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Host redox dependent physiological responses play crucial roles in the determination
of mycobacterial infection process. Mtb explores oxygen rich lung microenvironments
to initiate infection process, however, later on the bacilli adapt to oxygen depleted
conditions and become non-replicative and unresponsive toward anti-TB drugs to
enter in the latency stage. Mib is equipped with various sensory mechanisms and a
battery of pro- and anti-oxidant enzymes to protect themselves from the host oxidative
stress mechanisms. After host cell invasion, mycobacteria induces the expression
of NADPH oxidase 2 (NOX2) to generate superoxide radicals (O,), which are then
converted to more toxic hydrogen peroxide (HoOo) by superoxide dismutase (SOD)
and subsequently reduced to water by catalase. However, the metabolic cascades and
their key regulators associated with cellular redox homeostasis are poorly understood.
Phagocytosed mycobacteria en route through different subcellular organelles, where
the local environment generated during infection determines the outcome of disease.
For a long time, mitochondria were considered as the key player in the redox
regulation, however, accumulating evidences report vital role for peroxisomes in the
maintenance of cellular redox equilibrium in eukaryotic cells. Deletion of peroxisome-
associated peroxin genes impaired detoxification of reactive oxygen species and
peroxisome turnover post-infection, thereby leading to altered synthesis of transcription
factors, various cell-signaling cascades in favor of the bacill. This review focuses
on how mycobacteria would utilize host peroxisomes to alter redox balance and
metabolic regulatory mechanisms to support infection process. Here, we discuss
implications of peroxisome biogenesis in the modulation of host responses against
mycobacterial infection.

Keywords: mycobacteria, oxidative stress, peroxisomes, mitochondria, macrophages

INTRODUCTION

According to the World Health Organization (WHO) report approximately 10.4 million global
populations are infected with tuberculosis (TB) (WHO Global Tuberculosis Report 2017). Of
which 64% of the new TB cases have been reported mainly in India followed by Indonesia, China,
Nigeria, Pakistan, and South African countries. TB, caused by intracellular bacilli Mycobacterium
tuberculosis (Mtb), affects individuals of all age groups primarily those with immune compromised
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system such as in human immunodeficiency virus (HIV) co-
infected individuals. Another major challenge associated with
TB disease is the emergence of multi-drug resistant (MDR) Mtb
strains. Recent WHO report documented about 480,000 new
MDR cases and 100,000 cases with rifampicin resistance (World
Health Organization [WHO], 2017). Various factors contributed
to the emergence of MDR Mtb strains such as inadequate TB
treatment, longer treatment duration, patient’s non-compliance,
and drug abuse. MDR-TB shows resistance against two most
effective first-line drugs such as isoniazid (INH) and rifampicin
(RIF). More recently cases of extremely drug resistance (XDR)
and totally drug resistant (TDR) have been reported (Velayati
et al,, 2013). In XDR-TB, the bacilli shows resistance toward
second line drugs (amikacin, kanamycin, capreomycin, and
fluoroquinolones), in addition to INH or RIF; while TDR-TB
is resistant to all first-line as well as second-line anti-TB drugs,
and therefore is virtually untreatable. In addition, the only
available live attenuated M. bovis-BCG vaccine has been proved
ineffective to give protection in adult TB cases. Latent form of
TB is another major concern as 90% of the infected individual
exhibit a clinically “stand-off” condition as the bacilli resides in a
favorable niche called “granuloma.” Studies showed that 5-10%
of these latently infected cases can develop active TB during
their life time. In spite of activation of both innate as well as
adaptive immune responses, Mtb has the ability to impair proper
antigen presentation to avoid recognition and killing of the bacilli
(Pieters, 2008; Saini et al., 2014, 2016; Sreejit et al., 2014). TB still
remains at the pinnacle among the infectious diseases. Thus to
overcome these challenges, it is crucial to understand the basic
molecular mechanisms of bacillary persistence and resistance in
detail, which will lead to the development of effective treatment
regimes by manipulating the host immune machinery.

After inhalation, macrophages act as the primary depots
for the intracellular persistence of Mtb (Pieters, 2008), here
the bacilli subvert host's innate defense signaling cascades
for persistence. Mtb aptly modulates the process of phago-
lysosome biogenesis, which includes intermediate processes such
as pathogen internalization, maturation of infected phagosomes,
acidification of the phagocytic vacuole and finally phago-
lysosome fusion. Immune cells such as macrophages, release
ROS/RNS achieving intracellular killing of pathogens, however
virulent mycobacteria by one way or other restrain this (Pieters,
2008; Ehrt and Schnappinger, 2009; Meena and Rajni, 2010; Saini
et al., 2014; Lerner et al, 2015). The phago-lysosome fusion
event is considered critical for proper antigen processing and
presentation via major histocompatibility complex (MHC)- Class
IT molecules to T-cells. However, Mtb is known to block phago-
lysosome fusion in order to promote its survival in macrophages
(Lerner et al., 2015). It is well established that Mtb employs
various other immune evasion strategies, however the molecular
and cellular interplay between these events in poorly understood.
Most of the drugs used for the treatment of TB infection primarily
target the crucial enzymatic processes occurring in the bacteria;
however, in order to develop a novel intervention approach it is
equally important to augment host directed therapy. It is felt that
manipulation of host oxidative stress molecules could be used
effectively to manipulate signaling cascades to facilitate clearance

of pathogens. Here, we will focus mainly on the role of various
host receptors and organelles, which act as sites for redox balance
during host-pathogen interaction.

MODULATION OF MACROPHAGE
IMMUNE EFFECTOR FUNCTIONS
DURING MYCOBACTERIA INFECTION

After deposition into alveolar region, Mtb engages different
cognate ligands to interact and invade alveolar macrophages.
In this process, several virulence determinants such as cell
surface proteins, enzymes and regulatory molecules of different
metabolic pathways help Mtb to establish intracellular infection
process. The Mtb-macrophage interaction involves participation
of different pattern recognition receptors (PRRs), germline-
encoded receptors of macrophages, and that of pathogen-
associated molecular patterns (PAMPs) (Figure 1). Among the
PPRs, toll-like receptors (TLRs) (TLR2 and TLR4), mannose
receptors (MRs) and scavenger receptors (SRs) are known to play
crucial roles during Mtb pathogenesis. Few reports suggested that
TLRs also protect the host cells from mycobacterial infection
via activation of nuclear factor kappa B (NF-kB) molecule
and further downstream effector molecules and inflammatory
cytokines (Sanchez et al., 2010; Basu et al., 2012). However,
several Mtb lipoproteins or lipoglycans, encoded by IpqH
(19-kDa lipoprotein) and the Ipr gene family recognized by
TLR2, TLR4, or TLR9 were shown to modulate cytokine
production and signaling molecules like MYD88 and IRAK-
4 to promote granuloma formation (Saini et al., 2014). In
addition, Mtb secretory proteins such as early secretory antigenic
target 6-kDa (ESAT-6) or several other ESAT-6 like proteins
have been shown to interact directly with TLRs thereby alter
the expression of interleukins (TNFA, IL12, IL27, IL1B) in
infected macrophages. These proteins are also known to bind
to beta-2-microglobulin ($2M) of MHC class-I molecules to
block the antigen presentation (Sreejit et al., 2014). Recently,
our group has shown that Mtb ESAT-6 family proteins esxA
dampen macrophage immune responses, by inducing oxidative
stress mediated genomic instability to promote mycobacterial
persistence inside the host cells (Mohanty et al., 2016). Similarly
MRs are expressed on the alternatively activated macrophages
modulate the expression of ant-inflammatory cytokines after
phagocytosis of Mtb (Rajaram et al,, 2010, 2017; Stamm et al.,
2015). The MR recognizes the terminal mannose, fucose or
N-acetylglucosamine residues of mannosylated glycoproteins
present on the Mtb cell wall. The interaction between MR
and Mtb mannosylated proteins was found to inhibit or
delay the phago-lysosome fusion process, thus allowing the
bacteria to survive (Kang et al., 2005). The MR-mediated
entry of Mtb is a relatively dynamic process in comparison
to other PRRs. Because MR-Mtb association was found to
instantaneously elicit the signaling cascades important for Mtb
uptake (Rajaram et al., 2017). This interaction was also reported
to modulate the synthesis of enzymes responsible for oxidative
burst (Astarie-Dequeker et al., 1999). Recently, we observed that
Mtb mannosylated phosphoribosyltransferase enzyme, encoded
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FIGURE 1 | Host pathogen interaction: pathogenic Mtb enters the host via interaction between different host surface receptors like Toll like receptors (TLRs),
mannose receptors (MRs), scavenger receptors (SRs), complement receptors (CRs) and so on and cognate Mtb ligands. These interactions modulates the
phagosome maturation, downstream signaling molecules (like MYD88, IRAK-4, etc.), signaling pathways (like MAPK, autophagy, apoptosis, etc.) and transcription
factors (like PPARG and NFkB) to favor bacillary persistence and reduced antigen presentation inside host cells.
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by Rv3242c, inhibits oxidative stress in infected macrophages
as well as in adult zebra fish (Mohanty et al, 2015). Due
to their pivotal role in early stages of disease, MRs are
exploited for the treatment of diseases especially in cases where
the infection sites cannot be accessed easily. In this context,
targeting mannosylated agents such as coating of antibiotic-
loaded liposomes with MR cognate ligands like sulfated sugar or
mycobacterial mannosylated glycoproteins can be an attractive
approach to reduce the jeopardy of TB disease development
(Azad et al., 2014).

PEROXISOMAL NUCLEAR RECEPTORS
PLAY VITAL ROLE DURING
Mtb INFECTION

Nuclear transcription factors or nuclear receptors (NRs) such
as peroxisome proliferator-activated receptors (PPARs) are
abundantly expressed in alternatively activated macrophages.
These nuclear receptors exist in three isoforms such as PPARA,
PPARB/D, and PPARG. PPARA interacts with the PPAR response
component present on the promoter region of the target genes
that are involved in the energy metabolism, mitochondrial and
peroxisomal fatty acid oxidation (Tyagi et al., 2011). Recent study
has demonstrated a crucial role for PPARA in the generation of
immune responses against mycobacterial infection (Kim et al,,
2017). It was observed that PPARA knock-out bone marrow
derived macrophages (BMDM) failed to control the growth of
Mtb and M. bovis BCG by modulating the NFkB signaling
and pro-inflammatory cytokine production. Depletion of PPARA
caused transcriptional repression of transcription factor EB
(TFEB), which is important for the regulation of autophagic
pathway (Kim et al., 2017; Taeg Oh et al., 2018). On the other
hand the role of PPARB/D in bacterial infections is poorly

understood. Its role has been mainly studied in the energy
homeostasis and cellular metabolic processes (Wagner and
Wagner, 2010; Palomer et al., 2018). The most extensively studied
PPARG isoform, which is a ligand-dependent transcription factor
expressed in alveolar macrophages, lymphocytes, and dendritic
cells (Tyagi et al, 2011), plays an important role in immuno-
regulation, energy and glucose metabolism, disease progression
and pathology of bacterial infection (Reddy et al., 2016; Arnett
et al,, 2018). MR mediated Mtb entry was found to alter the
expression of PPARG followed by trans-repression of different
pro-inflammatory cytokines and transcription factors (NFkB,
AP-1, STAT), TNFA, IL6, CXCL8, and COX2 enzyme production
which are important in the generation of inflammatory responses
through production of prostaglandins in macrophages (Rajaram
et al.,, 2010). PPARG acts in response to stimulation by ligands
such as thiazolidinediones (TZDs, which includes pioglitazone,
rosiglitazone, troglitazone, ciglitazone), prostaglandins [for
example 15-Deoxy prostaglandin J2, Prostaglandin A1 and D2, 9-
hydroxyoctadecadienoic acid (HODE), 13-HODE], eicosanoids
and lipids (Table 1). Ligand dependant activation of PPARG
also plays a crucial role in the suppression of inflammatory
response. PPARG ligand, TZDs, reduces the expression of
TNFA, a key regulator of immune cell function. In addition
rosiglitazone and ciglitazone treatment produced less TNFA,
CXCL8 and IL6 thereby altered acute inflammation in mice
(Kogiso et al., 2012; Kulkarni et al., 2012; Rajaram et al., 2017;
Banno et al, 2018). Moreover, PPARG silencing reduced the
bacterial count in CD11c" cells isolated from Mtb infected mice
lungs (Saini et al., 2018), indicating that transcription activation
of PPARG is important in the determination of intracellular
bacterial burden. Increased expression and nuclear localization
of PPARG was observed upon infection with M. bovis BCG
strain. The presence of active form of PPARG in the infected cells
increased lipid body formation in resident alveolar macrophages
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TABLE 1 | List of PPAR agonists/ligands and its related diseases.

PPAR ligands Related diseases Mode of action References
PPARA Agonist Eupatilin Degeneration of gastric Cryoprotective effects against gastric mucosal damage by Ryoo et al., 2014;
mucosa inducing anti-inflammatory and anti-oxidative phenotype Jung et al., 2018
Atopic dermatitis Downregulates the expression of TNFA. IFNG and IL1B
Resveratrol Obesity and metabolic Increase in MUFA and PUFA Castrejon-Tellez
syndrome etal., 2016
Fibrates Hypertriglyceridemia Downregulates hepatic apolipoprotein C-lll thereby Botta et al., 2018
Hypoalphalipoproteinemia  stimulating lipoprotein lipase gene
Antagonist NXT629 Chronic lymphocytic Inhibits PPARA agonists induced transcription of PPAR- a Messmer et al.,
leukemia (CLL) on CLL cells thereby inhibiting drug resistance and 2015
immunosuppressive property in the host
PPARB/D Agonists GW501516 Obesity Decreases subcutaneous and visceral adipose tissues Girroir et al., 2008;
GWO0742 L-165041 Type-2 diabetes Recovers glucose tolerance and insulin sensitivity Elevates Coll et al., 2009;
Dyslipidemia lipid catabolism Introduces and equilibrium between pro- Chen et al.,, 2018;
Non-alcoholic fatty liver and anti-inflammatory molecules thereby reducing liver Palomer et al.,
disease damage and inflammation 2018
Antagonist GSK0660 Psoriasis Induces anti-inflammatory property upon topical application Hack et al., 2012
GSK3787
FH535 Cancer Introduces anti-proliferative activity in the cancer cells via Handeli and Simon,
inhibition of Wnt/B-catenin signaling pathway 2008
PPARG Agonist Prostaglandins Cystic fibrosis Inhibits the expression of iINOS thereby inhibiting the Subbaramaiah
Cancer activation of M¢, reduced tissue damage due to less etal., 2001;
Alzheimer’s disease and inflammatory responses 15d-PGJs restricts Rotondo and
Parkinson’s disease phosphoinositide 3-kinase (PI3K)-Akt pathway dependant Davidson, 2002;
cell proliferation of primary astrocytes, neuroblastoma, and Yagami et al., 2017
carcinomas
Induces neuronal cell survival and neuro-protection
Thiazolidinediones Type-2 diabetes Induces insulin sensitizing properties Balances extra- and Kadowaki, 2001;
(TZDs) Dyslipidemia intra-cellular lipid metabolism Profound expression of Chiarelli and Di
Parkinson’s disease PPARG due to agonists lead to suppression of microglial Marzio, 2008;
activity thereby preventing neurodegeneration Connolly et al.,
2015
Fibrates Dyslipidemia Balances extra- and intra-cellular lipid metabolism Gervois et al., 2004
Unsaturated FA High cholesterol Alters membrane lipid concerto, cellular metabolism, and Bordoni et al.,
Cardiovascular disease signal transduction 2006; Villacorta
Hypertension et al., 2009; Kuna
and Achinna, 2013;
Banno et al., 2018
Antagonist GW9662 Hematopoietic cancer Induces anti-proliferative activity and apoptosis Burton et al., 2008;
TOO70907 Handeli and Simon,

2008

(Mahajan et al., 2012). The presence of lipid bodies supports
bacterial survival inside the host. Infection of Schwann cells
with M. leprae also supported the importance of PPARG in
mycobacterial replication and survival (Reddy et al., 2016).
Altogether, these studies suggest that PPARG acts as a negative
regulator of macrophage activation and also modulates the
expression of different inflammatory genes and macrophage M1
to M2 polarization. Alternatively activated macrophages (or M2
macrophages) contribute to pathogenesis and immunoregulatory
functions, thus are favored sites for persistent progression of
infectious diseases. Like MR, PPARG is also abundantly expressed
on the surface of alternatively activated macrophages, which
exhibits anti-inflammatory activity to aid the intracellular Mtb
growth (Rajaram et al., 2017). N. caninum infection induced
PPARG dependent expression of MRC1, IL10, and other classical
M2 macrophage markers (He et al., 2017). Thus downregulation

of pro-inflammatory cytokines, nitrosative, and iron starvation
stress in PPARG expressing M2 macrophages help in survival
of pathogens rather than clearance (Kahnert et al.,, 2006; He
et al, 2017). However, the underlying mechanistic insights
are poorly understood. A recent study predicted a correlation
between PPARG and macrophage apoptosis using NanoString
database A. It is well-established that apoptosis is an immune
defense mechanism to stop the intracellular bacterial growth.
Thus targeted alteration in the expression of apoptotis related
proteins may help in the control of bacillary proliferation.
Expression of pro-apoptotic (like Bcl family members) and pro-
survival markers (like MCL-1) were shown to be tightly regulated
by the PPARG (Arnett et al., 2018). Latent Mtb infection is
associated with formation of foamy macrophages and lipid rafts.
This process is PPARG dependant, which further implicates
that the intracellular bacilli utilize the host-derived metabolic
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pathways for its persistence. Further it has been reported that key
immune metabolites of Vitamin D and B promote the inhibition
of PPARG mediated lipid droplet formation thereby restricting
the growth of mycobacteria (Bah et al., 2017; Hu et al.,, 2018).
Vitamin B1 induces the transition of M2 to classically activated
M1 macrophages thereby resulting in increased microbicidal
microenvironment, TNFA and IL6 expression by limiting the
expression of PPARG (Hu et al, 2018). Thus the pleiotropic
effects of PPARG and its ligands/agonists on cellular metabolism
during infection suggest that modulation of PPARG expression
(and its ligands/agonists) alone or the interaction between MR
and PPARG can be utilized as a promising host-directed therapy
tool in the control of intracellular mycobacteria as well as
disease progression.

Induction of respiratory burst during mycobacterial infection
is another important aspect to increase mycobactericidal activity
of infected macrophages. The respiratory burst occurs due to
induction of oxidative radicals, nitric oxide (NO) and superoxide
ions after the phagocytosis of bacteria by macrophages. It has
been reported that expression of PPARG leads to inhibition of p47
phagocyte oxidase (p47phox), an important component of NOX
enzyme complex (Von Knethen and Briine, 2018). This indicated
that PPARG also has significant role in the regulation of ROS and
NO production during infection process.

MYCOBACTERIA REGULATE OXIDATIVE
STRESS IN MACROPHAGES

During infection Mtb successfully deals with a wide range of
host immune responses. One of the major responses exerted
by infected cells is the generation of oxidative radicals. These
toxic radicals kill pathogens by causing disintegration of bacterial
cell membrane, DNA damage, deactivation of key metabolic
enzymes or proteins (Gupta and Chatterji, 2005; Dos Vultos
et al.,, 2009; Nambi et al., 2015; Tyagi et al., 2015). Oxidative
stress responses includes production of reactive oxygen species
(ROS) and reactive nitrogen intermediates (RNIs) (Voskuil et al.,
2011). However, pathogenic mycobacteria are able to inhibit
oxidative stress mechanisms through modulation of different cell
signaling mechanisms, up-regulation of anti-oxidant enzymes
and redox buffering systems (Figure 2A) (Mohanty et al., 2015,
2016; Chao et al., 2017). NADPH oxidase 2 (NOX2) is the
key enzyme responsible for the cellular ROS production by
using superoxide radicals (O; ) as precursor molecule (Lambeth,
2004). NOX is a multi-protein enzyme complex consisting of
p40phox, p47phox, p67phox, p22phox, and gp91phox as core
components. Alteration in any of these regulatory components
compromises the function of NOX enzyme complex. NOX are
recruited to the pathogen containing phagosomes to generate
phagocytic oxidative stress and phagocytic burst to eliminate
enclosed pathogen (Dan Dunn et al, 2015). NADPH oxidase
generates superoxide radicals (O;), which are then converted
to more toxic hydrogen peroxide (H,O;) in the presence of
superoxide dismutase (SOD) and eventually reduced to water and
molecular oxygen by catalase (Voskuil et al., 2011; Dan Dunn
et al.,, 2015). Mtb is presumed to utilize ROS to cause genomic

instability in the host cells by inducing excessive infiltration of
immune cells in the lungs to cause lung lesions (Chao et al., 2017),
and chromosomal instability (Mohanty et al., 2016).

The fate of ROS production depends upon the type of host
pathogen interaction (Bruns and Stenger, 2014). It has been
reported that interaction of Mtb with MR results in the down-
regulation of ROS production by up-regulating the expression
of anti-inflammatory cytokines and inhibiting the expression
of pro-inflammatory cytokines like IL12 (Garcia-Aguilar et al.,
2016). To counteract oxidative stress, PPARG modulates a wide
range of anti- (like catalase) and pro-oxidant through NFkB
transcription factor and other downstream signaling pathways
(Girnun et al., 2002;  Okuno et al., 2008;  Polvani et al., 2012;
Kim and Yang, 2013). These studies indicate that MR and
PPARG are important for modulation of macrophage immune
responses during mycobacterial infection. Different Mtb
components such as glyco-conjugates (ManLAM), ESAT-6 like
proteins, mycolic acids, ROS scavenging enzymes and regulatory
proteins such as DosR regulon system are responsible for the
development of ROS resistance (Voskuil et al, 2011). Mtb
dormancy regulon system, DosR, is crucial for redox sensing.
This regulon system mainly consists of three components- DosR,
DosS, and DosT. Heme proteins DosS and DosT sense O,, NO,
and CO and relays the signal to DosR to modulate the expression
of genes responsible for energy production and utilization of
host lipids to facilitate mycobacterial persistence. It is found that
Mtb WhiB3 utilizes Fe-S cluster to respond to the exogenous or
endogenous redox stress by utilizing the host fatty acid by p- fatty
oxidation pathway to favor bacillary survival (Singh et al., 2009;
Mehta et al., 2015) (Figure 2B). Several known mycobacterial
enzymes and proteins that enable the bacilli to sense the redox
imbalance has been enlisted in Table 2.

The regulation of ROS production during mycobacterial
infection is mainly studied in mitochondria, which are
considered as primary source of cellular ROS production
(Dan Dunn et al., 2015). Mitochondrial ROS (mtROS) is
generated from oxidation of different metabolic intermediates
produced during oxidative phosphorylation at the electron
transport chain (ETC) system present in the inner mitochondrial
space. Three complexes (Complexes I, II, and III) in the ETC
play significant role in ROS generation. Electrons released
during the conversion of NADH to NAD+ direct the partial
reduction of oxygen to O, . Approximately 80% of O, is
released into the inter-membrane space of mitochondria and
20% remains in the matrix. The transition pore present in the
mitochondria allows the release of O into the cytoplasm, where
it is dismutated to hydrogen peroxide (H,O,) in the presence
of superoxide dismutase (SOD) (Dan Dunn et al., 2015). The
role of mtROS has been well-studied with respect to cellular
alterations in response to hypoxia, inflammation, autophagy,
and cell differentiation processes (Voskuil et al., 2011). Mtb
eis (enhanced intracellular survival) protein was found to
inhibit JNK dependent ROS signaling by inducing acetylation
of DUSP16/MKP-7, a JNK phosphatase. The acetylation
of JNK phosphatase negatively regulates the autophagy
process (Kim et al, 2012). A 38-kDa Mtb glycoprotein,
PstS-1, was also reported to modulate oxidative stress signaling
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molecules to establish a successful intracellular infection
(Esparza et al., 2015).

Besides mitochondria, another prime site for oxidative
metabolism and redox homeostasis is the peroxisomes.
Peroxisomes, a single membrane bound organelle of 0.1-
0.5 WM size, are ubiquitously present in the cytoplasm of
almost all eukaryotic cells. They are involved in the metabolism
of long chain fatty acids, D-amino acids, polyamines, and
the reduction of ROS (Schrader and Fahimi, 2006). Studies
have shown that intricate inter-organelle communications
between mitochondria and peroxisomes are very crucial for a
broad range of cellular processes, including redox homeostasis
mechanisms (Schumann and Subramani, 2008; Lismont et al.,
2015). Peroxisomes are also associated with different human
diseases. For example, deficiency of single peroxisomal enzymes
like acyl CoA oxidases, adrenoleukodystrophy ALD gene
and so on caused development of “empty” or non-functional
peroxisomal membranes, known as “ghosts.” A mutation
in adrenoleukodystrophy ALD gene, encoding for different
peroxisomal ABC transporters, led to excessive accumulation of

fatty acids which caused demyelination of the nervous system
and death. Loss of peroxisome function has also been associated
with cancer progression due to oxidative damage (Delille et al.,
2006). The role of peroxisomes in various metabolic activities
is largely dependent on its interaction with other subcellular
organelle, majorly mitochondria. In the following section,
we have discussed the interplay between mitochondria and
peroxisome and its implications in cellular metabolism.

CROSS-TALK BETWEEN
MITOCHONDRIA AND PEROXISOMES
ARE ESSENTIAL FOR

CELLULAR METABOLISM

Mitochondria and peroxisomes are dynamic organelles
present in all eukaryotic cell types (Demarquoy and Le
Borgne, 2015; Lismont et al, 2015). Both organelles have
direct implications on oxidative and fatty acid metabolism.

Frontiers in Microbiology | www.frontiersin.org

June 2019 | Volume 10 | Article 1121


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Ganguli et al.

Role of Peroxisomes in Antimycobacterial Immunity

TABLE 2 | List of known Mycobacterium tuberculosis oxidative stress response genes.

Gene name

Function

References

Superoxide dismutase (Sod)c, Rv0432
SodA, Rv3846

DoxX
DosR regulon (DosR, DosS, and DosT)

Rv3283 and RvSseA
Catalase/peroxidise (KatG)

Thioredoxin reductase (Tpx), Rv1932

Alkylhydroperoxide reductase (AhpC and D)

Peroxiredoxin (AhpE)

Rv3242¢c
Rv2346c

Succinate dehydrogenases complexes
(Rv0247c-Rv0249c)

F420-dependent glucose-6-phosphate
dehydrogenase, fgd

Rv1909c, FurA

Rv1465

Rv0035, fadD34

noxR3

whiB3, whiB 4 and whiB7

Rv2624c, Rv2026¢

Rv1049, MosR

Mtb sigma factor

Serine threonine kinases (Pkn family)

oxyR
SoxR

Reduces superoxide radicals to peroxide
Reduces peroxide radicals to molecular oxygen and water

Thiosulfate oxidation activity
Senses oxidative stress, combats hypoxic condition and dormancy

Thiosulfate oxidation activity

Defense against reactive oxygen and nitrogen intermediates by reducing
peroxide radicals to molecular oxygen and water

Peroxide detoxification

Offer defense against oxidative stress via NADH-dependent peroxidase and
peroxynitrite reductase

Peroxide detoxification

Inhibition of oxidative stress and autophagy pathway via MAPK pathway
Higher intracellular survival by causing ROS dependant genomic instability

Modulates oxidative phosphorylation and central metabolism by maintaining
membrane potential for energy production

Help in maintaining redox homeostasis and latency reactivation

Transcriptional regulator of Katg gene

Modulates cellular metabolism
Modulates fatty acid synthase thereby regulating oxidative metabolism

Reactive nitrogen intermediate resistance gene inhibits the nitrostative stress
inside the infected macrophages

Modulates redox homeostasis and lipid metabolism

Nucleotide-binding universal stress protein alters metabolic pathways via
arginine in an ATP-dependent manner

Oxidation-sensing regulator, upregulates the expression of several
oxidoreductases

Stress-induced extracytoplasmic sigma factor, transcriptionally regulates the
expression of different anti-oxidants

Modulates acidic pH, hypoxia inside infected macrophages

Oxidative stress regulators works in combination with aph and fur genes

Manipulates the expression of both antioxidant genes and enzymes involved in

the process of DNA repair which results in resistance toward oxidative stress
and anti-bacterial activity of macrophage

Mehta et al., 2015

Mehta et al., 2015;
Nambi et al., 2015

Nambi et al., 2015

Leistikow et al., 2010;
Nambi et al., 2015

Nambi et al., 2015

Milano et al., 2001;
Bulatovic et al., 2002

Hu and Coates, 2009

Hillas et al., 2000;
Springer et al., 2001;
Leeetal., 2014

Jaeger, 2007;
Perkins et al., 2015

Mohanty et al., 2015
Mohanty et al., 2016

Knapp et al., 2015;
Nambi et al., 2015

Gurumurthy et al., 2013;
Nguyen et al., 2017

Milano et al., 2001;
Eckelt et al., 2015;
Nambi et al., 2015

Willemse et al., 2018

Agarwal et al., 2007;
Mukhopadhyay et al., 2012

Ruan et al., 1999

Mehta et al., 2015;

Nambi et al., 2015;

Tyagi et al., 2015
Hingley-Wilson et al., 2010;
Jiaetal., 2016

Brugarolas et al., 2012

Raman et al., 2004

Nambi et al., 2015;
Venkatesan et al., 2016;
Khan et al., 2017

Voskuil et al., 2011
Voskuil et al., 2011

Mitochondria and peroxisomes are derived from two different
ancestors: mitochondria are derived from the endosymbiotic
pathway, while peroxisome biogenesis is initiated from the
endoplasmic reticulum (ER). However, both of them have been
demonstrated to undertake metabolic cross-talk to maintain
cellular homeostasis. For example, reoxidation of NADH to
NAD™T generated during peroxisomal B-fatty acid oxidation
occurs only after its interaction with mitochondria. Both
peroxisomes and mitochondria follow common basic steps
such as dehydrogenation, hydration, and thiolytic cleavage

for fatty acid oxidation. However, the enzymes involved in
catalyzing these reactions are different. In mitochondria, the
initial step of fatty acid oxidation is catalyzed via FAD-dependant
dehydrogenase, which directs the electrons toward ETC for ATP
synthesis. In case of peroxisomes, FAD-dependant acyl-CoA
oxidases catalyze the first step of B-fatty acid oxidation, where
the electrons are targeted to the oxygen for the generation of
superoxide ions. Unlike mitochondria, peroxisomes lack the
respiratory chain, thus it can only metabolize the very long chain
fatty acids (VLCFAs) into short chain fatty acids and acetyl-CoA
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MACROPHAGES

ATP synthesis

GLYOXYLATE

FIGURE 3 | Crosstalk between mitochondria and peroxisome: the pathogenic Mtb enters into the macrophage cells via different PRRs like mannose receptor (MRs)
or TLRs. After phagocytosis, Mtb modulates cellular oxidative stress mechanisms. Inside the mitochondria, NOX2 generates the superoxide radicals during the ETC
cycle. These superoxide radicals are then metabolized to hydrogen peroxide by superoxide dismutase. Anti-oxidant enzyme catalase eventually breaks down the
toxic Ho O into water and molecular oxygen. This phenomenan helps to increase the bacillary count inside the cells. In peroxisomes, the bacteria metabolize the
stored fatty acids and lipids for its survival. During the peroxisomal 8- fatty acid oxidation, acyl CoA oxidases, and other peroxisomal oxidases metabolizes the very
long chain fatty acids (VLCFA) into short chain fatty acids (SCHFA) and acetylCoA. The SCHFA is exported into the mitochondria for further metabolism to generate
ATP. The acetyl CoA is used as an intermediate molecule in the glyoxylate shunt pathway. In addition to generation of SCHFA, cellular ROS is formed which is further
catalyzed by the array of anti-oxidant enzymes in peroxisomes like catalase, glutathione peroxidise (GPX), and so on. This phenomenon further provides a favorable

niche for the bacilli to survive.

that are then transported to the mitochondria as carnitine esters
by different peroxisomal ABC transporters and aceyltransferases
(Wanders, 2004). Import of fatty acids into the mitochondria is
coupled with the generation of CO,, H,O, and ATP synthesis
(Demarquoy and Le Borgne, 2015). Thus, we can speculate that
the intracellular bacilli such as Mtb can meet their nutritional
requirements by utilization of peroxisomal shorter chain fatty
acids and the mitochondrial ATP molecules. These nutritional
rich organelles thus may help to enhance bacillary persistence
inside the host cells.

Peroxisomes have a complex array of pro-and anti-oxidant
system such as catalase, glutathione peroxidase, SOD, and so on.
It has been speculated that the toxic H,O; acts as a key messenger
molecule for peroxisome function in maintaining cellular redox
homeostasis, B-fatty acid oxidation, lipid metabolism, and
induction of innate immunity against pathogens (del Rio, 2011;
del Rio and Lopez-Huertas, 2016) (Figure 3). For survival,
intracellular pathogens need to attain metabolic adaptation
to counteract the oxidative stress generated during the host
pathogen interaction. In this context, Mtb WhiB3 protein was
found to modulate the host fatty acid and lipid metabolism in
response to oxido-reductive stress to maintain the intracellular
redox balance. It was reported that WhiB3 acts like a redox
sensor to maintain redox balance and innate immunity (Singh
et al., 2009). Unlike mitochondria, the oxidative metabolism

occurring inside the peroxisomes is not coupled to oxidative
phosphorylation. Thus instead of ATP formation as is the case
in mitochondria, the free energy generated in peroxisomes is
released as heat inside the cells (Schrader and Fahimi, 2006).

PEROXISOMAL BIOGENESIS AND ITS
ROLE DURING INFECTION

Peroxisomes have been found to dampen macrophage activation
and also mediate immunomodulatory functions. In lung
inflammatory diseases, like cystic fibrosis, peroxisomes dampen
LPS-induced pro-inflammatory proteins like COX2, TNFA, and
IL6 and so on. In addition, activation of PPARs have been shown
to transactivate genes involved in the functioning of peroxisomes
via transrepression of inflammatory response (Girnun et al., 2002;
Di Cesare Mannelli et al., 2014; Vijayan et al.,, 2017). Thus we
can speculate that immune regulatory role of peroxisome may
aid bacillary persistence in latency due to its role in later phase
of inflammation.

The process of peroxisomal biogenesis is still poorly
understood. There were two different models of peroxisome
biogenesis which have co-existed for years. One in which
peroxisomes arise from the pre-existing peroxisomes acquiring
different PMPs and matrix peroxin proteins thereby dividing
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into daughter peroxisomes via fission, known as growth division
model. The second being de novo biogenesis, where the
membrane proteins are introduced into the ER membrane,
further imported to the preperoxisomal ER (pER) region, from
where distinct pre-peroxisomal vesicles (ppVs) originate. The
ppVs containing different PMPs fuse with the pre-existing
peroxisomes to create mature peroxisomes. Lately a third
model has been envisioned which blends both the growth and
division models with de novo biogenesis models (Farré et al.,
2019). In general peroxisome biogenesis involves three major
steps- (i) arrangement of peroxisomal membrane, (ii) import of
proteins to the peroxisomal membrane, and (iii) maturation of
the organelles (Eckert and Erdmann, 2003). Few reports have
demonstrated peroxisome dense-areas in the proximity of ER
and thus proposed that the peroxisomes are formed primarily
by a “ER vesiculation” process. This pathway has been well-
studied in the yeast system and is still considered as the most
common pathway. The biogenesis of peroxisomes involve several
peroxins (PEX) and peroxisomal membrane proteins (PMPs)
(Titorenko and Mullen, 2006). The peroxins such as PEX16,
PEX3, and PEX19 are involved in initial steps of peroxisomal
membrane biogenesis and transport of other peroxins into
the peroxisomes after post-translational modifications. It was
reported that the PEX16 and PMPs are the first to enter
the ER via translocons, followed by their recruitment to the
exit site of the ER. The PMPs and PEX16 exit the ER in
the form of buds to which mitochondria derived PEX3 are
recruited to form the pre-peroxisomal vesicles (PPV). Maturation
of the pre-peroxisomal vacuole into a metabolically active
peroxisome organelle is further dependant on other peroxins
such as PEX19, 14, 11, 5, matrix proteins and PMPs which
are targeted either via PTS (Peroxisomal target signaling)-1
or 2 (Agrawal and Subramani, 2016) (Figure 4). PTS binds
to the cytosolic receptors of the peroxisomes such as PTS-
1, which then interacts with PEX7p. This pathway is most
commonly seen in yeast system. In case of mammalian cells,
PTS-2-PEX5p interaction is more prevalent and well-studied.
These membrane proteins and docking factors subsequently
initiate the translocation of other peroxisomal proteins like
PEX8p, PEX10p, PEX20p, PEXlp, PEX2p, PEX4p, PEX6p,
PEX17p, and PEX22p for successful peroxisome biosynthesis
(Collins et al., 2000; Brown and Baker, 2003). Once the mature
peroxisomes are formed, different isoforms of PEX11p initiate
the process of segmentation and constriction to form new
daughter peroxisomes. Elongation, constriction, and fission
of peroxisomes to form new peroxisomes is significantly
dependant on the expression of PEX11B, dynamin-like protein 1
(DLP1), mitochondrial fission factor (MfF), and Fission 1 (Fis1)
(Lingard and Trelease, 2006; Itoyama et al.,, 2013) (Figure 4).
PEX11 proteins initiate the preliminary step(s) of peroxisomal
division and proliferation by membrane reorganization. PEX11
proteins then assemble the other division machineries DLP-
1, Fisl, and Mff. Fisl and Mff promote the recruitment of
DLP-1 to the mammalian peroxisomes (Schrader et al., 2012).
DLP-1 supports the maintenance of peroxisomal morphology
throughout the process of membrane fission via formation
of large multimeric spirals. This pathway is well-studied in

the yeast system; however the precise order in which these
peroxins act is not clearly understood. To understand the
mechanism of peroxisome biosynthesis in response to bacterial
infection, recently our group has provided some evidences that
Mtb putative mannosylated acetyltransferase triggers peroxisome
biogenesis through ER vesiculation process in macrophages.
We observed that Mtb acetyltransferase induce the expression
of PEX11, PEX19, PEX5 and peroxisomal membrane proteins
70 (PMP70) in infected macrophages. Peroxisomes are known
as an important organelle in the maintenance of ROS/RNS
homeostasis with the help of H,O, producing and degrading
enzymes, oxidases, and catalase present in the peroxisomes
(Bonetta, 2005). In addition, peroxisomes also play an important
role in the induction of innate immune responses during viral and
bacterial infections (Lazarow, 2011; Odendall and Kagan, 2013;
Boncompain et al., 2014). These studies have shown that innate
immune receptors such as RIG-I-like Receptor (RLR) proteins
determines the fate of infection in human cells by inducing
the expression of different forms of interferons (IFNs) that
were majorly found in peroxisomes (Dixit et al., 2010; Odendall
and Kagan, 2013; Pandey et al., 2014). The interaction between
innate immune receptors and IFNs in response to intracellular
infection activated the Janus kinases/signal transducer and
transcription activator (JAK/STAT) pathway (Bordon, 2014).
Mtb infection is known to modulate these pathways to
favor its persistence in macrophages. Inhibition of JAK/STAT
signaling pathway reduced intracellular mycobacterial burden
due to alteration in the expression of different transcription
factors and delayed immune response in infected macrophages
(Yuhas et al, 2009; Péan et al, 2017). This provides a
hint that peroxisomes may also have a crucial role in the
determination of mycobacterial survival inside the host cells.
However, further investigation is required to interlink these
signaling cascades with peroxisomes in determining the fate of
Mtb infection.

PEROXISOMES SHIELD
INTRACELLULAR PATHOGENS FROM
OXIDATIVE STRESS

So far the functions of peroxisomes have been extensively
studied in plants and yeast, where few peroxisomal enzymes
such as acyl-CoA oxidases and urate oxidase were shown to
produce H,O, as part of their metabolic activities during
peroxisomal p-fatty acid oxidation process. To counter balance
this rise in endogenous ROS level, peroxisomal catalase converts
the toxic HyO; into water and molecular oxygen. Catalase, a
porphyrin heme containing enzyme plays an important defensive
function in protecting the organelle from the adverse effects
of accumulating peroxides, is targeted to the peroxisomes via
PEX5 protein (Fransen et al, 2012). However, this system
has not been clearly defined in mammalian cells and remains
largely unknown. We have recently shown that Mtb enters
macrophages via mannose receptors (MRs), which then leads
to the activation of PPARG nuclear receptor. The up-regulation
of PPARG was found to regulate the synthesis of peroxisomal
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FIGURE 4 | De novo biogenesis of peroxisomes: peroxisomes originate from endoplasmic reticulum (ER) and mitochondria. With the help of different peroxins like
PEX3, 16, 19, and also peroxisomal membrane proteins (PMPs) active organelle is formed. Balance in cellular oxidative metabolism results in balanced redox
interplay between pro- and anti-oxidants of peroxisomes thereby helping in the proper growth and division of daughter peroxisomes from pre-existing peroxisomes

via the expression of PEX11, DLP-1, Fis, and Mff.

Peroxisomes

oxidative and anti-oxidative enzymes like urate oxidase, acyl-
CoA oxidase, and catalase thus inhibition of cellular ROS.
Mtb infection induces the expression of global transcriptional
regulator via some novel effector molecules belonging to the
Bcl-2 family members like pro-apoptotic, Bax and pro-survival,
Mcl-1 proteins. Thus PPARG limits the important defense
mechanism, apoptosis, during Mtb infection (Arnett et al., 2018).
Similarly another study has shown that induction of PPARG
increased the synthesis of catalase through PPARG response
element, thereby resulting in the reduction of oxidative stress

(Okuno et al., 2010; Khoo et al., 2013; Di Cesare Mannelli et al.,
2014). Another study found that inhibition of ROS production
by PPARG is dependent on redox-sensitive NFkB and HIF1A
transcriptional factors in C57BL/6 mouse model (Lee et al., 2006).
These studies provide sufficient evidences that peroxisomes are
critical organelles in the regulation of oxidative stress levels
produced in response to different stimuli. These evidences
also suggest that intracellular pathogens, including Mtb may
hijack peroxisomes to turn the intracellular microenvironment in
favor of pathogens.
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PEROXISOMES REGULATE INNATE
IMMUNITY TO COUNTERACT
INFECTION PROCESS

Mtb contains plethora of virulence factors that modulate
host immune responses, including ROS dependant signaling
cascades to create a favorable niche for bacteria. One of
such pathways altered during oxidative metabolism is the
autophagy mechanism (Mohanty et al, 2015; Awuh and
Flo, 2017). Autophagy is a dynamic self-degradative process
known to regulate the expression of different pro- and anti-
inflammatory cytokines and subsequently downstream signaling
molecules. Autophagy is classified into three major subgroups:
chaperone mediated autophagy (CMA), microautophagy, and
macroautophagy (Mizushima, 2007; Glick et al,, 2010). Both
macro and micro-autophagy are able to engulf large structures
through selective and non-selective mechanisms. In selective
degradation, specific target molecules such as damaged or unused
organelles and pathogens are targeted to the autophagosome,
however in case of non-selective degradation, any random cargo
like peptides are degraded (Glick et al., 2010). In CMA targeted
proteins are translocated across the lysosomal membrane in
a complex with chaperons such as HSP-70/co-chaperons. The
substrates are identified in the cytosol through the binding
motif and translocated into the autophagosome (Glick et al.,
2010; Kaushik and Cuervo, 2012; Cuervo and Wong, 2014). Mtb
deploy different virulence factors to inhibit redox dependent
autophagy mechanism to aid its persistence in macrophages
(Shin et al., 2010; Kleinnijenhuis et al., 2011; Kim et al., 2012;
Mohanty et al., 2015). The first adapter molecules involved in the
autophagy process are SQSTM1/p62, NBR1, NDP52, and NIX
(Johansen and Lamark, 2011; Behrends and Fulda, 2012; Lippai
and Low, 2014). These receptors contain LC3 (microtubule-
associated protein 1 light chain 3) interacting regions, and can
therefore directly bind to LC3, which is a hallmark protein of
autophagy. During the autophagic flux LC3-I is delipidated to

LC3-II, a marker protein for autophagy induction. Increased
LC3-II puncta in autophagosomes along with autophagy related
genes (Atgs) and beclin encourages its fusion with lysosome
to form autophagolysosomes. Inside the autophagolysosome
the unwanted peptides, microorganisms and unused cellular
organelles are degraded to maintain cellular balance.

In order to maintain cellular homeostasis it is important to
maintain the rate of peroxisomal degradation and biogenesis
events. The event is regulated by the intracellular metabolic
signaling and nutrient availability. To maintain the turnover the
damaged or excessive peroxisomes are degraded via selective
autophagic pathway known as “Pexophagy,” shown in Figure 5
(Wang et al.,, 2015; Tripathi et al., 2016). The first molecule
to respond to peroxisomal ROS is an ataxia-telangiectasia
mutated (ATM) kinase, which acts as an apical activator during
DNA damage response (Tripathi et al, 2016). The target
molecule is transported into the peroxisomes via PEX5, which
then activates TSC2 (tuberous sclerosis complex 2) leading
to inhibition mTORC expression. The mTOR inhibition in
response to ROS co-regulates the expression of other peroxins.
During coordinated transition between peroxisome biogenesis
and degradration, PEX5 undergoes mono-ubiquitination via
TRIM37, an E3 Ligase. Monoubiquitination of PEX5 is essential
for import of peroxisomal matrix proteins into the peroxisomes.
However with mutations at TRIM37 or its removal as a
result of external stimulus, like excessive ROS formation,
destabilizes PEX5 and it undergoes rapid degradation due to
poly-ubiquitination that eventually interfere with the receptor
recycling leading to damaged or bulky peroxisomes (Wang
and Subramani, 2017; Wang et al,, 2017; Cai et al., 2018).
Degradation of PEXS5 results in sequestration of dysfunctional
peroxisomes, which are further recognized by autophagy adaptor
molecules p62 and NBRI. Initiation of Pexophagy also results
from the removal of peroxisomal integral membrane protein
PEX3. Removal of PEX3 activates the docking sites of LC3-II in
PEX14 (Bellu et al., 2002). Reports also state that inhibition of
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mTORC leads to active translocation of transcription factor EB
(TFEB) into the nucleus which eventually increases autophagic
flux and the expression of LC3-II, ATGs, and Beclin via
interaction of the ubiquitinated proteins with SQSTM1/p62 and
NBRI1 (Tripathi et al., 2016). In order to maintain metabolic
equilibrium, in addition to regulate peroxisome turnover it is
important to regulate -oxidation of long chain fatty acids and
detoxification of oxidative radicals in peroxisomes. To achieve
this, peroxisomes avoid Pexophagy pathway and rather undergo
growth and division from pre-existing peroxisomes to form new
functional peroxisomes. Our recent unpublished data has shown
that Mtb acetyltransferase plays a role in the maintenance of
peroxisome turnover via the formation of daughter peroxisomes
from pre-existing mature peroxisomes to scavenge cellular ROS
formation. We observed that induction of ROS production
and autophagy after serum starvation, zymosan and rapamycin
treatment induced the Pexophagy mechanism in macrophages.
Our data also showed that exposure to external stress conditions
lead to oxidative damage resulting in the formation of damaged
peroxisomes, which were then degraded to maintain metabolic
balance inside the cells. We concluded that occurrence of these
events in response to Mtb infection helps in mycobacerial
persistence in infected cells.

PEROXISOMES: hub FOR FATTY
ACID METABOLISM

In addition to redox homeostasis, peroxisomes are also
responsible for lipid metabolism and P-fatty acid oxidation
(Poirier et al., 2006). The PPARs (especially PPARA and
G) significantly contribute to the lipid and carbohydrate
metabolism, and also in the regulation of host inflammatory
activities in response to various stimuli. PPARA is known to
induce the expression of acyl CoA oxidase (ACOXI), enoyl
coenzyme A hydratase 1 (ECH1), peroxisomal thioloases ACCA1
and 2 and PEX11A (Mandard et al., 2004; Rakhshandehroo
et al., 2010). These molecules are involved in the fatty acid
oxidation and peroxisome turnover in hepatocytes (Dan Dunn
et al., 2015). However, there are only few evidences available
that extensively demonstrate the role of PPARA as metabolic
regulator with respect to maintenance of cellular homeostasis
during mycobacterial infection (Kim et al., 2017).

For many pathogens the establishment and progression of
the disease largely depends upon the availability of nutrients.
Few reports demonstrate that Mtb is able to utilize host
derived nutrients to support its growth inside the host cells
(Lee et al., 2013). Mtb as well as other intracellular pathogens
oxidize saturated fatty acids to acetylCoA that is utilized to
generate ATP through other metabolic pathways (Lee et al,
2013; Longo et al., 2016; Adeva-Andany et al., 2018), and the
short chain fatty acids, which are further metabolized for energy
production via p-fatty acid oxidation and glyoxylate shunt cycle
(Williams et al., 2011; Toledo and Benach, 2015). Mtb has also
been shown to utilize host fatty acids to combat metabolic
stresses such as generation of toxic intermediates after propionyl-
CoA metabolism (Lee et al., 2013). Several Mtb whiB genes

(whiB1-whiB7) counteract the oxidative stress generated during
the metabolism of fatty acids through B-fatty acid oxidation
pathway (Kumar et al., 2011). Degradation of straight chain
saturated fatty acids in peroxisomes requires participation of
four enzymes namely Acyl-CoA oxidase (similar to Acetyl-
CoA dehydrogenase in mitochondria), Enoyl-CoA hydratases, 3-
hydroxyacyl-CoA-dehydrogenase, and 3-ketoacyl-CoA thiolase.
Peroxisomes use a slightly modified oxidation process to shorten
VLCFA to short chain fatty acids that can then be transported to
the mitochondria to complete oxidation process (Poirier et al.,
2006; Kretschmer et al., 2012). In case of mitochondria, the
shorter chain fatty acids enters the electron transport via Acetyl-
CoA dehydrogenase, which eventually leads to ATP production,
however in case of peroxisomal B-fatty acid oxidation presence
of different oxidases leads to formation of ROS. On contrary,
disruption of peroxisomal p-fatty acid oxidation process using
thioridazine hydrochloride inhibitor resulted in reduction of
Mtb survival due to increase in total ROS production in
infected macrophages. In addition to B-fatty acid oxidation,
the role of peroxisomes in lipid metabolism has also been
studied. We showed that Mtb infection induce PPARG dependent
expression of different peroxins and enzymes involved in p-fatty
acid oxidation and lipid metabolism. Various enzymes such
as Diacylglycerol O-Acyltransferase 2 (DGAT2), 1-acylglycerol-
3-phosphate O-acyltransferase 9 (AGPAT9), Acyl-coenzyme A
thioesterase 11 (ACOT11), fatty acid synthase (FASN) were found
to be important for lipid metabolism (Duszka et al., 2017).
The lipids stored inside the host cells are basically used by
the pathogens as a potential source of energy especially under
serum starved conditions. A cross-talk between ER derived lipid
droplets and peroxisomes have been studied extensively in yeast
system, however its precise role during mycobacterial infection is
unclear. It is presumed that the involvement of peroxisomes in
the metabolism of host derived long chain and polyunsaturated
fatty acids would support mycobacerial survival and growth.

CONCLUSION AND
FUTURE PERSPECTIVES

Intracellular pathogens such as Mtb are known to employ several
strategies to suppress oxidative stress mechanisms to avoid killing
by host cells. Different PRRs and PAMPs participate in the
initiation of host-pathogen interactions, which subsequently
result in the activation of various downstream signaling pathways
and nuclear transcription factors such as PPARG and NFkB.
These transcription factors regulate the expression of different
pro- and anti-oxidants in mitochondria and peroxisomes to
either eliminate or control the bacterial burden. In eukaryotic
cells, mitochondria, and peroxisomes are the primary sites
responsible for the maintenance of redox balance. Although,
the role of mitochondrial ROS in redox homeostasis and innate
immunity is well-defined, the presence of a set of pro- and anti-
oxidants in the peroxisomes was also found important during
infection process. Peroxisomes act as an important link between
metabolic network and oxidative metabolism during bacterial
infection. It is presumed that peroxisomes not only facilitate the
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maintenance of redox balance, but also provide a favorable niche
for the bacterial survival by providing host-derived fatty acids and
stored lipids as nutritional sources.

Very successful pathogens like Mtb require novel therapeutic
interventions. So far, administration of antibacterial drugs
were only considered as most popular method of treatment,
however, abuse of these drugs for decades evolutionarily
resulted in the development of antimicrobial resistance. This
is posing serious threats to the healthcare system globally.
To overcome these challenges, development of host-directed
therapies that target the potential effector signaling molecules
or boosting the cellular immunity are now considered as
important milestones in the development of an adjunct therapy
for the effective treatment of many notorious infections such
as tuberculosis (Hancock et al., 2012). In this context, use of
immunotherapy involving cytokines, antibodies, and nuclear
transcription factors such as PPARs are being considered
for the treatment of various diseases. PPARG agonists or
antagonists have already been explored and demonstrated to
reduce the antibiotic dosages and also improved the bacillary
clearance in chronic granulomatous diseases (Terlecky et al.,
2012; Reddy et al., 2016). In case of Streptococcus pneumoniae
infection administration of PPARG ligand, ciglitazone, was
found to alleviate lung inflammation (Subbaramaiah et al.,
2001; Banno et al, 2018), thus targeting the expression of
ligand would probably reduce lung inflammation by killing
the bacteria. Targeting PPARs would also be beneficial for the
host as it is known to modulate the expression of NFkB,
which is a key regulator of several pro-inflammatory cytokines
that are important for the augmentation of innate immune
responses. Respiratory burst is another crucial phenomenon
occurring during mycobacterial infection. It occurs due to
accumulation of VLCFAs, which results in mitochondrial
dysfunction and production of higher oxidative stress (Shi
et al, 2012). This is proved to be detrimental for the

REFERENCES

Adeva-Andany, M. M., Carneiro-Freire, N., Seco-Filgueira, M., Fernandez-
Fernandez, C., and Mourino-Bayolo, D. (2018). Mitochondrial B-oxidation of
saturated fatty acids in humans. Mitochondrion 46, 73-90. doi: 10.1016/j.mito.
2018.02.009

Agarwal, N., Woolwine, S. C., Tyagi, S., and Bishai, W. R. (2007). Characterization
of the Mycobacterium tuberculosis sigma factor sigm by assessment of virulence
and identification of SigM-dependent genes. Infect. Immun. 75, 452-461. doi:
10.1128/1A1.01395-06

Agrawal, G., and Subramani, S. (2016). De novo peroxisome biogenesis: evolving
concepts and conundrums. Biochim. Biophys. Acta 1863, 892-901. doi: 10.1016/
j.bbamcr.2015.09.014

Ahn, S., Jung, J., Jang, I.-A., Madsen, E. L., and Park, W. (2016). Role of glyoxylate
shunt in oxidative stress response. J. Biol. Chem. 291, 11928-11938. doi: 10.
1074/jbc.M115.708149

Arnett, E., Weaver, A. M., Woodyard, K. C., Montoya, M. ], Li, M., Hoang, K. V.,
etal. (2018). PPARY is critical for Mycobacterium tuberculosis induction of Mcl-
1 and limitation of human macrophage apoptosis. PLoS Pathog. 14:e1007100.
doi: 10.1371/journal.ppat.1007100

Astarie-Dequeker, C., N'Diaye, E. N., Le Cabec, V., Rittig, M. G., Prandi, J.,
and Maridonneau-Parini, I. (1999). The mannose receptor mediates uptake
of pathogenic and nonpathogenic mycobacteria and bypasses bactericidal
responses in human macrophages. Infect. Immun. 67, 469-477.

bacillary persistence. Interference in peroxisome functionality
using phenothiazine drug, thioridazine, resulted in accumulation
of VLCFAs, thereby leading to the production of toxic
intermediates of redox metabolism. These toxic radicals were
shown helpful in the bacterial killing (Van den Branden
and Roels, 1985). Considering the fact that Mtb prolongs its
survival by utilizing host-derived nutrients through glyoxylate
shunt pathway, it is worth to explore the treatment regimens
that target glyoxylate intermediates to impair mycobacterial
infection process. Inactivation of glycoxylate shunt pathway
key enzymes such as isocitrate lyase and malate synthase may
result in reduced uptake and metabolosis of the imported fatty
acids and ATP synthesis, which eventually may make Mtb
nutritionally deprived (Ahn et al.,, 2016). Thus development of
combinatorial host directed therapies involving manipulation
of cellular signaling intermediates, alteration of innate immune
receptors and interference in the metabolic activities of Mtb may
lead to potential therapeutic strategies for the treatment of drug
resistant tuberculosis.

AUTHOR CONTRIBUTIONS

GG and UM wrote the manuscript. AS wrote the manuscript,
designed content, and provided resources.

FUNDING

This work was supported by Department of Biotechnology,
Government of India (BT/PR23317/MED/29/1186/2017),
Alexander von-Humboldt Stiftung (Ref 3.3-IND-1152176-
HEST-E) to AS, and Department of Science and Technology,
Government of India, INSPIRE Fellowship Scheme (Ref. nos.
IF131143 and 201400103393) to GG.

Awuh, J. A, and Flo, T. H. (2017). Molecular basis of mycobacterial
survival in macrophages. Cell. Mol. Life Sci. 74, 1625-1648.
doi: 10.1007/s00018-016-2422-8

Azad, A. K., Rajaram, V. S., and Schlesinger, L. S. (2014). Exploitation of the
macrophage mannose receptor (CD206) in infectious disease diagnostics and
therapeutics. J. Cytol. Mol. Biol. 1:1000003. doi: 10.13188/2325-4653.1000003

Bah, S. Y., Dickinson, P., Forster, T., Kampmann, B., and Ghazal, P. (2017).
Immune oxysterols: role in mycobacterial infection and inflammation. J. Steroid
Biochem. Mol. Biol. 169, 152-163. doi: 10.1016/].JSBMB.2016.04.015

Banno, A., Reddy, A. T., Lakshmi, S. P., and Reddy, R. C. (2018). PPARs: key
regulators of airway inflammation and potential therapeutic targets in asthma.
Nucl. Receptor Res. 5:101306. doi: 10.11131/2018/101306

Basu, J., Shin, D.-M.,, and Jo, E.-K. (2012). Mycobacterial signaling through toll-like
receptors. Front. Cell. Infect. Microbiol. 2:145. doi: 10.3389/fcimb.2012.00145

Behrends, C., and Fulda, S. (2012). Receptor proteins in selective autophagy. Int. J.
Cell Biol. 2012:673290. doi: 10.1155/2012/673290

Bellu, A. R., Salomons, F. A., Kiel, J. A. K. W., Veenhuis, M., and Van Der Klei, I. J.
(2002). Removal of Pex3p is an important initial stage in selective peroxisome
degradation in Hansenula polymorpha. J. Biol. Chem. 277, 42875-42880. doi:
10.1074/jbc.M205437200

Boncompain, G., Miiller, C., Meas-Yedid, V., Schmitt-Kopplin, P., Lazarow, P. B.,
and Subtil, A. (2014). The intracellular bacteria Chlamydia hijack peroxisomes
and utilize their enzymatic capacity to produce bacteria-specific phospholipids.
PLoS One 9:¢86196. doi: 10.1371/journal.pone.0086196

Frontiers in Microbiology | www.frontiersin.org

June 2019 | Volume 10 | Article 1121


https://doi.org/10.1016/j.mito.2018.02.009
https://doi.org/10.1016/j.mito.2018.02.009
https://doi.org/10.1128/IAI.01395-06
https://doi.org/10.1128/IAI.01395-06
https://doi.org/10.1016/j.bbamcr.2015.09.014
https://doi.org/10.1016/j.bbamcr.2015.09.014
https://doi.org/10.1074/jbc.M115.708149
https://doi.org/10.1074/jbc.M115.708149
https://doi.org/10.1371/journal.ppat.1007100
https://doi.org/10.1007/s00018-016-2422-8
https://doi.org/10.13188/2325-4653.1000003
https://doi.org/10.1016/J.JSBMB.2016.04.015
https://doi.org/10.11131/2018/101306
https://doi.org/10.3389/fcimb.2012.00145
https://doi.org/10.1155/2012/673290
https://doi.org/10.1074/jbc.M205437200
https://doi.org/10.1074/jbc.M205437200
https://doi.org/10.1371/journal.pone.0086196
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Ganguli et al.

Role of Peroxisomes in Antimycobacterial Immunity

Bonetta, L. (2005). Seeing peroxisomes. J. Cell Biol. 169, 705-705. doi: 10.1083/
jcb1695fta2

Bordon, Y. (2014). Peroxisomes pack a distinct punch. Nat. Rev. Immunol. 14,
516-517. doi: 10.1038/nri3718

Bordoni, A., Di Nunzio, M., Danesi, F., and Biagi, P. L. (2006). Polyunsaturated
fatty acids: from diet to binding to ppars and other nuclear receptors. Genes
Nutr. 1, 95-106. doi: 10.1007/BF02829951

Botta, M., Audano, M., Sahebkar, A., Sirtori, C. R,, Mitro, N., and Ruscica, M.
(2018). PPAR agonists and metabolic syndrome: an established role? Int. J. Mol.
Sci. 19:E1197. doi: 10.3390/ijms19041197

Brown, L.-A., and Baker, A. (2003). Peroxisome biogenesis and the role of protein
import. J. Cell. Mol. Med. 7, 388-400. doi: 10.1111/j.1582-4934.2003.tb00241.x

Brugarolas, P., Movahedzadeh, F., Wang, Y., Zhang, N., Bartek, I. L., Gao,
Y. N, et al. (2012). The oxidation-sensing regulator (MosR) is a new redox-
dependent transcription factor in Mycobacterium tuberculosis. J. Biol. Chem.
287, 37703-37712. doi: 10.1074/jbc.M112.388611

Bruns, H. and Stenger, S. (2014). New insights into the interaction of
Mycobacterium tuberculosis and human macrophages. Future Microbiol. 9,
327-341. doi: 10.2217/fmb.13.164

Bulatovic, V. M., Wengenack, N. L., Uhl, J. R,, Hall, L., Roberts, G. D., Cockerill,
F. R, et al. (2002). Oxidative stress increases susceptibility of Mycobacterium
tuberculosis to isoniazid. Antimicrob. Agents Chemother. 46, 2765-2771. doi:
10.1128/aac.46.9.2765-2771.2002

Burton, J. D., Goldenberg, D. M., and Blumenthal, R. D. (2008). Potential of
peroxisome proliferator-activated receptor gamma antagonist compounds as
therapeutic agents for a wide range of cancer types. PPAR Res. 2008:494161.
doi: 10.1155/2008/494161

Cai, M., Sun, X., Wang, W,, Lian, Z., Wu, P., Han, S, et al. (2018). Disruption of
peroxisome function leads to metabolic stress, mTOR inhibition, and lethality in
liver cancer cells. Cancer Lett. 421, 82-93. doi: 10.1016/].CANLET.2018.02.021

Castrejon-Tellez, V., Rodriguez-Pérez, J., Pérez-Torres, 1., Pérez-Hernandez,
N., Cruz-Lagunas, A., Guarner-Lans, V., et al. (2016). The effect of
resveratrol and quercetin treatment on PPAR mediated uncoupling protein
(UCP-) 1, 2, and 3 expression in visceral white adipose tissue from
metabolic syndrome rats. Int. J. Mol. Sci. 17:1069. doi: 10.3390/ijms170
71069

Chao, W.-C,, Yen, C.-L., Hsieh, C.-Y., Huang, Y.-F., Tseng, Y.-L., Nigrovic,
P. A, et al. (2017). Mycobacterial infection induces higher interleukin-
1B and dysregulated lung inflammation in mice with defective leukocyte
NADPH oxidase. PLoS One 12:¢0189453. doi: 10.1371/journal.pone.
0189453

Chen, J., Montagner, A., Tan, N., and Wahli, W. (2018). Insights into the Role of
PPARB/8 in NAFLD. Int. J. Mol. Sci. 19:1893. doi: 10.3390/ijms19071893

Chiarelli, F., and Di Marzio, D. (2008). Peroxisome proliferator-activated receptor-
gamma agonists and diabetes: current evidence and future perspectives. Vasc.
Health Risk Manag. 4,297-304. doi: 10.2147/vhrm.s993

Coll, T., Rodriguez-Calvo, R., Barroso, E., Serrano, L., Eyre, E., Palomer,
X.,, et al. (2009). Peroxisome proliferator-activated receptor (PPAR)
beta/delta: a new potential therapeutic target for the treatment of metabolic
syndrome. Curr. Mol. Pharmacol. 2, 46-55. doi: 10.2174/1874-470210902
010046

Collins, C. S., Kalish, J. E., Morrell, J. C., McCaffery, J. M., and Gould, S. J. (2000).
The peroxisome biogenesis factors pex4p, pex22p, pexlp, and pex6p act in
the terminal steps of peroxisomal matrix protein import. Mol. Cell. Biol. 20,
7516-7526. doi: 10.1128/mcb.20.20.7516-7526.2000

Connolly, J. G., Bykov, K., and Gagne, J. J. (2015). Thiazolidinediones and
Parkinson disease: a cohort study. Am. J. Epidemiol. 182, 936-944. doi: 10.1093/
aje/kwv109

Cuervo, A. M., and Wong, E. (2014). Chaperone-mediated autophagy: roles in
disease and aging. Cell Res. 24, 92-104. doi: 10.1038/cr.2013.153

Dan Dunn, J., Alvarez, L. A., Zhang, X., and Soldati, T. (2015). Reactive oxygen
species and mitochondria: a nexus of cellular homeostasis. Redox Biol. 6,
472-485. doi: 10.1016/].REDOX.2015.09.005

del Rio, L. A. (2011). Peroxisomes as a cellular source of reactive
nitrogen species signal molecules. Arch. Biochem. Biophys. 506, 1-11.
doi: 10.1016/j.abb.2010.10.022

del Rio, L. A., and Lépez-Huertas, E. (2016). ROS generation in peroxisomes and
its role in cell signaling. Plant Cell Physiol. 57:cw076. doi: 10.1093/pcp/pcw076

Delille, H. K., Bonekamp, N. A., and Schrader, M. (2006). Peroxisomes and disease
- an overview. Int. J. Biomed. Sci. 2, 308-314.

Demarquoy, J., and Le Borgne, F. (2015). Crosstalk between mitochondria and
peroxisomes. World J. Biol. Chem. 6, 301-309. doi: 10.4331/wjbc.v6.i4.301

Di Cesare Mannelli, L., Zanardelli M., Micheli, L., and Ghelardini, C.
(2014). PPAR- y impairment alters peroxisome functionality in primary
astrocyte cell cultures. Biomed. Res. Int. 2014:546453. doi: 10.1155/2014/
546453

Dixit, E., Boulant, S., Zhang, Y., Lee, A. S. Y., Odendall, C., Shum, B, et al. (2010).
Peroxisomes are signaling platforms for antiviral innate immunity. Cell 141,
668-681. doi: 10.1016/j.cell.2010.04.018

Dos Vultos, T., Mestre, O., Tonjum, T., and Gicquel, B. (2009). DNA repair in
Mycobacterium tuberculosis revisited. FEMS Microbiol. Rev. 33, 471-487. doi:
10.1111/j.1574-6976.2009.00170.x

Duszka, K., Oresic, M., Le May, C., Konig, J., and Wahli, W. (2017). PPARy
modulates long chain fatty acid processing in the intestinal epithelium. Int. J.
Mol. Sci. 18:E2559. doi: 10.3390/ijms18122559

Eckelt, E., Meifiner, T., Meens, J., Laarmann, K., Nerlich, A., Jarek, M., et al. (2015).
FurA contributes to the oxidative stress response regulation of Mycobacterium
avium ssp. paratuberculosis. Front. Microbiol. 6:16. doi: 10.3389/fmicb.2015.
00016

Eckert, J. H., and Erdmann, R. (2003). Peroxisome biogenesis. Rev. Physiol.
Biochem. Pharmacol. 147, 75-121. doi: 10.1007/s10254-003-0007-z

Ehrt, S., and Schnappinger, D. (2009). Mycobacterial survival strategies in the
phagosome: defence against host stresses. Cell. Microbiol. 11, 1170-1178. doi:
10.1111/j.1462-5822.2009.01335.x

Esparza, M., Palomares, B., Garcia, T., Espinosa, P., Zenteno, E., and Mancilla,
R. (2015). PstS-1, the 38-kDa Mpycobacterium tuberculosis glycoprotein, is
an adhesin, which binds the macrophage mannose receptor and promotes
phagocytosis. Scand. J. Immunol. 81, 46-55. doi: 10.1111/sji.12249

Farré, J., Mahalingam, S. S., Proietto, M., and Subramani, S. (2019). Peroxisome
biogenesis, membrane contact sites, and quality control. EMBO Rep. 20:e46864.
doi: 10.15252/embr.201846864

Fransen, M., Nordgren, M., Wang, B., and Apanasets, O. (2012). Role of
peroxisomes in ROS/RNS-metabolism: implications for human disease.
Biochim. Biophys. Acta 1822, 1363-1373. doi: 10.1016/j.bbadis.2011.12.001

Garcia-Aguilar, T., Espinosa-Cueto, P., Magallanes-Puebla, A., and Mancilla, R.
(2016). The mannose receptor is involved in the phagocytosis of mycobacteria-
induced apoptotic cells. J. Immunol. Res. 2016, 1-14. doi: 10.1155/2016/
3845247

Gervois, P., Fruchart, J. C., and Staels, B. (2004). Inflammation, dyslipidaemia,
diabetes and PPars: pharmacological interest of dual PPARalpha and
PPARgamma agonists. Int. J. Clin. Pract. Suppl. 58, 22-29. doi: 10.1111/j.1368-
504x.2004.00376.x

Girnun, G. D., Domann, F. E., Moore, S. A., and Robbins, M. E. C. (2002).
Identification of a functional peroxisome proliferator-activated receptor
response element in the rat catalase promoter. Mol. Endocrinol. 16, 2793-2801.
doi: 10.1210/me.2002-0020

Girroir, E. E., Hollingshead, H. E., Billin, A. N., Willson, T. M., Robertson,
G. P, Sharma, A. K, et al. (2008). Peroxisome proliferator-activated
receptor-B/8 (PPARP/S) ligands inhibit growth of UACC903 and MCF7
human cancer cell lines. Toxicology 243, 236-243. doi: 10.1016/j.tox.2007.
10.023

Glick, D., Barth, S., and Macleod, K. F. (2010). Autophagy: cellular and molecular
mechanisms. J. Pathol. 221, 3-12. doi: 10.1002/path.2697

Gupta, S., and Chatterji, D. (2005). Stress responses in mycobacteria. [UBMB Life
57, 149-159. doi: 10.1080/15216540500090611

Gurumurthy, M., Rao, M., Mukherjee, T., Rao, S. P. S., Boshoff, H. L, Dick,
T., et al. (2013). A novel F(420) -dependent anti-oxidant mechanism protects
Mycobacterium tuberculosis against oxidative stress and bactericidal agents.
Mol. Microbiol. 87, 744-755. doi: 10.1111/mmi.12127

Hack, K., Reilly, L., Palmer, C., Read, K. D., Norval, S., Kime, R., et al. (2012).
Skin-targeted inhibition of PPAR B/ by selective antagonists to treat PPAR
B/8 - mediated psoriasis-like skin disease in vivo. PLoS One 7:¢37097. doi:
10.1371/journal.pone.0037097

Hancock, R. E., Nijnik, A., and Philpott, D. J. (2012). Modulating immunity as a
therapy for bacterial infections. Nat. Rev. Microbiol. 10, 243-254. doi: 10.1038/
nrmicro2745

Frontiers in Microbiology | www.frontiersin.org

June 2019 | Volume 10 | Article 1121


https://doi.org/10.1083/jcb1695fta2
https://doi.org/10.1083/jcb1695fta2
https://doi.org/10.1038/nri3718
https://doi.org/10.1007/BF02829951
https://doi.org/10.3390/ijms19041197
https://doi.org/10.1111/j.1582-4934.2003.tb00241.x
https://doi.org/10.1074/jbc.M112.388611
https://doi.org/10.2217/fmb.13.164
https://doi.org/10.1128/aac.46.9.2765-2771.2002
https://doi.org/10.1128/aac.46.9.2765-2771.2002
https://doi.org/10.1155/2008/494161
https://doi.org/10.1016/J.CANLET.2018.02.021
https://doi.org/10.3390/ijms17071069
https://doi.org/10.3390/ijms17071069
https://doi.org/10.1371/journal.pone.0189453
https://doi.org/10.1371/journal.pone.0189453
https://doi.org/10.3390/ijms19071893
https://doi.org/10.2147/vhrm.s993
https://doi.org/10.2174/1874-470210902010046
https://doi.org/10.2174/1874-470210902010046
https://doi.org/10.1128/mcb.20.20.7516-7526.2000
https://doi.org/10.1093/aje/kwv109
https://doi.org/10.1093/aje/kwv109
https://doi.org/10.1038/cr.2013.153
https://doi.org/10.1016/J.REDOX.2015.09.005
https://doi.org/10.1016/j.abb.2010.10.022
https://doi.org/10.1093/pcp/pcw076
https://doi.org/10.4331/wjbc.v6.i4.301
https://doi.org/10.1155/2014/546453
https://doi.org/10.1155/2014/546453
https://doi.org/10.1016/j.cell.2010.04.018
https://doi.org/10.1111/j.1574-6976.2009.00170.x
https://doi.org/10.1111/j.1574-6976.2009.00170.x
https://doi.org/10.3390/ijms18122559
https://doi.org/10.3389/fmicb.2015.00016
https://doi.org/10.3389/fmicb.2015.00016
https://doi.org/10.1007/s10254-003-0007-z
https://doi.org/10.1111/j.1462-5822.2009.01335.x
https://doi.org/10.1111/j.1462-5822.2009.01335.x
https://doi.org/10.1111/sji.12249
https://doi.org/10.15252/embr.201846864
https://doi.org/10.1016/j.bbadis.2011.12.001
https://doi.org/10.1155/2016/3845247
https://doi.org/10.1155/2016/3845247
https://doi.org/10.1111/j.1368-504x.2004.00376.x
https://doi.org/10.1111/j.1368-504x.2004.00376.x
https://doi.org/10.1210/me.2002-0020
https://doi.org/10.1016/j.tox.2007.10.023
https://doi.org/10.1016/j.tox.2007.10.023
https://doi.org/10.1002/path.2697
https://doi.org/10.1080/15216540500090611
https://doi.org/10.1111/mmi.12127
https://doi.org/10.1371/journal.pone.0037097
https://doi.org/10.1371/journal.pone.0037097
https://doi.org/10.1038/nrmicro2745
https://doi.org/10.1038/nrmicro2745
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Ganguli et al.

Role of Peroxisomes in Antimycobacterial Immunity

Handeli, S., and Simon, J. A. (2008). A small-molecule inhibitor of Tcf/beta-catenin
signaling down-regulates PPARgamma and PPARdelta activities. Mol. Cancer
Ther. 7,521-529. doi: 10.1158/1535-7163.MCT-07-2063

He, X., Gong, P., Wei, Z., Liu, W., Wang, W,, Li, ], et al. (2017). Peroxisome
proliferator-activated receptor-y-mediated polarization of macrophages in
Neospora caninum infection. Exp. Parasitol. 178, 37-44. doi: 10.1016/j.exppara.
2017.05.002

Hillas, P. J., del Alba, F. S., Oyarzabal, J., Wilks, A., and Ortiz De Montellano, P. R.
(2000). The AhpC and AhpD antioxidant defense system of Mycobacterium
tuberculosis. J. Biol. Chem. 275, 18801-18809. doi: 10.1074/jbc.M001001200

Hingley-Wilson, S. M., Lougheed, K. E. A., Ferguson, K., Leiva, S., and Williams,
H. D. (2010). Individual Mycobacterium tuberculosis universal stress protein
homologues are dispensable in vitro. Tuberculosis 90, 236-244. doi: 10.1016/
j.tube.2010.03.013

Hu, S., He, W., Du, X,, Huang, Y., Fu, Y., Yang, Y., et al. (2018). Vitamin B1 helps
to limit Mycobacterium tuberculosis growth via regulating innate immunity
in a peroxisome proliferator-activated receptor-y-dependent manner. Front.
Immunol. 9:1778. doi: 10.3389/fimmu.2018.01778

Hu, Y., and Coates, A. R. M. (2009). Acute and persistent Mycobacterium
tuberculosis infections depend on the thiol peroxidase TpX. PLoS One 4:¢5150.
doi: 10.1371/journal.pone.0005150

Itoyama, A., Michiyuki, S., Honsho, M., Yamamoto, T., Moser, A., Yoshida, Y., et al.
(2013). Mff functions with Pex11pp and DLP1 in peroxisomal fission. Biol. Open
2, 998-1006. doi: 10.1242/bi0.20135298

Jaeger, T. (2007). “Peroxiredoxin systems in mycobacteria,” in Peroxiredoxin
Systems. Subcellular Biochemistry, Vol. 44, eds L. Flohé and J. R. Harris
(Dordrecht: Springer).

Jia, Q, Hu, X,, Shi, D., Zhang, Y., Sun, M., Wang, J., et al. (2016). Universal
stress protein Rv2624c alters abundance of arginine and enhances intracellular
survival by ATP binding in mycobacteria. Sci. Rep. 6:35462. doi: 10.1038/
srep35462

Johansen, T., and Lamark, T. (2011). Selective autophagy mediated by autophagic
adapter proteins. Autophagy 7, 279-296. doi: 10.4161/AUTO.7.3.14487

Jung, Y., Kim, J.-C., Park, N.-J., Bong, S.-K,, Lee, S., Jegal, H., et al. (2018). Eupatilin,
an activator of PPARa, inhibits the development of oxazolone-induced atopic
dermatitis symptoms in Balb/c mice. Biochem. Biophys. Res. Commun. 496,
508-514. doi: 10.1016/j.bbrc.2018.01.098

Kadowaki, T. (2001). [PPAR gamma agonist and antagonist]. Nihon Yakurigaku
Zasshi 118, 321-326.

Kahnert, A., Seiler, P., Stein, M., Bandermann, S., Hahnke, K., Mollenkopf, H.,
et al. (2006). Alternative activation deprives macrophages of a coordinated
defense program to Mycobacterium tuberculosis. Eur. J. Immunol. 36, 631-647.
doi: 10.1002/€ji.200535496

Kang, P. B., Azad, A. K., Torrelles, J. B., Kaufman, T. M., Beharka, A., Tibesar, E.,
etal. (2005). The human macrophage mannose receptor directs Mycobacterium
tuberculosis lipoarabinomannan-mediated phagosome biogenesis. J. Exp. Med.
202, 987-999. doi: 10.1084/jem.20051239

Kaushik, S., and Cuervo, A. M. (2012). Chaperone-mediated autophagy: a unique
way to enter the lysosome world. Trends Cell Biol. 22, 407-417. doi: 10.1016/j.
tcb.2012.05.006

Khan, M. Z., Bhaskar, A., Upadhyay, S., Kumari, P., Rajmani, R. S., Jain, P.,
et al. (2017). Protein kinase G confers survival advantage to Mycobacterium
tuberculosis during latency-like conditions. J. Biol. Chem. 292, 16093-16108.
doi: 10.1074/jbc.M117.797563

Khoo, N. K. H., Hebbar, S., Zhao, W., Moore, S. A., Domann, F. E., and Robbins,
M. E. (2013). Differential activation of catalase expression and activity by PPAR
agonists: implications for astrocyte protection in anti-glioma therapy. Redox
Biol. 1,70-79. doi: 10.1016/].REDOX.2012.12.006

Kim, K. H., An, D. R,, Song, J., Yoon, J. Y., Kim, H. S, Yoon, H. J,, et al. (2012).
Mycobacterium tuberculosis Eis protein initiates suppression of host immune
responses by acetylation of DUSP16/MKP-7. Proc. Natl. Acad. Sci. U.S.A. 109,
7729-7734. doi: 10.1073/pnas.1120251109

Kim, T., and Yang, Q. (2013). Peroxisome-proliferator-activated receptors regulate
redox signaling in the cardiovascular system. World J. Cardiol. 5, 164-174.
doi: 10.4330/wjc.v5.i6.164

Kim, Y. S., Lee, H.-M,, Kim, J. K., Yang, C.-S., Kim, T. S., Jung, M., et al. (2017).
PPAR-a activation mediates innate host defense through induction of TFEB and
lipid catabolism. J. Immunol. 198, 3283-3295. doi: 10.4049/jimmunol.1601920

Kleinnijenhuis, J., Oosting, M., Plantinga, T. S., van der Meer, ]. W. M., Joosten,
L. A. B, Crevel, R. V., et al. (2011). Autophagy modulates the Mycobacterium
tuberculosis-induced cytokine response. Immunology 134, 341-348. doi: 10.
1111/j.1365-2567.2011.03494.x

Knapp, G. S., Lyubetskaya, A., Peterson, M. W., Gomes, A. L. C., Ma, Z., Galagan,
J. E., et al. (2015). Role of intragenic binding of cAMP responsive protein
(CRP) in regulation of the succinate dehydrogenase genes Rv0249¢-Rv0247c¢ in
TB complex mycobacteria. Nucleic Acids Res. 43, 5377-5393. doi: 10.1093/nar/
gkv420

Kogiso, M., Shinohara, T., Dorey, C. K., and Shibata, Y. (2012). Role of PPARy in
COX-2 activation in mycobacterial pulmonary inflammation. Inflammation 35,
1685-1695. doi: 10.1007/s10753-012-9486-x

Kretschmer, M., Wang, J., and Kronstad, J. W. (2012). Peroxisomal and
mitochondrial B-oxidation pathways influence the virulence of the pathogenic
fungus Cryptococcus neoformans. Eukaryot. Cell 11, 1042-1054. doi: 10.1128/
EC.00128-12

Kulkarni, A. A., Woeller, C. F., Thatcher, T. H., Ramon, S., Phipps, R. P., and Sime,
P. J. (2012). Emerging PPAR y -independent role of PPAR vy ligands in lung
diseases. PPAR Res. 2012, 1-13. doi: 10.1155/2012/705352

Kumar, A., Farhana, A., Guidry, L., Saini, V., Hondalus, M., and Steyn, A. J. C.
(2011). Redox homeostasis in mycobacteria: the key to tuberculosis control?
Expert Rev. Mol. Med. 13, €39. doi: 10.1017/51462399411002079

Kuna, A., and Achinna, P. (2013). Mono unsaturated fatty acids for CVD and
diabetes: a healthy choice. Int. J. Nutr. Pharmacol. Neurol. Dis. 3, 236-248.
doi: 10.4103/2231-0738.114841

Lambeth, J. D. (2004). NOX enzymes and the biology of reactive oxygen. Nat. Rev.
Immunol. 4, 181-189. doi: 10.1038/nril312

Lazarow, P. B. (2011). Viruses exploiting peroxisomes. Curr. Opin. Microbiol. 14,
458-469. doi: 10.1016/j.mib.2011.07.009

Lee, H.-N,, Lee, N.-O., Han, S. J., Ko, L-J,, and Oh, J.-I. (2014). Regulation
of the ahpC gene encoding alkyl hydroperoxide reductase in Mycobacterium
smegmatis. PLoS One 9:¢111680. doi: 10.1371/journal.pone.0111680

Lee, K. S., Kim, S. R, Park, S. J., Park, H. S., Min, K. H,, Jin, S. M., et al. (2006).
Peroxisome proliferator activated receptor-y modulates reactive oxygen species
generation and activation of nuclear factor-kB and hypoxia-inducible factor
la in allergic airway disease of mice. J. Allergy Clin. Immunol. 118, 120-127.
doi: 10.1016/j.jaci.2006.03.021

Lee, W., VanderVen, B. C., Fahey, R. J., and Russell, D. G. (2013). Intracellular
Mycobacterium tuberculosis exploits host-derived fatty acids to limit metabolic
stress. J. Biol. Chem. 288, 6788-6800. doi: 10.1074/jbc.M112.445056

Leistikow, R. L., Morton, R. A., Bartek, I. L., Frimpong, I, Wagner, K., and
Voskuil, M. L. (2010). The Mycobacterium tuberculosis DosR regulon assists
in metabolic homeostasis and enables rapid recovery from nonrespiring
dormancy. J. Bacteriol. 192, 1662-1670. doi: 10.1128/JB.00926-09

Lerner, T. R, Borel, S., and Gutierrez, M. G. (2015). The innate immune response
in human tuberculosis. Cell. Microbiol. 17, 1277-1285. doi: 10.1111/cmi.12480

Lingard, M. J., and Trelease, R. N. (2006). Five Arabidopsis peroxin 11 homologs
individually promote peroxisome elongation, duplication or aggregation. J. Cell
Sci. 119, 1961-1972. doi: 10.1242/jcs.02904

Lippai, M., and Low, P. (2014). The role of the selective adaptor p62 and ubiquitin-
like proteins in autophagy. Biomed Res. Int. 2014:832704. doi: 10.1155/2014/
832704

Lismont, C., Nordgren, M., Van Veldhoven, P. P., and Fransen, M. (2015). Redox
interplay between mitochondria and peroxisomes. Front. cell Dev. Biol. 3:35.
doi: 10.3389/fcell.2015.00035

Longo, N, Frigeni, M., and Pasquali, M. (2016). Carnitine transport and fatty acid
oxidation. Biochim. Biophys. Acta 1863, 2422-2435. doi: 10.1016/j.bbamcr.2016.
01.023

Mabhajan, S., Dkhar, H. K., Chandra, V., Dave, S., Nanduri, R., Janmeja, A. K.,
et al. (2012). Mycobacterium tuberculosis modulates macrophage lipid-sensing
nuclear receptors PPAR and TR4 for survival. J. Immunol. 188, 5593-5603.
doi: 10.4049/jimmunol.1103038

Mandard, S., Miiller, M., and Kersten, S. (2004). Peroxisome proliferator-activated
receptor a target genes. Cell. Mol. Life Sci. 61, 393-416. doi: 10.1007/s00018-
003-3216-3

Meena, L. S., and Rajni. (2010). Survival mechanisms of pathogenic Mycobacterium
tuberculosis H37Rv. FEBS ]. 277, 2416-2427. doi: 10.1111/j.1742-4658.2010.
07666.x

Frontiers in Microbiology | www.frontiersin.org

June 2019 | Volume 10 | Article 1121


https://doi.org/10.1158/1535-7163.MCT-07-2063
https://doi.org/10.1016/j.exppara.2017.05.002
https://doi.org/10.1016/j.exppara.2017.05.002
https://doi.org/10.1074/jbc.M001001200
https://doi.org/10.1016/j.tube.2010.03.013
https://doi.org/10.1016/j.tube.2010.03.013
https://doi.org/10.3389/fimmu.2018.01778
https://doi.org/10.1371/journal.pone.0005150
https://doi.org/10.1242/bio.20135298
https://doi.org/10.1038/srep35462
https://doi.org/10.1038/srep35462
https://doi.org/10.4161/AUTO.7.3.14487
https://doi.org/10.1016/j.bbrc.2018.01.098
https://doi.org/10.1002/eji.200535496
https://doi.org/10.1084/jem.20051239
https://doi.org/10.1016/j.tcb.2012.05.006
https://doi.org/10.1016/j.tcb.2012.05.006
https://doi.org/10.1074/jbc.M117.797563
https://doi.org/10.1016/J.REDOX.2012.12.006
https://doi.org/10.1073/pnas.1120251109
https://doi.org/10.4330/wjc.v5.i6.164
https://doi.org/10.4049/jimmunol.1601920
https://doi.org/10.1111/j.1365-2567.2011.03494.x
https://doi.org/10.1111/j.1365-2567.2011.03494.x
https://doi.org/10.1093/nar/gkv420
https://doi.org/10.1093/nar/gkv420
https://doi.org/10.1007/s10753-012-9486-x
https://doi.org/10.1128/EC.00128-12
https://doi.org/10.1128/EC.00128-12
https://doi.org/10.1155/2012/705352
https://doi.org/10.1017/S1462399411002079
https://doi.org/10.4103/2231-0738.114841
https://doi.org/10.1038/nri1312
https://doi.org/10.1016/j.mib.2011.07.009
https://doi.org/10.1371/journal.pone.0111680
https://doi.org/10.1016/j.jaci.2006.03.021
https://doi.org/10.1074/jbc.M112.445056
https://doi.org/10.1128/JB.00926-09
https://doi.org/10.1111/cmi.12480
https://doi.org/10.1242/jcs.02904
https://doi.org/10.1155/2014/832704
https://doi.org/10.1155/2014/832704
https://doi.org/10.3389/fcell.2015.00035
https://doi.org/10.1016/j.bbamcr.2016.01.023
https://doi.org/10.1016/j.bbamcr.2016.01.023
https://doi.org/10.4049/jimmunol.1103038
https://doi.org/10.1007/s00018-003-3216-3
https://doi.org/10.1007/s00018-003-3216-3
https://doi.org/10.1111/j.1742-4658.2010.07666.x
https://doi.org/10.1111/j.1742-4658.2010.07666.x
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Ganguli et al.

Role of Peroxisomes in Antimycobacterial Immunity

Mehta, M., Rajmani, R. S., and Singh, A. (2015). Mycobacterium tuberculosis
‘WhiB3 responds to vacuolar pH-induced changes in mycothiol redox potential
to modulate phagosomal maturation and virulence. J. Biol Chem. 291,
2888-2903. doi: 10.1074/jbc.M115.684597

Messmer, D., Lorrain, K., Stebbins, K., Bravo, Y., Stock, N., Cabrera, G., et al.
(2015). A selective novel peroxisome proliferator-activated receptor (PPAR)-
o antagonist induces apoptosis and inhibits proliferation of CLL cells in vitro
and in vivo. Mol. Med. 21, 410-419. doi: 10.2119/MOLMED.2015.00139

Milano, A., Forti, F., Sala, C., Riccardi, G., and Ghisotti, D. (2001). Transcriptional
regulation of furA and katG upon oxidative stress in Mycobacterium smegmatis.
J. Bacteriol. 183, 6801-6806. doi: 10.1128/JB.183.23.6801-6806.2001

Mizushima, N. (2007). Autophagy: process and function. Genes Dev. 21, 2861-
2873. doi: 10.1101/gad.1599207

Mohanty, S., Dal Molin, M., Ganguli, G., Padhi, A., Jena, P., Selchow, P., et al.
(2016). Mycobacterium tuberculosis EsxO (Rv2346¢) promotes bacillary survival
by inducing oxidative stress mediated genomic instability in macrophages.
Tuberculosis 96, 44-57. doi: 10.1016/j.tube.2015.11.006

Mohanty, S., Jagannathan, L., Ganguli, G., Padhi, A., Roy, D., Alaridah, N.,
et al. (2015). A mycobacterial phosphoribosyltransferase promotes bacillary
survival by inhibiting oxidative stress and autophagy pathways in macrophages
and zebrafish. J. Biol. Chem. 290, 13321-13343. doi: 10.1074/jbc.M114.
598482

Mukhopadhyay, S., Nair, S., and Ghosh, S. (2012). Pathogenesis in tuberculosis:
transcriptomic approaches to unraveling virulence mechanisms and finding
new drug targets. FEMS Microbiol. Rev. 36, 463-485. doi: 10.1111/j.1574-6976.
2011.00302.x

Nambi, S., Long, J. E., Mishra, B. B., Baker, R., Murphy, K. C,, Olive, A. ], et al.
(2015). The oxidative stress network of mycobacterium tuberculosis reveals
coordination between radical detoxification systems. Cell Host Microbe 17,
829-837. doi: 10.1016/j.chom.2015.05.008

Nguyen, Q.-T., Trinco, G., Binda, C., Mattevi, A., and Fraaije, M. W. (2017).
Discovery and characterization of an F420-dependent glucose-6-phosphate
dehydrogenase (Rh-FGD1) from Rhodococcus jostii RHAL. Appl. Microbiol.
Biotechnol. 101, 2831-2842. doi: 10.1007/s00253-016-8038-y

Odendall, C., and Kagan, J. C. (2013). Peroxisomes and the antiviral
responses of mammalian cells. Subcell. Biochem. 69, 67-75.
doi: 10.1007/978-94-007-6889-5_4

Oh, G. T., Kim, J.-M,, Jo, E.-K,, Jung, M., Jin, H. S., Kim, S., et al. (2018). PPAR-
a activation mediates innate host defense through induction of TFEB and lipid
catabolism. J. Immunol. 198, 3283-3295. doi: 10.4049/jimmunol.1601920

Okuno, Y., Matsuda, M., Kobayashi, H., Morita, K., Suzuki, E., Fukuhara, A.,
et al. (2008). Adipose expression of catalase is regulated via a novel remote
PPARy-responsive region. Biochem. Biophys. Res. Commun. 366, 698-704. doi:
10.1016/j.bbrc.2007.12.001

Okuno, Y., Matsuda, M., Miyata, Y., Fukuhara, A., Komuro, R., Shimabukuro,
M., et al. (2010). Human catalase gene is regulated by peroxisome proliferator
activated receptor-gamma through a response element distinct from that of
mouse. Endocr. ]. 57, 303-309. doi: 10.1507/endocrj.k09e-113

Palomer, X., Barroso, E., Pizarro-Delgado, J., Pefia, L., Botteri, G., Zarei, M., et al.
(2018). PPARB/3: a key therapeutic target in metabolic disorders. Int. J. Mol. Sci.
19:913. doi: 10.3390/ijms19030913

Pandey, S., Kawai, T., and Akira, S. (2014). Microbial sensing by Toll-like
receptors and intracellular nucleic acid sensors. Cold Spring Harb. Perspect. Biol.
7:a016246. doi: 10.1101/cshperspect.a016246

Péan, C. B., Schiebler, M., Tan, S. W. S., Sharrock, J. A., Kierdorf, K., Brown,
K. P, et al. (2017). Regulation of phagocyte triglyceride by a STAT-ATG2
pathway controls mycobacterial infection. Nat. Commun. 8:14642. doi: 10.1038/
ncomms14642

Perkins, A., Nelson, K. J., Parsonage, D., Poole, L. B., and Karplus, P. A. (2015).
Peroxiredoxins: guardians against oxidative stress and modulators of peroxide
signaling. Trends Biochem. Sci. 40, 435-445. doi: 10.1016/j.tibs.2015.05.001

Pieters, J. (2008). Mycobacterium tuberculosis and the macrophage: maintaining
a balance. Cell Host Microbe 3, 399-407. doi: 10.1016/j.chom.2008.
05.006

Poirier, Y., Antonenkov, V. D., Glumoff, T., and Hiltunen, J. K. (2006). Peroxisomal
beta-oxidation—a metabolic pathway with multiple functions. Biochim. Biophys.
Acta 1763, 1413-1426. doi: 10.1016/j.bbamcr.2006.08.034

Polvani, S., Tarocchi, M., and Galli, A. (2012). PPAR and oxidative stress:
con() catenating NRF2 and FOXO. PPAR Res. 2012, 1-15. doi: 10.1155/2012/
641087

Rajaram, M. V. S., Arnett, E., Azad, A. K., Guirado, E., Ni, B., Gerberick, A. D., et al.
(2017). M. tuberculosis-initiated human mannose receptor signaling regulates
macrophage recognition and vesicle trafficking by FcRy-Chain, Grb2, and
SHP-1. Cell Rep. 21, 126-140. doi: 10.1016/J.CELREP.2017.09.034

Rajaram, M. V. S., Brooks, M. N., Morris, J. D., Torrelles, J. B., Azad, A. K.,
and Schlesinger, L. S. (2010). Mycobacterium tuberculosis activates human
macrophage peroxisome proliferator-activated receptor linking mannose
receptor recognition to regulation of immune responses. J. Immunol. 185,
929-942. doi: 10.4049/jimmunol.1000866

Rakhshandehroo, M., Knoch, B., Miiller, M., and Kersten, S. (2010). Peroxisome
proliferator-activated receptor alpha target genes. PPAR Res. 2010:612089. doi:
10.1155/2010/612089

Raman, S., Hazra, R., Dascher, C. C., and Husson, R. N. (2004). Transcription
regulation by the Mycobacterium tuberculosis alternative sigma factor SigD and
its role in virulence. J. Bacteriol. 186, 6605-6616. doi: 10.1128/JB.186.19.6605-
6616.2004

Reddy, A. T., Lakshmi, S. P., and Reddy, R. C. (2016). PPARY in bacterial infections:
a friend or foe? PPAR Res. 2016, 7963540. doi: 10.1155/2016/7963540

Rotondo, D., and Davidson, J. (2002). Prostaglandin and PPAR control of
immune cell function. Immunology 105, 20-22. doi: 10.1046/J.0019-2805.2001.
01361.X

Ruan, J., St John, G., Ehrt, S., Riley, L., and Nathan, C. (1999). noxR3, a novel
gene from Mycobacterium tuberculosis, protects Salmonella typhimurium from
nitrosative and oxidative stress. Infect. Immun. 67, 3276-3283.

Ryoo, S.-B., Oh, H.-K,, Yu, S. A, Moon, S. H.,, Choe, E. K, Oh, T. Y,
et al. (2014). The effects of eupatilin (stillen®) on motility of human
lower gastrointestinal tracts. Korean J. Physiol. Pharmacol. 18, 383-390.
doi: 10.4196/kjpp.2014.18.5.383

Saini, A., Mahajan, S., Ahuja, N., Bhagyaraj, E., Kalra, R., Janmeja, A. K,, et al.
(2018). An accord of nuclear receptor expression in M. tuberculosis infected
macrophages and dendritic cells. Sci. Rep. 8:2296. doi: 10.1038/s41598-018-
20769-4

Saini, N. K., Baena, A., Ng, T. W., Venkataswamy, M. M., Kennedy, S. C.,,
Kunnath-Velayudhan, S., et al. (2016). Suppression of autophagy and antigen
presentation by Mycobacterium tuberculosis PE_PGRS47. Nat. Microbiol.
1:16133. doi: 10.1038/nmicrobiol.2016.133

Saini, N. K., Porcelli, S. A., and Goldberg, M. F. (2014). Evasion of innate and
adaptive immunity by Mycobacterium tuberculosis. Microbiol. Spectr. 2. doi:
10.1128/microbiolspec. MGM2-0005-2013

Sanchez, D., Rojas, M., Hernandez, 1., Radzioch, D., Garcia, L. F., and Barrera,
L. F. (2010). Role of TLR2- and TLR4-mediated signaling in Mycobacterium
tuberculosis-induced macrophage death. Cell Immunol. 260, 128-136. doi: 10.
1016/j.cellimm.2009.10.007

Schrader, M., Bonekamp, N. A., and Islinger, M. (2012). Fission and proliferation of
peroxisomes. Biochim. Biophys. Acta 1822, 1343-1357. doi: 10.1016/].BBADIS.
2011.12.014

Schrader, M., and Fahimi, H. D. (2006). Peroxisomes and oxidative stress. Biochim.
Biophys. Acta 1763, 1755-1766. doi: 10.1016/j.bbamcr.2006.09.006

Schumann, U., and Subramani, S. (2008). Special delivery from mitochondria to
peroxisomes. Trends Cell Biol. 18, 253-256. doi: 10.1016/j.tcb.2008.04.002

Shi, R., Zhang, Y., Shi, Y., Shi, S., and Jiang, L. (2012). Inhibition of peroxisomal -
oxidation by thioridazine increases the amount of VLCFAs and Af generation
in the rat brain. Neurosci. Lett. 528, 6-10. doi: 10.1016/j.neulet.2012.08.086

Shin, D.-M., Jeon, B.-Y., Lee, H.-M.,, Jin, H. S., Yuk, J.-M., Song, C.-H., et al.
(2010). Mycobacterium tuberculosis eis regulates autophagy, inflammation,
and cell death through redox-dependent signaling. PLoS Pathog. 6:1001230.
doi: 10.1371/journal.ppat.1001230

Singh, A., Crossman, D. K., Mai, D., Guidry, L., Voskuil, M. I., Renfrow, M. B., et al.
(2009). Mycobacterium tuberculosis WhiB3 maintains redox homeostasis by
regulating virulence lipid anabolism to modulate macrophage response. PLoS
Pathog. 5:1000545. doi: 10.1371/journal.ppat.1000545

Springer, B., Master, S., Sander, P., Zahrt, T., McFalone, M., Song, J., et al.
(2001). Silencing of oxidative stress response in Mycobacterium tuberculosis:
expression patterns of ahpC in virulent and avirulent strains and effect of ahpC

Frontiers in Microbiology | www.frontiersin.org

June 2019 | Volume 10 | Article 1121


https://doi.org/10.1074/jbc.M115.684597
https://doi.org/10.2119/MOLMED.2015.00139
https://doi.org/10.1128/JB.183.23.6801-6806.2001
https://doi.org/10.1101/gad.1599207
https://doi.org/10.1016/j.tube.2015.11.006
https://doi.org/10.1074/jbc.M114.598482
https://doi.org/10.1074/jbc.M114.598482
https://doi.org/10.1111/j.1574-6976.2011.00302.x
https://doi.org/10.1111/j.1574-6976.2011.00302.x
https://doi.org/10.1016/j.chom.2015.05.008
https://doi.org/10.1007/s00253-016-8038-y
https://doi.org/10.1007/978-94-007-6889-5_4
https://doi.org/10.4049/jimmunol.1601920
https://doi.org/10.1016/j.bbrc.2007.12.001
https://doi.org/10.1016/j.bbrc.2007.12.001
https://doi.org/10.1507/endocrj.k09e-113
https://doi.org/10.3390/ijms19030913
https://doi.org/10.1101/cshperspect.a016246
https://doi.org/10.1038/ncomms14642
https://doi.org/10.1038/ncomms14642
https://doi.org/10.1016/j.tibs.2015.05.001
https://doi.org/10.1016/j.chom.2008.05.006
https://doi.org/10.1016/j.chom.2008.05.006
https://doi.org/10.1016/j.bbamcr.2006.08.034
https://doi.org/10.1155/2012/641087
https://doi.org/10.1155/2012/641087
https://doi.org/10.1016/J.CELREP.2017.09.034
https://doi.org/10.4049/jimmunol.1000866
https://doi.org/10.1155/2010/612089
https://doi.org/10.1155/2010/612089
https://doi.org/10.1128/JB.186.19.6605-6616.2004
https://doi.org/10.1128/JB.186.19.6605-6616.2004
https://doi.org/10.1155/2016/7963540
https://doi.org/10.1046/J.0019-2805.2001.01361.X
https://doi.org/10.1046/J.0019-2805.2001.01361.X
https://doi.org/10.4196/kjpp.2014.18.5.383
https://doi.org/10.1038/s41598-018-20769-4
https://doi.org/10.1038/s41598-018-20769-4
https://doi.org/10.1038/nmicrobiol.2016.133
https://doi.org/10.1128/microbiolspec.MGM2-0005-2013
https://doi.org/10.1128/microbiolspec.MGM2-0005-2013
https://doi.org/10.1016/j.cellimm.2009.10.007
https://doi.org/10.1016/j.cellimm.2009.10.007
https://doi.org/10.1016/J.BBADIS.2011.12.014
https://doi.org/10.1016/J.BBADIS.2011.12.014
https://doi.org/10.1016/j.bbamcr.2006.09.006
https://doi.org/10.1016/j.tcb.2008.04.002
https://doi.org/10.1016/j.neulet.2012.08.086
https://doi.org/10.1371/journal.ppat.1001230
https://doi.org/10.1371/journal.ppat.1000545
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Ganguli et al.

Role of Peroxisomes in Antimycobacterial Immunity

inactivation. Infect. Immun. 69, 5967-5973. doi: 10.1128/IA1.69.10.5967-5973.
2001

Sreejit, G., Ahmed, A., Parveen, N., Jha, V., Valluri, V. L., Ghosh, S., et al.
(2014). The ESAT-6 protein of Mycobacterium tuberculosis interacts with Beta-
2-Microglobulin (32M) affecting antigen presentation function of macrophage.
PLoS Pathog. 10:¢1004446. doi: 10.1371/journal.ppat.1004446

Stamm, C. E., Collins, A. C., and Shiloh, M. U. (2015). Sensing of Mycobacterium
tuberculosis and consequences to both host and bacillus. Immunol. Rev. 264,
204-219. doi: 10.1111/imr.12263

Subbaramaiah, K., Lin, D. T., Hart, J. C., and Dannenberg, A. J. (2001). Peroxisome
proliferator-activated receptor gamma ligands suppress the transcriptional
activation of cyclooxygenase-2. Evidence for involvement of activator protein-
1 and CREB-binding protein/p300. J. Biol. Chem. 276, 12440-12448. doi: 10.
1074/jbc.M007237200

Terlecky, S. R., Terlecky, L. J., and Giordano, C. R. (2012). Peroxisomes, oxidative
stress, and inflammation. World J. Biol. Chem. 3, 93-97. doi: 10.4331/wjbc.v3.
i5.93

Titorenko, V. I, and Mullen, R. T. (2006). Peroxisome biogenesis: the peroxisomal
endomembrane system and the role of the ER. J. Cell Biol. 174, 11-17. doi:
10.1083/jcb.200604036

Toledo, A., and Benach, J. L. (2015). Hijacking and use of host lipids by intracellular
pathogens. Microbiol. Spectr. 3, doi: 10.1128/microbiolspec. VMBE-0001-
2014

Tripathi, D. N., Zhang, J., Jing, J., Dere, R., and Walker, C. L. (2016). A new role
for ATM in selective autophagy of peroxisomes (pexophagy). Autophagy 12,
711-712. doi: 10.1080/15548627.2015.1123375

Tyagi, P., Dharmaraja, A. T., Bhaskar, A., Chakrapani, H., and Singh, A. (2015).
Mpycobacterium tuberculosis has diminished capacity to counteract redox stress
induced by elevated levels of endogenous superoxide. Free Radic. Biol. Med. 84,
344-354. doi: 10.1016/j.freeradbiomed.2015.03.008

Tyagi, S., Gupta, P., Saini, A. S., Kaushal, C., and Sharma, S. (2011). The peroxisome
proliferator-activated receptor: a family of nuclear receptors role in various
diseases. J. Adv. Pharm. Technol. Res. 2, 236-240. doi: 10.4103/2231-4040.
90879

Van den Branden, C., and Roels, F. (1985). Thioridazine: a selective inhibitor of
peroxisomal beta-oxidation in vivo. FEBS Lett. 187, 331-333. doi: 10.1016/
0014-5793(85)81270-9

Velayati, A. A., Farnia, P., and Masjedi, M. R. (2013). The totally drug resistant
tuberculosis (TDR-TB). Int. J. Clin. Exp. Med. 6, 307-309.

Venkatesan, A., Palaniyandi, K., Sharma, D., Bisht, D., and Narayanan, S. (2016).
Functional characterization of PknI-Rv2159c interaction in redox homeostasis
of Mycobacterium tuberculosis. Front. Microbiol. 7:1654. doi: 10.3389/fmicb.
2016.01654

Vijayan, V., Srinu, T., Karnati, S., Garikapati, V., Linke, M., Kamalyan, L., et al.
(2017). A new immunomodulatory role for peroxisomes in macrophages
activated by the TLR4 ligand lipopolysaccharide. J. Immunol. 198, 2414-2425.
doi: 10.4049/jimmunol.1601596

Villacorta, L., Schopfer, F. J., Zhang, J., Freeman, B. A., and Chen, Y. E. (2009).
PPARYy and its ligands: therapeutic implications in cardiovascular disease. Clin.
Sci. 116, 205-218. doi: 10.1042/CS20080195

Von Knethen, A., and Briine, B. (2018). Respiratory burst and attenuates the phox
down-regulates p47 oxide in monocytes/macrophages by nitric y proliferator-
activated receptor activation of peroxisome. J. Immunol. 169, 2619-2626. doi:
10.4049/jimmunol.169.5.2619

Voskuil, M. I, Bartek, I. L., Visconti, K., and Schoolnik, G. K. (2011). The response
of mycobacterium tuberculosis to reactive oxygen and nitrogen species. Front.
Microbiol. 2:105. doi: 10.3389/fmicb.2011.00105

Wagner, K.-D., and Wagner, N. (2010). Peroxisome proliferator-activated
receptor beta/delta (PPARP/3) acts as regulator of metabolism linked
to multiple cellular functions. Ther. 125, 423-435.
doi: 10.1016/j.pharmthera.2009.12.001

Wanders, R. J. A. (2004). Peroxisomes, lipid metabolism, and peroxisomal
disorders. Mol. Genet. Metab. 83, 16-27. doi: 10.1016/j.ymgme.2004.08.016

Wang, W., and Subramani, S. (2017). Role of PEX5 ubiquitination in maintaining
peroxisome dynamics and homeostasis. Cell Cycle 16, 2037-2045. doi: 10.1080/
15384101.2017.1376149

Wang, W., Xia, Z.-J., Farré, ].-C., and Subramani, S. (2017). TRIM37, a novel E3
ligase for PEX5-mediated peroxisomal matrix protein import. J. Cell Biol. 216,
2843-2858. doi: 10.1083/jcb.201611170

Wang, X., Li, S.,, Liu, Y., and Ma, C. (2015). Redox regulated peroxisome
homeostasis. Redox Biol. 4, 104-108. doi: 10.1016/j.redox.2014.12.006

Willemse, D., Weber, B., Masino, L., Warren, R. M., Adinolfi, S., Pastore, A.,
et al. (2018). Rv1460, a SufR homologue, is a repressor of the suf operon
in Mycobacterium tuberculosis. PLoS One 13:¢0200145. doi: 10.1371/journal.
pone.0200145

Williams, K. J., Boshoff, H. I, Krishnan, N., Gonzales, J., Schnappinger, D., and
Robertson, B. D. (2011). The Mycobacterium tuberculosis $-oxidation genes
echA5 and fadB3 are dispensable for growth in vitro and in vivo. Tuberculosis
91, 549-555. doi: 10.1016/j.tube.2011.06.006

World Health Organization [WHO] (2017). Global Tuberculosis Report 2016.
Geneva: WHO.

Yagami, T., Yamamoto, Y., and Koma, H. (2017). 15-deoxy- A12,14-prostaglandin
J2 in neurodegenerative diseases and cancers. Oncotarget 8, 9007-9008. doi:
10.18632/oncotarget.14701

Yuhas, Y., Berent, E., Cohen, R., and Ashkenazi, S. (2009). Roles of NF-kappaB
activation and peroxisome proliferator-activated receptor gamma inhibition
in the effect of rifampin on inducible nitric oxide synthase transcription in
human lung epithelial cells. Antimicrob. Agents Chemother. 53, 1539-1545.
doi: 10.1128/AAC.00961-08

Pharmacol.

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Ganguli, Mukherjee and Sonawane. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

17

June 2019 | Volume 10 | Article 1121


https://doi.org/10.1128/IAI.69.10.5967-5973.2001
https://doi.org/10.1128/IAI.69.10.5967-5973.2001
https://doi.org/10.1371/journal.ppat.1004446
https://doi.org/10.1111/imr.12263
https://doi.org/10.1074/jbc.M007237200
https://doi.org/10.1074/jbc.M007237200
https://doi.org/10.4331/wjbc.v3.i5.93
https://doi.org/10.4331/wjbc.v3.i5.93
https://doi.org/10.1083/jcb.200604036
https://doi.org/10.1083/jcb.200604036
https://doi.org/10.1128/microbiolspec.VMBF-0001-2014
https://doi.org/10.1128/microbiolspec.VMBF-0001-2014
https://doi.org/10.1080/15548627.2015.1123375
https://doi.org/10.1016/j.freeradbiomed.2015.03.008
https://doi.org/10.4103/2231-4040.90879
https://doi.org/10.4103/2231-4040.90879
https://doi.org/10.1016/0014-5793(85)81270-9
https://doi.org/10.1016/0014-5793(85)81270-9
https://doi.org/10.3389/fmicb.2016.01654
https://doi.org/10.3389/fmicb.2016.01654
https://doi.org/10.4049/jimmunol.1601596
https://doi.org/10.1042/CS20080195
https://doi.org/10.4049/jimmunol.169.5.2619
https://doi.org/10.4049/jimmunol.169.5.2619
https://doi.org/10.3389/fmicb.2011.00105
https://doi.org/10.1016/j.pharmthera.2009.12.001
https://doi.org/10.1016/j.ymgme.2004.08.016
https://doi.org/10.1080/15384101.2017.1376149
https://doi.org/10.1080/15384101.2017.1376149
https://doi.org/10.1083/jcb.201611170
https://doi.org/10.1016/j.redox.2014.12.006
https://doi.org/10.1371/journal.pone.0200145
https://doi.org/10.1371/journal.pone.0200145
https://doi.org/10.1016/j.tube.2011.06.006
https://doi.org/10.18632/oncotarget.14701
https://doi.org/10.18632/oncotarget.14701
https://doi.org/10.1128/AAC.00961-08
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Peroxisomes and Oxidative Stress: Their Implications in the Modulation of Cellular Immunity During Mycobacterial Infection
	Introduction
	Modulation Of Macrophage Immune Effector Functions During Mycobacteria Infection
	Peroxisomal Nuclear Receptors Play Vital Role During Mtb Infection
	Mycobacteria Regulate Oxidative Stress in Macrophages
	Cross-Talk Between Mitochondria and Peroxisomes Are Essential for Cellular Metabolism
	Peroxisomal Biogenesis and Its Role During Infection
	Peroxisomes Shield Intracellular Pathogens From Oxidative Stress
	Peroxisomes Regulate Innate Immunity to Counteract Infection Process
	Peroxisomes: hub for Fatty Acid Metabolism
	Conclusion and Future Perspectives
	Author Contributions
	Funding
	References


