remodeling is associated with a proinflammatory plasma
cytokine response

Accumulation of TCA cycle intermediates such as succinate drive inflammation by increasing
production of IL-1pB [9,10,16]. We therefore hypothesized that the primary role of TCA cycle
remodeling seen in participants with MDR-TB was induction of IL-1f. To answer this ques-
tion, we measured plasma cytokine concentrations in a subset of persons with MDR-TB

(n = 37), persons with DS-TB (n = 29) and persons without Mtb infection (n = 20) (S1 Table).
We found concentrations of IL-1f were highly correlated with plasma concentrations of TCA
cycle intermediates and negatively correlated with itaconate (p<0.001 for all; Fig 3A). Using
hierarchical clustering analysis (HCA) of correlations between plasma cytokines and TCA
cycle intermediates, we found IL-8 and IL-4 were also highly correlated with TCA cycle inter-
mediates and formed a cluster with IL-1p. Plasma concentrations of IL-1B were significantly
elevated in HIV-positive persons with MDR-TB, HIV-negative persons with MDR-TB and
persons with DS-TB versus controls without Mtb infection (p<0.001, p = 0.003 and p = 0.03
respectively; Fig 3B). The elevation was significantly greater in persons with MDR-TB with
and without HIV-coinfection versus persons with DS-TB (p<0.001 and p = 0.03 respectively).
Conversely, plasma concentrations of granulocyte-macrophage colony stimulating factor
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https://doi.org/10.1371/journal.ppat.1009941.9002
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https://doi.org/10.1371/journal.ppat.1009941.9003

(GM-CSF) were significantly decreased in all groups with TB disease versus controls with sig-
nificantly greater decreases seen in persons with MDR-TB with or without HIV co-infection
versus persons with DS-TB (p<0.001 and p = 0.002 respectively; Fig 3C). The plasma ratio of
succinate to itaconate was highly correlated with the plasma concentrations of IL-1§ and nega-
tively correlated with concentrations of GM-CSF (p<0.001 for both; Fig 3D and 3E). For those
participants with available culture conversion data, the plasma succinate/itaconate ratio at
study enrollment was significantly and positively correlated with subsequent time to sputum
culture conversion (p<0.001; Fig 3F). Time to sputum culture conversion was also positively
correlated with plasma concentrations of IL-1p and negatively correlated with GM-CSF
(p<0.001 and p = 0.02 respectively; S2A and S2B Fig). Additionally, persons with DS-TB and a
persistently positive AFB sputum smear at study enrollment (within 1 week of treatment start)
had a significantly higher plasma succinate/itaconate ratio versus those who had already con-
verted to a negative AFB sputum smear (p = 0.04; S2C Fig). These findings indicate that TCA
cycle remodeling in pulmonary TB is associated with increased inflammation through upregu-
lation of IL-1B and down-regulation of GM-CSF, leading to greater disease severity.

TCA cycle remodeling and secretion of IL-1§ are associated with
proinflammatory lipid signaling

In early Mtb infection, IL-1p shifts the balance of eicosanoid production toward PGE2 and
away from proinflammatory eicosanoids, thereby limiting Mtb replication [6]. However, in
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https://doi.org/10.1371/journal.ppat.1009941.9004

later stages of TB disease, IL-1f signaling is associated with eicosanoid-mediated inflammation
and tissue damage [7,8,19]. Given plasma concentrations of IL-1B and TCA cycle intermedi-
ates were highly correlated with concentrations of arachidonic acid, we posited that TCA cycle
remodeling and IL-1f were acting primarily to drive proinflammatory lipid signaling cascades
in pulmonary TB disease in humans. To examine this question, we first sought to determine
whether persons with MDR-TB exhibited increased phospholipase A2 activity, the first step in
formation of arachidonic acid. We performed untargeted lipidomics on plasma samples from
a subset of the study population including persons with MDR-TB and HIV co-infection

(n =29), MDR-TB alone (n = 21), DS-TB (n = 30) and LTBI (n = 20) (S2 Table). Of plasma lip-
ids with confirmed chemical identities, persons with MDR-TB demonstrated significant upre-
gulation of multiple species of lyso-phospholipids and significant decreases in phospholipids
with two acyl chains compared to persons with LTBI (Fig 4A) and persons with DS-TB (Fig
4B), consistent with significant increases in phospholipase A2 activity.

Following formation from phospholipase A2, arachidonic acid is further metabolized
through one of three metabolic pathways to regulate inflammation: cyclooxygenases (COX) to
form prostaglandins, lipoxygenases (LOX) to form proinflammatory eicosanoids and CYP450
enzymes to form the less biologically active dihydroxyeicosatrienoic acids (DHETSs) [20]. Prior
studies have shown that proinflammatory eicosanoids formed through the LOX pathway are
significantly upregulated in persons with pulmonary TB disease and associated with more
severe clinical disease [6,7,21] and cavity formation [22]. We therefore hypothesized that accu-
mulation of TCA cycle intermediates, IL-1B and arachidonic acid in MDR-TB patients were
part of an inflammatory cascade resulting in increased production of proinflammatory eicosa-
noids. To further characterize downstream changes in arachidonic acid metabolism in persons
with MDR-TB versus those with DS-TB and asymptomatic controls, we performed a targeted
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https://doi.org/10.1371/journal.ppat.1009941.g005

oxylipin assay to identify and quantify relevant eicosanoids in plasma samples [23]. All persons
with pulmonary TB demonstrated significant increases in 11,12-DHET and 14,15-DHET ver-
sus controls with and without LTBI (p<0.05 for all; Fig 5A and 5B), consistent with increases
in arachidonic metabolism. However, while concentrations of the less biologically active
DHET molecules did not differ between TB disease groups, persons with MDR-TB with and
without HIV coinfection demonstrated significant increases in the proinflammatory eicosa-
noids 5-HETE and 12-HETE compared to persons with DS-TB, LTBI and controls without
Mtb infection (p<0.001 for all; Fig 5C and 5D). Similarly, leukotriene B4 was significantly
increased in persons with MDR-TB with and without HIV coinfection versus other groups
(p<0.001 for all) while concentrations of PGF2a were undetectable (S3 Fig). This indicates ara-
chidonic acid metabolism in persons with MDR-TB was both increased and more likely to
produce proinflammatory eicosanoids metabolized via LOX pathways compared to persons
with DS-TB. Plasma concentrations of 5-HETE and 12-HETE, but not 11,12-DHETE or
14,15-DHETE, were highly correlated with plasma concentrations of succinate, fumarate and
malate as well as IL-1p, IL-8 and IL-4 while they were negatively correlated with concentra-
tions of itaconate and GM-CSF (p<0.001 for all; Fig 5E). These findings suggest TCA cycle

remodeling, increased IL-1f and decreased GM-CSF are closely associated with proinflamma-
tory lipid signaling in pulmonary TB.
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Proinflammatory metabolic remodeling is reversed with TB treatment

Because patients with MDR-TB were enrolled from a different country from those with DS-TB
and controls with and without LTBI, we examined the possibility that observed differences in
this population could be due to factors unrelated to TB disease. We reasoned that if TCA cycle
remodeling were due to TB disease, then these changes would be reversed with appropriate
anti-TB chemotherapy. We therefore examined the change in plasma concentrations of metab-
olites and cytokines in a subset of MDR-TB patients where plasma samples were available over
the first year of treatment (n = 17). While there was minimal change in plasma concentrations
of succinate, fumarate and malate at 2-4 months, there was a significant decline after 1 year of
appropriate treatment for MDR-TB (p<0.05 for all; Fig 6A-6C). Plasma concentrations of
these metabolites after 12-15 months of MDR-TB treatment were not significantly different
than those of controls without Mtb infection. There was an increase in plasma itaconate con-
centrations after 2-4 months of treatment and 12-15 months of treatment that did not meet
statistical significance (p = 0.06 and 0.12 respectively) and remained significantly lower than
uninfected controls (p = 0.01; Fig 6D). Plasma concentrations of arachidonic acid also signifi-
cantly declined relative to baseline after 1 year of MDR-TB treatment (p = 0.03) and were not
significantly different from controls (Fig 6E). In the DS-TB group, plasma concentrations of
these metabolites were unchanged after 2 months of treatment (54 Fig). While IL-18, IL-4 and
IL-8 significantly declined after 1 year of MDR-TB treatment (p<0.05 for all), they remained
significantly higher versus controls without Mtb infection, suggesting increases in systemic
inflammation remained even after 1 year of treatment (p<0.05 for all; Fig 6F-6H). Similar to
itaconate, GM-CSF did not significantly increase over the course of MDR-TB treatment and
remained significantly lower than controls without Mtb infection (p<0.001; Fig 6I). Such
ongoing immune activation could be due, in part, to concomitant administration of antiretro-
viral therapy in those with HIV co-infection [24], though trends of all metabolites and cyto-
kines over time did not differ by HIV infection status in the MDR-TB group (S5 Fig).
Together, these findings indicate that proinflammatory metabolic remodeling is reversed with
appropriate TB treatment, but that the timeline of this reversal may be prolonged. Further,
they suggest mechanisms other than itaconate and GM-CSF signaling are required to dampen
inflammation.

Discussion

In this multicohort study, we used unbiased plasma metabolic pathway analyses combined
with targeted and untargeted lipidomics and cytokine profiling to discover that TCA cycle
remodeling is strongly associated with IL-1f secretion and proinflammatory eicosanoid signal-
ing in persons with pulmonary TB disease. We found this inflammatory cascade, characterized
by increased plasma concentrations of TCA cycle intermediates succinate, fumarate and
malate and decreased concentrations of itaconate, was particularly upregulated in persons
with MDR-TB after at least 2 months of ineffective anti-TB chemotherapy and was reversed
only after 1 year of efficacious treatment. Collectively, these results indicate that TCA cycle
remodeling is an important driver of proinflammatory cytokine and eicosanoid signaling in
pulmonary TB disease. Furthermore, our findings suggest that prolonged delays in effective
treatment allow this proinflammatory cascade to perpetuate, potentially contributing to poor
treatment outcomes in MDR-TB. These findings also indicate that further examination of
host-directed therapies that reverse such immunometabolic remodeling is warranted [6-9,12].
Accumulation of succinate is known to drive inflammation in macrophages through stabili-
zation of the transcription factor HIF-1a. to increase transcription of [11b [10,16]. This meta-
bolic signal is the result of a shift in cellular energy metabolism toward glycolysis and away
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from oxidative phosphorylation, thereby causing succinate and other TCA cycle intermediates
to accumulate, a process termed aerobic glycolysis or the “Warburg Effect” [25]. Prior studies
have shown Mtb is able to induce aerobic glycolysis in pulmonary macrophages and that this
change is necessary for production of IL-1f [26,27]. The strong association between elevated
succinate and IL-1B-mediated inflammatory signaling in our study suggests that TCA cycle
remodeling plays a critical role in regulating the inflammatory response in humans with pul-
monary TB. Further, our results indicate the primary source of TCA cycle intermediates in TB
disease is glutamine-dependent anaplerosis, consistent with inflammatory metabolic remodel-
ing driven by aerobic glycolysis [10].

However, while prior in vitro and mouse models have shown induction of IL-1p results in
control of Mtb replication [6,26], we found TCA cycle remodeling and induction of IL-1p pro-
duced a distinctly proinflammatory phenotype in humans that was associated with increased
bacterial burden and prolonged time to sputum culture conversion. Our findings are sup-
ported by independent human studies, which have consistently show elevated plasma concen-
trations of IL-1p in persons with pulmonary TB are correlated with markers of inflammation
[28] and associated with greater extent of disease and cavitation on chest radiograph [19,29]. A
possible explanation for these apparently discordant findings is that immunometabolic remod-
eling of macrophages evolves following infection with Mtb [30]. Initially, IL-1B provides a
counterbalance to type I IFN signaling by promoting metabolism of arachidonic acid to pros-
taglandins [6]. Early IL-1 receptor blockade leads to greater abundance of proinflammatory
eicosanoids and increased bacterial burden [6,31]. In later stages of TB disease in mice, IL-1
becomes a driver of proinflammatory eicosanoid signaling leading to an influx of neutrophilic
inflammation that is permissive to bacterial growth [7]. In macaques with TB disease, plasma
concentrations of IL-1P are highly correlated with levels of pulmonary inflammation and IL-1
receptor blockade limits tissue damage [8]. Thus, accumulating TCA cycle intermediates and
decreased itaconate during later stages of TB disease may be another example of Mtb exploit-
ing a host metabolic adaption aimed at controlling Mtb replication during the initial stages of
infection [32,33]. While aerobic glycolysis and increased IL-1 initially promotes control of
bacterial replication [26], our findings suggest that as TB disease progresses in humans, TCA
cycle remodeling increases arachidonic acid metabolism and conversion to proinflammatory
eicosanoids, potentially worsening tissue damage and increasing disease severity. In future
studies, it will be important to determine whether such metabolic remodeling is a function of
uncontrolled bacterial replication or whether the host response itself creates an environment
that promotes bacterial survival.

The observation that dysregulated IL-1P signaling occurs disproportionately in persons
with MDR-TB has been reported previously [28], and inhaled IFN-a, which suppresses IL-1§
production in pulmonary TB disease [34] has been studied as a potential treatment for refrac-
tory MDR-TB [35]. We hypothesize that the immunometabolic remodeling in the MDR-TB
group in the present study was caused primarily by propagation of inflammatory signaling cas-
cades resulting from prior, inadequate MDR-TB treatment. However, the possibility that dif-
ferences in Mtb strains themselves can induce differential immunometabolic phenotypes in
humans warrants further investigation. The ability of Mtb to induce IFN-f production using
the ESX-1 system, which permeabilizes the mitochondrial membrane in infected macrophages
[36] and inhibits aerobic glycolysis [37], differs by strain type [38]. Further, mutations in the
Mtb rpoB gene that confer rifampin resistance have been associated with differential metabolic
responses and secretion of IFN-f and IL-1f in macrophages [39]. Thus, it remains possible
that the different host responses observed in the MDR-TB group are related to differences in
infecting Mtb strains themselves.
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Our findings also demonstrate the importance of understanding the role of itaconate and
GM-CSF in regulating the inflammatory response in human TB disease. Itaconate has been
shown to limit inflammation in a variety of ways, including inhibition of succinate dehydroge-
nase [9], activation of the antioxidant transcription factor NRF2 [12] and inhibition of NRLP3
inflammasome activation [18]. Irgl-/- mice, which lack the enzyme that converts cis-aconitate
to itaconate, experience pathologic pulmonary inflammation following infection with Mtb
driven by an influx of neutrophils that results in rapid mortality [40]. Similarly, mice with
impaired GM-CSF production fail to control Mtb replication [41] and GM-CSF neutralization
during sub-optimal TB treatment exacerbates lung inflammation [42]. The strong negative
correlation between plasma concentrations of itaconate and GM-CSF and the inflammatory
eicosanoids 5-HETE and 12-HETE, which are known to stimulate neutrophilic inflammation
in pulmonary TB [7], support these signaling molecules as important immune regulators in
human TB disease. However, it is important to note that plasma concentrations both itaconate
and GM-CSF did not significantly increase with MDR-TB treatment, suggesting alternative
mechanisms are able to reverse proinflammatory metabolic signaling cascades. Further inves-
tigation into the role of these molecules in limiting tissue damage in TB disease has potential
to reveal new targets for host-directed therapies.

This study is subject to several limitations. Though we demonstrate a strong association
between increased plasma concentrations of TCA cycle intermediates, increased concentra-
tions of IL-1f and proinflammatory eicosanoids, and decreased concentrations of GM-CSF
and itaconate, the observational nature of the study precludes us from definitively establishing
a causal relationship. While persons with MDR-TB were enrolled from three study sites, all
were from the same country, so it remains possible that metabolic differences in this group are
driven by host or environmental differences, such as polymorphisms in key metabolic enzymes
[43] or co-infections with other endemic pathogens, rather than MDR-TB status. Finally, all
measurements of metabolites, cytokines and lipids were taken from plasma samples rather
than the pulmonary compartment, which was the primary site of TB disease in these cohorts.
In future studies it will be important to combine systemic measurement immunometabolic
signaling cascades with measures of the host microbiome [44], as well as cell subset and intra-
cellular molecular cascade characterization data to better understand the immune cell pheno-
types and signaling pathways associated with pathologic metabolic remodeling in TB disease.

In summary, we demonstrate that TCA cycle remodeling is closely associated with IL-18-
mediated proinflammatory eicosanoid signaling in humans with pulmonary TB. This remod-
eling is characterized by significant increases in plasma succinate concentrations and signifi-
cant decreases in concentrations of itaconate. These findings provide evidence that pathologic
inflammatory signaling in pulmonary TB is driven by host metabolic remodeling. Further elu-
cidating the role of these immunometabolic networks in driving human TB disease progres-
sion will be critical to better understand differential host outcomes and identify new targets for
host-directed therapies.

Methods
Ethics statement

All studies were approved by the Institutional Review Board (IRB) of Emory University
(Atlanta, GA, USA), and by the individual IRBs associated with the original cohort studies: the
Ethics Committee of the National Center for Tuberculosis and Lung Diseases of Georgia (Tbi-
lisi, Georgia), the University of KwaZulu-Natal IRB (Durban, South Africa), and the Georgia
Department of Public Health IRB (Atlanta, GA, USA), respectively, depending on the site of
participant enrollment. All subjects provided written informed consent.
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Sample collection

For all cohorts, blood was collected in ethylenediaminetetraacetic acid (EDTA)-containing
tubes and centrifuged; isolated plasma was immediately frozen and stored at -80°C. Samples
collected outside of the U.S. were subsequently shipped on dry ice to Emory University,
Atlanta, GA, USA. All samples remained frozen during transit and were kept at -80°C prior to
metabolomics, lipidomics and cytokine analysis.

Multidrug resistant-TB cohort

Persons with pulmonary TB from KwaZulu-Natal province, South Africa were enrolled as
part of a prospective, observational cohort study of MDR-TB and HIV co-infection from
2011-2013 [13]. All persons in the South African cohort had MDR-TB as demonstrated by
a positive sputum culture for Mtb and phenotypic DST indicating resistance to at least
both isoniazid and rifampin. Baseline plasma samples were collected within 7 days of
starting conventional treatment for MDR-TB. Persons with HIV-co-infection were con-
tinued on conventional anti-retroviral therapy (ART) and those not previously on ART
were started on treatment. All patients were referred to a dedicated MDR-TB treatment
center and treated with a standardized drug regimen that included kanamycin (15 mg/kg,
maximum 1 g daily), moxifloxacin (400 mg daily), ethionamide (15-20 mg/kg, maximum
750 mg daily), terizidone (15-20 mg/ kg, maximum 750 mg daily), ethambutol (15-20
mg/kg, maximum 1200 mg daily), and pyrazinamide (20-30 mg/kg, maximum 1600 mg
daily). All persons who completed the study were treated for a period of two years and
serial plasma samples were analyzed at enrollment and 2-4 months and 12-15 months
after treatment initiation.

Drug susceptible-TB cohort

Persons with DS-pulmonary TB were selected from a randomized, double blind controlled
trial of adjunctive high-dose cholecalciferol (vitamin D3) for TB treatment conducted in the
country of Georgia (clinicaltrials.gov identifier NCT00918086) [14]. All persons included in
this metabolomics sub-study were HIV-negative. Inclusion criteria for patients included

age > 18 years and newly diagnosed active TB disease, based on a positive AFB sputum smear
and confirmed by positive sputum culture for Mtb. Baseline plasma samples for HRM were
obtained from eligible subjects within 7 days of initiating therapy with conventional dosing of
first-line anti-TB drugs (isoniazid, rifampicin, pyrazinamide and ethambutol) [14]. Phenotypic
DST was performed on Mtb isolates recovered from all persons with pulmonary TB using the
absolute concentration method [45].

Controls without active TB disease

Plasma from persons with and without LTBI was analyzed for cross-sectional comparison with
pulmonary TB cases. Persons with LTBI were enrolled from the DeKalb County Board of
Health in DeKalb County, GA, USA. All persons with LTBI had positive test results from at
least two FDA-approved tests for LTBI (QFT, TSPOT.TB [TSPOT] and/or tuberculin skin test
[TST]). All tests were interpreted according to the guidelines from the Centers for Disease
Control and Prevention [46,47]. Controls without LTBI were U.S.-born adults at low risk for
Mtb exposure and infection, who had at least one negative TST documented in medical rec-
ords [48].
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Plasma metabolomics analysis

De-identified samples were randomized by a computer-generated list into blocks of 40 samples
prior to transfer to the analytical laboratory where personnel were blinded to clinical and
demographic data. Thawed plasma (65 pL) was treated with 130 pl acetonitrile (2:1, v/v) con-
taining an internal isotopic standard mixture (3.5 uL/sample), as previously described [49].
The internal standard mix for quality control consisted of 14 stable isotopic chemicals covering
a broad range of small molecules [49]. Samples were mixed and placed on ice for 30 min prior
to centrifugation to remove protein. The resulting supernatant was transferred to low-volume
autosampler vials maintained at 4°C and analyzed in triplicate using an Orbitrap Fusion Mass
Spectrometer (Thermo Scientific, San Jose, CA, USA) with c18 liquid chromatography (Hig-
gins Analytical, Targa, Mountain View, CA, USA, 2.1 x 10 cm) with a formic acid/acetonitrile
gradient. The high-resolution mass spectrometer was operated in negative electrospray ioniza-
tion mode over a scan range of 85 to 1275 mass/charge (m/z) and stored as. Raw files [50].
Data were extracted and aligned using apLCMS [51] and xMSanalyzer [52] with each feature
defined by specific m/z value, retention time and integrated ion intensity [50]. Three technical
replicates were performed for each plasma sample and intensity values were median summa-
rized [53].

Metabolite identification and reference standardization

Identities of metabolites of interest were confirmed using ion dissociation methods (tandem
MS/MS). Fragmentation spectra were generated using a Q Exactive HF Hybrid Quadrupole-
Orbitrap Mass Spectrometer (Thermo Fisher Scientific, Waltham, MA) with parallel reaction
monitoring mode using a targeted inclusion list. TCA cycle metabolites and arachidonic acid
were confirmed and quantified by accurate mass, MS/MS and retention time relative to
authentic standards [17].

Untargeted lipidomics

Lipids were extracted from each plasma sample using a high throughput methyl t butyl ether
(MtBE) extraction procedure with an automated and robust liquid handling instrument (Bio-
tage Extrahera, Uppsala, Sweden) as previously described [54]. Extracted samples were dried
under nitrogen and reconstituted in 200 pul 1:1 chloroform:methanol prior to injection into the
LC/MS system and lipids were resolved using a Thermo Acclaim C18 reverse phase column
on a Thermo Vanquish UPLC coupled to a Thermo Fusion IDX mass spectrometer (Thermo,
Waltham, MA) [55]. Data were acquired at full scan mode at a resolution of 240,000 FWHM
for all the samples and iterative data dependent acquisition (DDA) mode was collected on
pooled samples at a resolution of 35,000 step-wise collision energy for identification of lipids.
Data was processed using LipidSearch (Thermo Fisher, San Jose, CA). Lipids that contained a
signal to noise ratio of greater than 10 and had a high confidence level (MS/MS) identifications
with CVs less than 30% across pooled QCs were considered for downstream analysis.

Targeted measurement of eicosanoids

For targeted analysis of oxylipins, these lipids were enriched from bulk membrane lipids by
performing solid phase extraction using the Biotage Extrahera liquid handling system as previ-
ously described [23,56,57]. The resulting extracts were analyzed using a multiple reaction
monitoring (MRM)-based LC/MS protocol on a QTrap 5500 (Sciex, Waltham, MA) synced to
Exion LC AD system (SCIEX, Waltham, MA), whereby detected oxylipins and

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009941 September 24, 2021 15/21


https://doi.org/10.1371/journal.ppat.1009941

PLOS PATHOGENS

TCA cycle remodeling in humans with pulmonary tuberculosis

endocannabinoids were fragmented and quantified against external standard curves. Missing
values were imputed using half of the minimum detected value for each lipid.

Plasma cytokine detection

The U-PLEX assay (Meso Scale MULTI-ARRAY Technology) commercially available by Meso
Scale Discovery (MSD) was used for plasma cytokine detection. This technology allows the
evaluation of multiplexed biomarkers by using custom made U-PLEX sandwich antibodies
with a SULFO-TAG conjugated antibody and next generation of electrochemiluminescence
(ECL) detection. The assay was performed according to the manufacturer’s instructions
(https://www.mesoscale.com/en/technical_resources/technical_literature/techncal_notes_
search). In summary, 25uL of plasma from each participant was combined with the biotiny-
lated antibody plus the assigned linker and the SULFO-TAG conjugated detection antibody;
in parallel a multi-analyte calibrator standard was prepared by doing 4-fold serial dilutions.
Both samples and calibrators were mixed with the Read buffer and loaded in a 10-spot
U-PLEX plate, which was read by the MESO QuickPlex SQ 120. The plasma cytokines values
(pg/mL) were extrapolated from the standard curve of each specific analyte.

Statistics

Statistical comparisons of metabolite and lipid intensity values (abundance) and concentra-
tions were performed in R version 3.6.1. For untargeted metabolomics and lipidomics analy-
ses, metabolite intensity values were log, transformed and compared between groups using
linear regression, controlling for age, sex, and HIV status [58]. Metabolic pathway enrichment
analysis was performed using mummichog, a Python-based informatics tool that leverages the
organization of metabolic networks to predict functional changes in metabolic pathway activ-
ity [15,32,59]. Following quantification of selected metabolites and lipids, cross-sectional com-
parison of plasma concentrations between groups was made using the Wilcoxon Rank Sum
test. Changes relative to baseline during treatment of TB disease were tested using a Wilcoxon
Signed-Rank test. For correlation analyses, plasma metabolite, lipid and cytokine concentra-
tions were normalized using log transformation. A p-value less than or equal to 0.05 was con-
sidered statistically significant. For untargeted correlation analyses, a false discovery rate
(FDR) of q<0.05 was used [60].

Supporting information

S1 Fig. Correlation of plasma itaconate concentrations with TCA cycle intermediates.
Plasma concentrations of itaconate were significantly and negatively correlated with TCA
cycle intermediates (A) succinate, (B) fumarate and (C) malate.

(TIF)

$2 Fig. Immunometabolic remodeling and disease severity. (A) Time to culture conversion
was significantly and positively correlated with plasma concentrations of IL-1p at study enroll-
ment and (B) negatively correlated with concentrations of GM-CSF. (C) In persons with drug
susceptible (DS)-TB, the plasma ratio of succinate to itaconate was significantly increased in
those with a persistently positive sputum smear for acid-fast bacilli (AFB) at enrollment versus
those who converted to a negative AFB sputum smear.

(TIF)

S3 Fig. Prostaglandin F2a and Leukotriene B4 in TB disease. (A) Plasma concentrations of
PGF2a were below the limit of detection in all TB disease groups as well as most uninfected U.
S. controls while all persons with LTBI had detectable plasma concentrations. (B) LTB4 was
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only detected in plasma in persons with MDR-TB.
(TIF)

S4 Fig. Plasma concentrations of TCA cycle metabolites after 2 months of treatment for
drug-susceptible TB. Plasma concentrations of (A) succinate, (B) Malate, (C) fumarate, (D)
itaconate and (E) arachidonic acid were not significantly different after 2 months of treatment
versus baseline in persons with drug-susceptible TB from Georgia (n = 89).

(TIF)

S5 Fig. Reversal of immunomedabolic remodeling with MDR-TB treatment does not differ
by HIV status. Decreases in proinflammatory metabolites and cytokines with MDR-TB treat-
ment was similar in persons with MDR-TB with (orange; n = 12) and without (green; n = 5)
HIV co-infection. In both groups, plasma concentrations of itaconate and GM-CSF were
unchanged over time.

(TIF)

S$1 Table. Clinical and demographic characteristics of study participants included in the
cytokine substudy.
(DOCX)

S2 Table. Clinical and demographic characteristics of study participants included in the
lipidomics substudy.
(DOCX)

S1 Data. Untargeted plasma metabolomics feature table.
(TXT)

$2 Data. Table of plasma concentrations of targeted metabolites.
(TXT)

$3 Data. Table of plasma cytokine concentrations.
(TXT)

$4 Data. Untargeted plasma lipidomics feature table.
(TXT)

§5 Data. Table of plasma oxylipin concentrations.
(TXT)

$6 Data. Clinical and demographic characteristics of study participants.
(TXT)

Acknowledgments

We thank all the study teams and study sites from the multiple cohorts leveraged by this meta-
bolomics study, including the Georgia National Center for Tuberculosis and Lung Disease, the
University of KwaZulu-Natal and the DeKalb County Board of Health, Georgia, USA.

Author Contributions

Conceptualization: Jeffrey M. Collins, Dean P. Jones, Ashish Sharma, James C. M. Brust,
Rafick-Pierre Sékaly, Neel R. Gandhi, Henry M. Blumberg, Eric A. Ortlund, Thomas R.
Ziegler.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009941 September 24, 2021 17/21


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009941.s004
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009941.s005
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009941.s006
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009941.s007
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009941.s008
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009941.s009
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009941.s010
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009941.s011
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009941.s012
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009941.s013
https://doi.org/10.1371/journal.ppat.1009941

PLOS PATHOGENS

TCA cycle remodeling in humans with pulmonary tuberculosis

Data curation: Jeffrey M. Collins, Dean P. Jones, Ashish Sharma, Manoj Khadka, Ken H. Liu,
Kristal Maner-Smith.

Formal analysis: Jeffrey M. Collins, Ashish Sharma, Manoj Khadka, Kristal Maner-Smith.

Funding acquisition: Jeffrey M. Collins, Dean P. Jones, Russell R. Kempker, Nestani Tuk-
vadze, N. Sarita Shah, James C. M. Brust, Neel R. Gandhi, Henry M. Blumberg, Eric A.
Ortlund, Thomas R. Ziegler.

Investigation: Jeffrey M. Collins, Dean P. Jones, Ashish Sharma, Manoj Khadka, Ken H. Liu,
Brendan Prideaux, Kristal Maner-Smith, Neel R. Gandhi, Henry M. Blumberg, Thomas R.
Ziegler.

Methodology: Jeffrey M. Collins, Dean P. Jones, Ashish Sharma, Manoj Khadka, Ken H. Liu,
Kristal Maner-Smith, Eric A. Ortlund, Thomas R. Ziegler.

Project administration: Jeffrey M. Collins, Russell R. Kempker, Nestani Tukvadze, N. Sarita
Shah, James C. M. Brust, Henry M. Blumberg, Eric A. Ortlund, Thomas R. Ziegler.

Resources: Jeffrey M. Collins, Rafick-Pierre Sékaly, Thomas R. Ziegler.
Software: Manoj Khadka, Ken H. Liu.

Supervision: Dean P. Jones, Russell R. Kempker, James C. M. Brust, Rafick-Pierre Sékaly, Neel
R. Gandhi, Henry M. Blumberg, Eric A. Ortlund, Thomas R. Ziegler.

Validation: Jeffrey M. Collins, Ashish Sharma, Manoj Khadka, Kristal Maner-Smith, Eric A.
Ortlund.

Visualization: Jeffrey M. Collins, Ashish Sharma, Ken H. Liu, Brendan Prideaux, Rafick-
Pierre Sékaly, Thomas R. Ziegler.

Writing - original draft: Jeffrey M. Collins.

Writing - review & editing: Jeffrey M. Collins, Dean P. Jones, Ashish Sharma, Manoj Khadka,
Ken H. Liu, Russell R. Kempker, Brendan Prideaux, Kristal Maner-Smith, Nestani Tuk-
vadze, N. Sarita Shah, James C. M. Brust, Rafick-Pierre Sékaly, Neel R. Gandhi, Henry M.
Blumberg, Eric A. Ortlund, Thomas R. Ziegler.

References
1. WHO. Global Tuberculosis Report 2019. World Health Organization; 2020.

2. Vashakidze SA, Kempker JA, Jakobia NA, Gogishvili SG, Nikolaishvili KA, Goginashvili LM, et al. Pul-
monary function and respiratory health after successful treatment of drug-resistant tuberculosis. Int J
Infect Dis. 2019; 82:66—72. https://doi.org/10.1016/}.ijid.2019.02.039 PMID: 30844519

3. MeghjiJ, Lesosky M, Joekes E, Banda P, Rylance J, Gordon S, et al. Patient outcomes associated with
post-tuberculosis lung damage in Malawi: a prospective cohort study. Thorax. 2020; 75 (3):269-78.
https://doi.org/10.1136/thoraxjnl-2019-213808 PMID: 32102951

4. Byrne AL, Marais BJ, Mitnick CD, et al. Chronic airflow obstruction after successful treatment of multi-
drug-resistant tuberculosis. ERJ Open Res. 2017; 3(3). https://doi.org/10.1183/23120541.00026-2017
PMID: 28717643

5. Auld SC, Maenetje P, Ravimohan S, Weissman D, Ncube |, Miotshwa M, et al. Declines in Lung Func-
tion After Antiretroviral Therapy Initiation in Adults With Human Immunodeficiency Virus and Tuberculo-
sis: A Potential Manifestation of Respiratory Immune Reconstitution Inflammatory Syndrome. Clin
Infect Dis. 2020; 70 (8):1750-3. https://doi.org/10.1093/cid/ciz733 PMID: 31552412

6. Mayer-Barber KD, Andrade BB, Oland SD, Amaral EP, Barber DL, Gonzales J, et al. Host-directed ther-
apy of tuberculosis based on interleukin-1 and type | interferon crosstalk. Nature. 2014; 511 (7507):99—
103. https://doi.org/10.1038/nature 13489 PMID: 24990750

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009941 September 24, 2021 18/21


https://doi.org/10.1016/j.ijid.2019.02.039
http://www.ncbi.nlm.nih.gov/pubmed/30844519
https://doi.org/10.1136/thoraxjnl-2019-213808
http://www.ncbi.nlm.nih.gov/pubmed/32102951
https://doi.org/10.1183/23120541.00026-2017
http://www.ncbi.nlm.nih.gov/pubmed/28717643
https://doi.org/10.1093/cid/ciz733
http://www.ncbi.nlm.nih.gov/pubmed/31552412
https://doi.org/10.1038/nature13489
http://www.ncbi.nlm.nih.gov/pubmed/24990750
https://doi.org/10.1371/journal.ppat.1009941

PLOS PATHOGENS

TCA cycle remodeling in humans with pulmonary tuberculosis

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

Mishra BB, Lovewell RR, Olive AJ, Zhang G, Wang W, Eugenin E, et al. Nitric oxide prevents a patho-
gen-permissive granulocytic inflammation during tuberculosis. Nat Microbiol. 2017; 2:17072. https://doi.
org/10.1038/nmicrobiol.2017.72 PMID: 28504669

Winchell CG, Mishra BB, Phuah JY, Saqgib M, Nelson SJ, Maiello P, et al. Evaluation of IL-1 Blockade
as an Adjunct to Linezolid Therapy for Tuberculosis in Mice and Macaques. Front Immunol. 2020;
11:891. https://doi.org/10.3389/fimmu.2020.00891 PMID: 32477361

Lampropoulou V, Sergushichev A, Bambouskova M, Nair S, Vincent EE, Loginicheva E, et al. ltaconate
Links Inhibition of Succinate Dehydrogenase with Macrophage Metabolic Remodeling and Regulation
of Inflammation. Cell Metab. 2016; 24 (1):158—66. https://doi.org/10.1016/j.cmet.2016.06.004 PMID:
27374498

Tannahill GM, Curtis AM, Adamik J, Palsson-McDermott EM, McGettrick AF, Goel G, et al. Succinate is
an inflammatory signal that induces IL-1( through HIF-1a. Nature. 2013; 496 (7444):238—42. https://
doi.org/10.1038/nature11986 PMID: 23535595

Mills EL, Kelly B, Logan A, Costa ASH, Varma M, Bryant CE, et al. Succinate Dehydrogenase Supports
Metabolic Repurposing of Mitochondria to Drive Inflammatory Macrophages. Cell. 2016; 167 (2):457—
70. https://doi.org/10.1016/j.cell.2016.08.064 PMID: 27667687

Mills EL, Ryan DG, Prag HA, Dikovskaya D, Menon D, Zaslona Z, et al. ltaconate is an anti-inflamma-
tory metabolite that activates Nrf2 via alkylation of KEAP1. Nature. 2018; 556 (7699):113-7. hitps://doi.
org/10.1038/nature25986 PMID: 29590092

Brust JCM, Shah NS, Mlisana K, Moodley P, Allana S, Campbell A, et al. Improved Survival and Cure
Rates With Concurrent Treatment for Multidrug-Resistant Tuberculosis-Human Immunodeficiency
Virus Coinfection in South Africa. Clin Infect Dis. 2018; 66 (8):1246-53. https://doi.org/10.1093/cid/
cix1125 PMID: 29293906

Tukvadze N, Sanikidze E, Kipiani M, Hebbar G, Easley KA, Shenvi N, et al. High-dose vitamin D3 in
adults with pulmonary tuberculosis: a double-blind randomized controlled trial. Am J Clin Nutr. 2015;
102 (5):1059-69. https://doi.org/10.3945/ajcn.115.113886 PMID: 26399865

Li S, Park Y, Duraisingham S, Strobel FH, Khan N, Soltow QA, et al. Predicting network activity from
high throughput metabolomics. PLoS Comput Biol. 2013; 9 (7):e1003123. https://doi.org/10.1371/
journal.pcbi.1003123 PMID: 23861661

Chouchani ET, Pell VR, Gaude E, Aksentijevi¢ D, Sundier SY, Robb EL, et al. Ischaemic accumulation
of succinate controls reperfusion injury through mitochondrial ROS. Nature. 2014; 515 (7527):431-5.
https://doi.org/10.1038/nature13909 PMID: 25383517

Liu KH, Nellis M, Uppal K, Ma C, Tran V, Liang Y, et al. Reference Standardization for Quantification
and Harmonization of Large-Scale Metabolomics. Anal Chem. 2020; 92 (13):8836—44. https://doi.org/
10.1021/acs.analchem.0c00338 PMID: 32490663

Hooftman A, Angiari S, Hester S, Corcoran SE, Runtsch MC, Ling C, et al., The Immunomodulatory
Metabolite Itaconate Modifies NLRP3 and Inhibits Inflammasome Activation. Cell Metab, 2020; 32
(3):468—-478.€e7. https://doi.org/10.1016/j.cmet.2020.07.016 PMID: 32791101

Sigal GB, Segal MR, Mathew A, Jarlsberg L, Wang M, Barbero S, et al. Biomarkers of Tuberculosis
Severity and Treatment Effect: A Directed Screen of 70 Host Markers in a Randomized Clinical Trial.
EBioMedicine. 2017; 25:112-21. https://doi.org/10.1016/j.ebiom.2017.10.018 PMID: 29100778

Ogata H, Goto S, Sato K, Fujibuchi W, Bono H, Kanehisa M. KEGG: Kyoto Encyclopedia of Genes and
Genomes. Nucleic Acids Res. 1999; 27 (1):29-34. https://doi.org/10.1093/nar/27.1.29 PMID: 9847135

Lau SK, Lee KC, Curreem SO, Chow WN, To KK, Hung IF, et al. Metabolomic Profiling of Plasma from
Patients with Tuberculosis by Use of Untargeted Mass Spectrometry Reveals Novel Biomarkers for
Diagnosis. J Clin Microbiol. 2015; 53 (12):3750-9. https://doi.org/10.1128/JCM.01568-15 PMID:
26378277

Marakalala MJ, Raju RM, Sharma K, Zhang YJ, Eugenin EA, Prideaux B, et al. Inflammatory signaling
in human tuberculosis granulomas is spatially organized. Nat Med. 2016; 22 (5):531-8. https://doi.org/
10.1038/nm.4073 PMID: 27043495

Maner-Smith KM, Goll JB, Khadka M, Jensen TL, Colucci JK, Gelber CE, et al. Alterations in the
Human Plasma Lipidome in Response to Tularemia Vaccination. Vaccines. 2020; 8(3). https://doi.org/
10.3390/vaccines8030414 PMID: 32722213

Nganou-Makamdop K, Talla A, Sharma AA, Darko S, Ransier A, Laboune F, et al. Translocated micro-
biome composition determines immunological outcome in treated HIV infection. Cell. 2021; 184
(15):3899-914. https://doi.org/10.1016/j.cell.2021.05.023 PMID: 34237254

Cumming BM, Pacl HT, Steyn AJC. Relevance of the Warburg Effect in Tuberculosis for Host-Directed
Therapy. Front Cell Infect Microbiol. 2020; 10:576596. https://doi.org/10.3389/fcimb.2020.576596
PMID: 33072629

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009941 September 24, 2021 19/21


https://doi.org/10.1038/nmicrobiol.2017.72
https://doi.org/10.1038/nmicrobiol.2017.72
http://www.ncbi.nlm.nih.gov/pubmed/28504669
https://doi.org/10.3389/fimmu.2020.00891
http://www.ncbi.nlm.nih.gov/pubmed/32477361
https://doi.org/10.1016/j.cmet.2016.06.004
http://www.ncbi.nlm.nih.gov/pubmed/27374498
https://doi.org/10.1038/nature11986
https://doi.org/10.1038/nature11986
http://www.ncbi.nlm.nih.gov/pubmed/23535595
https://doi.org/10.1016/j.cell.2016.08.064
http://www.ncbi.nlm.nih.gov/pubmed/27667687
https://doi.org/10.1038/nature25986
https://doi.org/10.1038/nature25986
http://www.ncbi.nlm.nih.gov/pubmed/29590092
https://doi.org/10.1093/cid/cix1125
https://doi.org/10.1093/cid/cix1125
http://www.ncbi.nlm.nih.gov/pubmed/29293906
https://doi.org/10.3945/ajcn.115.113886
http://www.ncbi.nlm.nih.gov/pubmed/26399865
https://doi.org/10.1371/journal.pcbi.1003123
https://doi.org/10.1371/journal.pcbi.1003123
http://www.ncbi.nlm.nih.gov/pubmed/23861661
https://doi.org/10.1038/nature13909
http://www.ncbi.nlm.nih.gov/pubmed/25383517
https://doi.org/10.1021/acs.analchem.0c00338
https://doi.org/10.1021/acs.analchem.0c00338
http://www.ncbi.nlm.nih.gov/pubmed/32490663
https://doi.org/10.1016/j.cmet.2020.07.016
http://www.ncbi.nlm.nih.gov/pubmed/32791101
https://doi.org/10.1016/j.ebiom.2017.10.018
http://www.ncbi.nlm.nih.gov/pubmed/29100778
https://doi.org/10.1093/nar/27.1.29
http://www.ncbi.nlm.nih.gov/pubmed/9847135
https://doi.org/10.1128/JCM.01568-15
http://www.ncbi.nlm.nih.gov/pubmed/26378277
https://doi.org/10.1038/nm.4073
https://doi.org/10.1038/nm.4073
http://www.ncbi.nlm.nih.gov/pubmed/27043495
https://doi.org/10.3390/vaccines8030414
https://doi.org/10.3390/vaccines8030414
http://www.ncbi.nlm.nih.gov/pubmed/32722213
https://doi.org/10.1016/j.cell.2021.05.023
http://www.ncbi.nlm.nih.gov/pubmed/34237254
https://doi.org/10.3389/fcimb.2020.576596
http://www.ncbi.nlm.nih.gov/pubmed/33072629
https://doi.org/10.1371/journal.ppat.1009941

PLOS PATHOGENS

TCA cycle remodeling in humans with pulmonary tuberculosis

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

Gleeson LE, Sheedy FJ, Palsson-McDermott EM, Triglia D, O’Leary SM, O’Sullivan MP, et al. Cutting
Edge: Mycobacterium tuberculosis Induces Aerobic Glycolysis in Human Alveolar Macrophages That Is
Required for Control of Intracellular Bacillary Replication. J Immunol. 2016; 196 (6):2444-9. https://doi.
org/10.4049/jimmunol. 1501612 PMID: 26873991

ShiL, Salamon H, Eugenin EA, Pine R, Cooper A, Gennaro ML. Infection with Mycobacterium tubercu-
losis induces the Warburg effect in mouse lungs. Sci Rep. 2015; 5:18176. https://doi.org/10.1038/
srep18176 PMID: 26658723

Wang Y, Hu C, Wang Z, Kong H, Xie W, Wang H. Serum IL-1 and IL-18 correlate with ESR and CRP
in multidrug-resistant tuberculosis patients. J Biomed Res. 2015; 29 (5):426-8. https://doi.org/10.7555/
JBR.29.20150077 PMID: 26445573

Kumar NP, Moideen K, Banurekha VV, Nair D, Babu S. Plasma Proinflammatory Cytokines Are Mark-
ers of Disease Severity and Bacterial Burden in Pulmonary Tuberculosis. Open Forum Infect Dis. 2019;
6(7):0fz257. https://doi.org/10.1093/ofid/ofz257 PMID: 31281858

Huang L, Nazarova EV, Tan S, Yancheng L, Russell DG. Growth of Mycobacterium tuberculosis in vivo
segregates with host macrophage metabolism and ontogeny. J Exp Med. 2018; 215 (4):1135-52.
https://doi.org/10.1084/jem.20172020 PMID: 29500179

Ji DX, Yamashiro LH, Chen KJ, Mukaida N, Kramnik |, Darwin KH, et al. Type | interferon-driven sus-
ceptibility to Mycobacterium tuberculosis is mediated by IL-1Ra. Nat Microbiol. 2019; 4 (12):2128-35.
https://doi.org/10.1038/s41564-019-0578-3 PMID: 31611644

Collins JM, Siddiga A, Jones DP, Liu K, Kempker RR, Nizam A, et al. Tryptophan catabolism reflects
disease activity in human tuberculosis. JCI Insight. 2020; 5(10). https://doi.org/10.1172/jci.insight.
137131 PMID: 32369456

Zhang YJ, Reddy MC, loerger TR, Rothchild AC, Dartois V, Schuster BM, et al. Tryptophan biosynthe-
sis protects mycobacteria from CD4 T-cell-mediated killing. Cell. 2013; 155 (6):1296—-308. https://doi.
org/10.1016/j.cell.2013.10.045 PMID: 24315099

Palmero D, Eiguchi K, Rendo P, Castro Zorrilla L, Abbate E, Gonzalez Montaner LJ. Phase |l trial of
recombinant interferon-alpha2b in patients with advanced intractable multidrug-resistant pulmonary
tuberculosis: long-term follow-up. Int J Tuberc Lung Dis. 1999; 3 (3):214-8. PMID: 10094322

Giosué S, Casarini M, Alemanno L, Galluccio G, Mattia P, Pedicelli G, et al. Effects of aerosolized inter-
feron-alpha in patients with pulmonary tuberculosis. Am J Respir Crit Care Med. 1998; 158 (4):1156—
62. https://doi.org/10.1164/ajrccm.158.4.9803065 PMID: 9769275

Lienard J, Nobs E, Lovins V, Movert E, Valfridsson C, Carlsson F. The Mycobacterium marinum ESX-1
system mediates phagosomal permeabilization and type | interferon production via separable mecha-
nisms. Proc Natl Acad Sci U S A. 2020; 117 (2):1160-6. https://doi.org/10.1073/pnas.1911646117
PMID: 31879349

Olson GS, Murray TA, Jahn AN, Mai D, Diercks AH, Gold ES, et al. Type | interferon decreases macro-
phage energy metabolism during mycobacterial infection. Cell Rep. 2021; 35 (9):109195. https://doi.
org/10.1016/j.celrep.2021.109195 PMID: 34077724

Wiens KE, Ernst JD. The Mechanism for Type | Interferon Induction by Mycobacterium tuberculosis is
Bacterial Strain-Dependent. PLoS Pathog. 2016; 12 (8):e1005809. https://doi.org/10.1371/journal.ppat.
1005809 PMID: 27500737

Howard NC, Marin ND, Ahmed M, Rosa BA, Martin J, Bambouskova M, et al. Mycobacterium tuberculo-
sis carrying a rifampicin drug resistance mutation reprograms macrophage metabolism through cell wall
lipid changes. Nat Microbiol. 2018; 3 (10):1099-108. https://doi.org/10.1038/s41564-018-0245-0 PMID:
30224802

Nair S, Huynh JP, Lampropoulou V, Loginicheva E, Esaulova E, Gounder AP, et al. Irg1 expression in
myeloid cells prevents immunopathology during M. tuberculosis infection. J Exp Med. 2018; 215
(4):1035—45. https://doi.org/10.1084/jem.20180118 PMID: 29511063

Rothchild AC, Stowell B, Goyal G, Nunes-Alves C, Yang Q, Papavinasasundaram K, et al. Role of
Granulocyte-Macrophage Colony-Stimulating Factor Production by T Cells during Mycobacterium
tuberculosis Infection. mBio. 2017; 8(5).

Benmerzoug S, Marinho FV, Rose S, Mackowiak C, Gosset D, Sedda D, et al., GM-CSF targeted
immunomodulation affects host response to M. tuberculosis infection. Sci Rep. 2018; 8(1):8652. https://
doi.org/10.1038/s41598-018-26984-3 PMID: 29872095

Chen F, Lukat P, Igbal AA, Saile K, Kaever V, van den Heuvel J, et al. Crystal structure of cis-aconitate
decarboxylase reveals the impact of naturally occurring human mutations on itaconate synthesis. Proc
Natl Acad Sci U S A. 2019; 116 (41):20644-54. https://doi.org/10.1073/pnas.1908770116 PMID:
31548418

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009941 September 24, 2021 20/21


https://doi.org/10.4049/jimmunol.1501612
https://doi.org/10.4049/jimmunol.1501612
http://www.ncbi.nlm.nih.gov/pubmed/26873991
https://doi.org/10.1038/srep18176
https://doi.org/10.1038/srep18176
http://www.ncbi.nlm.nih.gov/pubmed/26658723
https://doi.org/10.7555/JBR.29.20150077
https://doi.org/10.7555/JBR.29.20150077
http://www.ncbi.nlm.nih.gov/pubmed/26445573
https://doi.org/10.1093/ofid/ofz257
http://www.ncbi.nlm.nih.gov/pubmed/31281858
https://doi.org/10.1084/jem.20172020
http://www.ncbi.nlm.nih.gov/pubmed/29500179
https://doi.org/10.1038/s41564-019-0578-3
http://www.ncbi.nlm.nih.gov/pubmed/31611644
https://doi.org/10.1172/jci.insight.137131
https://doi.org/10.1172/jci.insight.137131
http://www.ncbi.nlm.nih.gov/pubmed/32369456
https://doi.org/10.1016/j.cell.2013.10.045
https://doi.org/10.1016/j.cell.2013.10.045
http://www.ncbi.nlm.nih.gov/pubmed/24315099
http://www.ncbi.nlm.nih.gov/pubmed/10094322
https://doi.org/10.1164/ajrccm.158.4.9803065
http://www.ncbi.nlm.nih.gov/pubmed/9769275
https://doi.org/10.1073/pnas.1911646117
http://www.ncbi.nlm.nih.gov/pubmed/31879349
https://doi.org/10.1016/j.celrep.2021.109195
https://doi.org/10.1016/j.celrep.2021.109195
http://www.ncbi.nlm.nih.gov/pubmed/34077724
https://doi.org/10.1371/journal.ppat.1005809
https://doi.org/10.1371/journal.ppat.1005809
http://www.ncbi.nlm.nih.gov/pubmed/27500737
https://doi.org/10.1038/s41564-018-0245-0
http://www.ncbi.nlm.nih.gov/pubmed/30224802
https://doi.org/10.1084/jem.20180118
http://www.ncbi.nlm.nih.gov/pubmed/29511063
https://doi.org/10.1038/s41598-018-26984-3
https://doi.org/10.1038/s41598-018-26984-3
http://www.ncbi.nlm.nih.gov/pubmed/29872095
https://doi.org/10.1073/pnas.1908770116
http://www.ncbi.nlm.nih.gov/pubmed/31548418
https://doi.org/10.1371/journal.ppat.1009941

PLOS PATHOGENS

TCA cycle remodeling in humans with pulmonary tuberculosis

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Fernandez-Veledo S, Vendrell J. Gut microbiota-derived succinate: Friend or foe in human metabolic
diseases? Rev Endocr Metab Disord. 2019; 20 (4):439—47. https://doi.org/10.1007/s11154-019-09513-
z PMID: 31654259

Lomtadze N, Aspindzelashvili R, Janjgava M, Mirtskhulava V, Wright A, Blumberg HM, et al. Prevalence
and risk factors for multidrug-resistant tuberculosis in the Republic of Georgia: a population-based
study. Int J Tuberc Lung Dis. 2009; 13 (1):68-73. PMID: 19105881

American Thoracic Society/Centers for Disease Control and Prevention/Infectious Diseases Society of
America: controlling tuberculosis in the United States. Am J Resp Crit Care Med. 2005; 172:1169-227.
https://doi.org/10.1164/rccm.2508001 PMID: 16249321

Mazurek GH, Jereb J, Vernon A, LoBue P, Goldberg S, Castro K. Updated guidelines for using Inter-
feron Gamma Release Assays to detect Mycobacterium tuberculosis infection—United States, 2010.
MMWR Recomm Rep. 2010; 59(Rr-5):1-25. PMID: 20577159

Mheid IA, Kelli HM, Ko YA, Hammadah M, Ahmed H, Hayek S, et al. Effects of a Health-Partner Inter-
vention on Cardiovascular Risk. J Am Heart Assoc. 2016; 5 (10):e004217. https://doi.org/10.1161/
JAHA.116.004217 PMID: 27729334

Soltow QA, Strobel FH, Mansfield KG, Wachtman L, Park Y, Jones DP. High-performance metabolic
profiling with dual chromatography-Fourier-transform mass spectrometry (DC-FTMS) for study of the
exposome. Metabolomics. 2013; 9 (1 Suppl):S132-43. https://doi.org/10.1007/s11306-011-0332-1
PMID: 26229523

Go YM, Walker DI, Liang Y, Uppal K, Soltow QA, Tran V, et al. Reference Standardization for Mass
Spectrometry and High-Resolution Metabolomics Applications to Exposome Research. Toxicol Sci.
2015; 148 (2):531-42. https://doi.org/10.1093/toxsci/kfv198 PMID: 26358001

Yu T, Park Y, Johnson JM, Jones DP. apLCMS—adaptive processing of high-resolution LC/MS data.
Bioinformatics. 2009; 25 (15):1930-6. https://doi.org/10.1093/bicinformatics/btp291 PMID: 19414529

Uppal K, Soltow QA, Strobel FH, et al. xMSanalyzer: automated pipeline for improved feature detection
and downstream analysis of large-scale, non-targeted metabolomics data. BMC Bioinformatics. 2013;
14:15. https://doi.org/10.1186/1471-2105-14-15 PMID: 23323971

Collins JM, Kempker RR, Ziegler TR, Blumberg HM, Jones DP. Metabolomics and Mycobacterial Dis-
ease: Don’t Forget the Bioinformatics. Ann Amer Thorac Soc. 2016; 13 (1):141-2. https://doi.org/10.
1513/AnnalsATS.201510-676LE PMID: 26730872

Collins JM, Walker DI, Jones DP, Tukvadze N, Liu KH, Tran VT, et al. High-resolution plasma metabolo-
mics analysis to detect Mycobacterium tuberculosis-associated metabolites that distinguish active pul-
monary tuberculosis in humans. PLoS One. 2018; 13 (10):e0205398. https://doi.org/10.1371/journal.
pone.0205398 PMID: 30308073

Khadka M, Todor A, Maner-Smith KM, Colucci JK, Tran V, Gaul DA, et al. The Effect of Anticoagulants,
Temperature, and Time on the Human Plasma Metabolome and Lipidome from Healthy Donors as
Determined by Liquid Chromatography-Mass Spectrometry. Biomolecules. 2019; 9(5).

Strassburg K, Huijbrechts AM, Kortekaas KA, Lindeman JH, Pedersen TL, Dane A, et al. Quantitative
profiling of oxylipins through comprehensive LC-MS/MS analysis: application in cardiac surgery. Anal
Bioanal Chem. 2012; 404 (5):1413-26. https://doi.org/10.1007/s00216-012-6226-x PMID: 22814969

Gouveia-Figueira S, Spath J, Zivkovic AM, Nording ML. Profiling the Oxylipin and Endocannabinoid
Metabolome by UPLC-ESI-MS/MS in Human Plasma to Monitor Postprandial Inflammation. PLoS One.
2015; 10 (7):e0132042. https://doi.org/10.1371/journal.pone.0132042 PMID: 26186333

Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, et al. limma powers differential expression analy-
ses for RNA-sequencing and microarray studies. Nucleic Acids Res. 2015; 43(7):e47. https://doi.org/
10.1093/nar/gkv007 PMID: 25605792

Li S, Sullivan NL, Rouphael N, Yu T, Banton S, Maddur MS, et al. Metabolic Phenotypes of Response
to Vaccination in Humans. Cell. 2017; 169 (5):862—-77. https://doi.org/10.1016/j.cell.2017.04.026 PMID:
28502771

Hochberg Y, Benjamini Y. More powerful procedures for multiple significance testing. Stat Med. 1990; 9
(7):811-8. https://doi.org/10.1002/sim.4780090710 PMID: 2218183

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009941 September 24, 2021 21/21


https://doi.org/10.1007/s11154-019-09513-z
https://doi.org/10.1007/s11154-019-09513-z
http://www.ncbi.nlm.nih.gov/pubmed/31654259
http://www.ncbi.nlm.nih.gov/pubmed/19105881
https://doi.org/10.1164/rccm.2508001
http://www.ncbi.nlm.nih.gov/pubmed/16249321
http://www.ncbi.nlm.nih.gov/pubmed/20577159
https://doi.org/10.1161/JAHA.116.004217
https://doi.org/10.1161/JAHA.116.004217
http://www.ncbi.nlm.nih.gov/pubmed/27729334
https://doi.org/10.1007/s11306-011-0332-1
http://www.ncbi.nlm.nih.gov/pubmed/26229523
https://doi.org/10.1093/toxsci/kfv198
http://www.ncbi.nlm.nih.gov/pubmed/26358001
https://doi.org/10.1093/bioinformatics/btp291
http://www.ncbi.nlm.nih.gov/pubmed/19414529
https://doi.org/10.1186/1471-2105-14-15
http://www.ncbi.nlm.nih.gov/pubmed/23323971
https://doi.org/10.1513/AnnalsATS.201510-676LE
https://doi.org/10.1513/AnnalsATS.201510-676LE
http://www.ncbi.nlm.nih.gov/pubmed/26730872
https://doi.org/10.1371/journal.pone.0205398
https://doi.org/10.1371/journal.pone.0205398
http://www.ncbi.nlm.nih.gov/pubmed/30308073
https://doi.org/10.1007/s00216-012-6226-x
http://www.ncbi.nlm.nih.gov/pubmed/22814969
https://doi.org/10.1371/journal.pone.0132042
http://www.ncbi.nlm.nih.gov/pubmed/26186333
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1093/nar/gkv007
http://www.ncbi.nlm.nih.gov/pubmed/25605792
https://doi.org/10.1016/j.cell.2017.04.026
http://www.ncbi.nlm.nih.gov/pubmed/28502771
https://doi.org/10.1002/sim.4780090710
http://www.ncbi.nlm.nih.gov/pubmed/2218183
https://doi.org/10.1371/journal.ppat.1009941

