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Abstract

Mycobacteroides abscessus (M. abscessus) 1is most common
nontuberculous mycobacterial species causing infectious disease in
humans. Unfortunately, it is notoriously challenging to treat due to its
intrinsic or acquired resistance to first—line anti—TB drugs as well
as to most antibiotics commonly used for treatment. The rough
morphotype (Ma"¥) of M. abscessus, which is distinguished from the
smooth morphotype (Mz*™) by the absence of cell surface
glycopeptidolipids (GPLs), is linked to more severe and persistent

Sm

infection than Ma>". However, the precise virulence mechanisms of
Ma"™¢ and its relationship with virulence factors are currently unclear.
In this study, the role of ferroptosis in M. abscessus infection,
specifically in the dissemination of A", is investigated. The study
suggests that the external cell wall lipid A&"¢, phosphatidyl—-myo—
inositol mannoside—Franction 7 (PIM—F7) promotes Ma"
pathogenicity and propagation by inducing ferroptosis, providing
novel insights into the virulence mechanisms of M. abscessus.
Mechanistically, PIM—F7 is shown to interact with mitochondrial ROS

production through TLRZ2-dependent iron accumulation, which

promotes Ma™ pathogenicity and dissemination by activating lipid
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peroxidation and inducing ferroptosis. Overall, these findings shed
light on the molecular mechanisms of pathogen—induced ferroptosis
and suggest potential therapies targeting iron accumulation—
dependent ferroptosis by disrupting M. abscessus—host interactions
(Chapter 1). This study demonstrates a strong interaction between
increasing cellular metabolism and innate macrophage immunity and
shows that Mycobacteroides massiliense (M. massiliense)
intracellular replication in macrophages dependents on host pyruvate
dehydrogenase kinase (PDK) activity. M. massiliense infection
triggers a metabolic shift in macrophages, leading to an increase in
glycolysis and a decrease in oxidative phosphorylation. However,
treatment with the PDK inhibitor dichloroacetate (DCA) reverses this
metabolic shift in infected macrophages and restrict intracellular
replication.

Mechanistically, DCA activates AMPK a1 by increasing the
AMP/ATP ratio, thereby inducing autophagy and limiting bacterial
proliferation in phagosomes. These results suggests that
pharmacologic inhibition of PDK may represent a promising strategy
for host—directed therapy aimed at controlling M. massiliense

infections (Chapter 2).
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General introduction

Mycobacteria extremely exhibit diversity, and recent advancements
molecular identification techniques have led to the discover and
reclassification of numerous species[1—3]. The bacteria thrive
aerobically or under microaerophilic conditions, with their optimal
growth occurring between 25 and 50 C, depending on the specific
species[4]. Out of the approximately 200 identified nontuberculous
mycobacteria (NTM) species[2], the majority—around 95%—are
found in environmental sources such as soil, air[5], and water[6].
Typically, NTM are found in significant abundance within
environmental niches, including soil, natural water sources, and
drinking water. This prevalence often results in in frequent
interactions between humans and these pathogens [7]. However, only
a small number of species within this group have been found to cause
disease in In animals and humans. Pathogenic mycobacteria are
responsible for various pulmonary and extrapulmonary diseases that
can affect any organ in the body. They are typically divided into two
main groups: Mycobacterium tuberculosis complex that cause
tuberculosis, and Mycobacterium leprae, the causative agent of

leprosy. Other infections resembling those caused by Mycobacterium
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tuberculosis are attributed to strictly or opportunistically pathogenic
mycobacteria referred to as atypical NTM. Numerous NTM species
have been identified, some of which act as opportunistic pathogens in
both animals and humans. Notably examples include the
Mycobacterium avium complex and the Mycobacteroides abscessus
complex (including Mycobacteroides abscessus subsp. abscessus,
Mycobacteroides abscessus subsp. boleti, and Mycobacteroides
abscessus subsp. massiliense)[4]. The Runyon classification
distinguishes between fast—growing mycobacteria (RGM), which
form visible colonies on agar within 7 days, and slow—growing
mycobacteria (SGM), which require more than 7 days for colony
formation[8, 9]. Most pathogenic mycobacteria belong to the SGM
category, implying a potential correlation between growth rate and
virulence [4]. In addition, the RGM group primarily consists of
saprophytic or non—pathogenic bacteria that do not pose a threat to
humans and animals. Lung disease presents the most prevalent
clinical manifestation of NTM infection. However, NTM infections
display a wide range of phenotypic diversity, giving rise to a broad
spectrum of disease that can affect almost nearly any organ[10].
Among the various NTM species, the MAC is the most common
causative agent of lung disease exhibits a distinctive feature where
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Mycobteroides abscessus complex, a relatively uncommon cause in
other countries, emerges as the second most frequent cause in Korea,
accounting for approximately 20—30% of cases[11].
Mycobactericidal abscessus has been recognized as the most
common cause of RGM infections worldwide, causing skin and soft
tissue infections in immunocompetent patients[12, 13], as well as
nodular and cavitary granulomas and persistent lung infections in
patients with chronic inflammatory lung diseases such as cystic
fibrosis (CF), non—CF bronchiectasis, and chronic obstructive
pulmonary disease (COPD) [12—16]. M. abscessus was first isolated
from knee abscesses in 62—year—old patients[17]. Due to its
inherent low sensitivity to antibiotics and the presence of both natural
and acquired resistance mechanisms, infections caused by M.
abscessus are notoriously challenging to treat[12, 18, 19]. These
infections often exhibit a high rate of treatment failure [20]. On solid
agar media, M. abscessus exhibits two distinct morphotype: a smooth
(Mz°™) variant, characterized by non—cording but motile and biofilm—
forming properties, and a rough (Ma™) variant, characterized by
cording but non—motile and non—biofilm—forming properties[21].
The primary disparity between these variants lies in the complete

absence of surface—associated glycopeptidolipids (GPLs) in the
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Ma™[22]. Importantly, the emergence of the Ma™ seems to occur
exclusively during the course of infection within the host organism,
as supported by culture—positive sputum samples from patients[23].
The Ma™ strain of M. abscessus is associated with more severe and
persistent infections than the Ma>" strain, but the mechanisms
underlying its virulence remain unclear.

Macrophages serve as the first line of defense against invading
bacterial pathogens and the death of infected macrophages can
influence pathogen defense. Once encountered, macrophages
recognize bacteria via pathogen—associated molecular patterns
(PAMPs) through various pattern recognition receptors (PRRs),
which can be found on the cell surface, in vesicles, or the
cytoplasm[24]. Surface PRRs not only recognize bacteria but also
facilitate their binding, initiating the process of phagocytosis[25].
Specific mycobacterial ligands for these surface PRRs include
mannose—capped lipoarabinomannan (manLAM), phosphatidyl—
myo—inositol mannoside (PIMs), and trehalose dimycolate (TDM),
which are recognized by mannose receptor (MR), DC—SIGN, Mincle,

and MCL respectively. In addition to surface receptors, Toll—like

receptors (TLRs) also play a crucial role in recognizing mycobacteria.

TLRs such as TLR1/2, TLR2/6, TLR4, TLR5, and TLRY are specific

Vil



for lipopeptides, lipopolysaccharides, flagellin, and low—methylated
DNA sugar backbone, respectively. Among these, TLR2/6 and TLR9
are particularly important as pivotal PRRs in the context of
mycobacterial recognition[25, 26]. M. abscessus actively enters
macrophages and triggers potent innate Immune responses by
engaging in a physical and functional interaction between TLRZ and

dectin—1. This interaction facilitates internalization of the bacterium

and robustly activate immune responses within the macrophages [27].

Cell death in the host is a fundamental mechanism that influences
cellular homeostasis, embryonic development, tissue regeneration,
and serves as an Intrinsic immune defense response to microbial
infection. However, bacterial pathogens have devolved diverse
strategies to manipulate host cell death and survival pathways in
order to facilitate their replication and survival [28]. Apoptosis is a
key mechanism employed by human cell to respond to environmental
changes. When confronted with microbial infections, cells face a
significant challenge, and it is not surprising that the apoptosis
machinery has been implicated in numerous infections[29].

Apoptosis could restrict the proliferation of intracellular
bacteria[30, 31], whereas high concentrations of Mycobacterium

tuberculosis (M. tb) can lead to necrosis along with the induction of
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apoptosis[32]. Recent studies have revealed that the necrotic cell
death induced by M. tb is ferroptosis[33], which is a cell death
mechanism that is dependent on the accumulation of iron. Ferroptosis
is a form of regulated necrosis that occurs due to a combination of
factors including iron toxicity, lipid peroxidation, and damage the
plasma membrane [34]. Iron is an essential ion for the antibacterial
effect of macrophages, but it is also necessary for the growth and

survival of intracellular bacteria. Hence, a balance in iron levels is

crucial to support optimal protection by macrophages during infection.

Excessive iron could result in increased oxidative stress that can
cause tissue damage [35, 36].

Further investigation has revealed that the external cell wall lipid
of Ma"¢, PIM—Fraction 7 (PIM—F7), promotes Ma"™ pathogenicity and
dissemination by inducing ferroptosis through TLRZ—dependent iron
accumulation. PIM—F7 interact with mitochondrial reactive oxygen
species (ROS) production, activating lipid peroxidation and inducing
ferroptosis. These findings suggest that targeting iron accumulation—
dependent ferroptosis by blocking Ma™ —host interactions could be
a potential therapeutic strategy for treating Ma™ infections (Chapter
1.

Additionally, Mycobacteroides abscessus spp. massiliense (M.
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massiliense), another subspecies of the pathogenic M. abscessus
complex, is also a significant threat to human health. Studies have
shown that M. massiliense replication within macrophages 1is
dependent on host pyruvate dehydrogenase kinase (PDK) activity.
During M. massiliense infection, macrophages undergo a metabolic
switch that increases PDK activity and reduces oxidative
phosphorylation. However, treatment with the PDK inhibitor
dichloroacetate (DCA) can reverse this metabolic switch, thus
limiting intracellular bacterial replication.

These findings suggest that pharmacologic inhibition of PDK
could be a promising host—directed therapy for controlling AL
massiliense infection (Chapter 2). In conclusion, these studies have
provided valuable insights into the virulence mechanisms of both A
abscessus and M. massiliense and have identified potential
therapeutic targets for managing these highly infectious pathogens.
Future research will be required to investigate these mechanisms
further and to develop effective treatments for these challenging

infections.
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Chapter 1

External cell wall lipid in Mycobacteroides
abscessus induces ferroptosis and

dissemination



Introduction

Mycobacteroides —abscessus (M. abscessus) is increasingly
recognized as a human pathogen due to its ability to cause a wide
range of clinical manifestations, including mucous skin infections and
disseminated or chronic lung disease [4]. This species is notoriously
one of the most drug—resistant mycobacteria, characterized by a
wide range of intrinsic and acquired drug resistance mechanisms that
make it resistant to almost all anti—TB drugs and various classes of
antibiotics. As a result, M. abscessus is responsible for complex,
prolonged treatment, and high rates of treatment failure. Clinical
isolates of M. abscessus have two morphotypes: smooth (Mz"") and
rough (Ma™)[22, 37]. Epidemiological studies have associated Ma™*
with a rapid decline in lung function and an acute respiratory
syndrome that can persist for years in the host [23, 38, 39]. Ma°™ and
Ma" have distinct differences in inducing immune cell death and
inflammation upon infection. Ma" induces more apoptosis than Ma®",
but it also induces more necrotic cell death[40, 41]. This suggests
that AMa™ induces other types of cell death besides apoptosis.

However, our knowledge of the effects or interactions between

Ma"—induced cell death and pathophysiological properties is
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incomplete.

Host cell death is a fundamental process that shapes cellular
homeostasis, embryonic development, and tissue regeneration, as
well as an intrinsic immune defense mechanism in response to
microbial infection. However, bacterial pathogens have evolved
various strategies to manipulate host cell death and survival
pathways to replicate and survive [28]. The glycopeptidolipids (GPLs)
of Mz inhibits apoptosis by regulating the mitochondrial membrane
potential [41], while Ma™ activates the inflammasome by regulating
mitochondrial oxidative stress[42]. Iron and reactive oxygen species
(ROS) are increasingly recognized as important initiators and
mediators of cell death in wvarious organisms and pathological
situations[43]. Simultaneous accumulation of iron and ROS
production induces ferroptosis, a type of cell death. However, there
is a lack of research on iron—dependent cell death and iron regulation
during M. abscessus infection.

The homeostasis of iron in cells can be regulated by membrane
transport channels and stores. Among them, iron export channels
include ferroportin and lipocalin—2. TLRZ2 inhibits the expression and
translocation of ferroportin, regulating the accumulation of

intracellular iron, and Ma"¢ interacts with TLR2. Therefore, it is likely
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that Ma™ regulates ferroprotin by modulating TLR2 signaling. In
addition, lipocalin—2 has been linked to TLR2[44]. One explanation
for the greater toxicity of Ma™ is that the loss of GPLs masks cell
wall inflammatory lipoproteins[45] or PIM[46], which are known
agonists of TLR2[47].

In this study, I evaluated the role of iron accumulation in cell
death induced by Ma"¢ infection in BMDMs. I found that A/2"¢ infection
induces ferroptosis, which is associated with downregulation of
ferroprotin expression, upregulation of hepcidin and lipocalin?2
expression, and the generation of mitochondrial ROS. Mechanistically,
PIM—F7 in the Ma"™ cell wall promotes the activation of TLR2, which
inhibits the expression of ferroportin, promotes the expression of
hepcidin and lipocalin2, accumulates iron, and activates the
production of mitochondrial ROS to induce ferroptosis. I found that
treatment with a ferroptosis inhibitor could reduce the lung lesions
developed in Ma™—infected mice. These results indicate that cell
death is regulated by the PIM—F7—TLR2—iron efflux axis in Ma"¢
infection, providing insights into the pathogenesis and treatment of

Ma™¢ in particular.



Materials and methods

Bone Marrow—Derived Macrophages (BMDMs)

Bone marrow—derived macrophages (BMDMs) were prepared from
the femoral, tibial, and pelvic bone marrow of both male and female
mice. BMDMs were differentiated by culturing bone marrow cells on
non—tissue culture treated dishes for 5 days in RPMI containing 10%
FBS, 1% penicillin/streptomycin, 1% L—glutamine (Gibco), and 20%

L929 cell-conditioned medium at 37C with 5% CO,. Matured

BMDMs were scraped form dishes, reseeded at a density of 2.5 x10°
cells per well in a 24—well plate in antibiotic—free complete medium,

and rested for 2 days.

Bacterial culture

The Mza"™ has a smooth colony phenotype, while Ma™ have a rough
phenotype. Briefly, Ma™ is a rough isolate from spontaneously
dissociated from Mg”™ when subcultured in our lab. M. abscessus was

cultured in Middlebrook 7H9 medium (BD Biosciences) supplemented

with 10% ADC, 0.2% glycerol, and 0.05% Tween 80 (Sigma—Aldrich).

The cultured bacteria were collected via centrifugation. The collected

mycobacteria were stored at —80C until use. To prepare single cells
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of M. abscessus, cultured bacteria were homogenized with a 23—
gauge syringe needle for 10 min after a soft—spin centrifugation to
exclude bacterial clumping. The number of viable bacteria in the

stored bacterial vials was counted on 7H11 agar (Sigma—Aldrich).

In vitro macrophage infection and stimulation

On the day of infection, BMDMs were replenished with relevant
complete media formulations described above (without antibiotics).
Cells were exposed to M. abscessus at the indicated multiplicity of
infection (MOI) for 2 hours, washed two times with 1x PBS, and then
cultured in fresh Opti—MEM media for 1 day. In some experiments,
Z—=VAD (10 pM) (Santa Cruz), Nec—1 (10 ¢M), Fer—1 (10 M),
Lip—1 (1 M), or DFO (200 M) (Sigma—Aldrich) was added to
the cultures lhour before infection and then maintained in the same
media for the entire experiment. BMDMs cells were pretreat with 40
ug/ml of lipid for 2 hour and then infected with Aa°", or BMDM cells

were direct treated with lipid for 24 hours.

Measurement of cell death
Necrotic cell death was evaluated by staining cells with either

Live/Dead fixable aqua dead cell stain kit, 7—AAD (Invitrogen), or

_10_



Annexin V (BioLegend) according to the manufacturer’ s protocol.
Briefly, uninfected and infected cells were first stained with specific
antibodies for CD11b (eBioscience) at room temperature for 15 min
and then washed with 1 X PBS following centrifugation at 2,000 rpm
for 5 min. Live/Dead staining solution (1:750 diluted in 1 X PBS) was
added to the macrophage cultures and incubated at room temperature
for 15 min in the dark. Then cells were washed with 1 X PBS twice
and analyzed by flow cytometry. Cellular necrosis was also assessed
by measuring the release of LDH in the supernatants from
macrophage cultures with CytoTox 96 nonradioactive cytotoxicity
assay (Promega) according to the manufacturer’ s instructions. In
some experiments, annexin V staining was performed to evaluate
apoptotic versus necrotic cell death in M abscessus—infected
macrophage cultures. Briefly, BMDMs were stained with Annexin V
diluted in annexin—binding buffer (BD Biosciences) for 20 min,
washed with 1 X PBS, and then counterstained with anti—CD11b and
Live/Dead fixable aqua dead cell stain kit or 7—AAD. The samples

were then analyzed by flow cytometry.

Western blot analysis

Total cell lysates were prepared by harvesting the cells in sample
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buffer (Biosesang, Gyeonggi—do, Korea) with protease and
phosphatase inhibitors (GenDEPOT, Katy, TX, USA), sonicated for
40 s, and heated to 99C for 5 min. Proteins were resolved on 12%
polyacrylamide gels and transferred to polyvinylidene difluoride
membranes (Merck Millipore, Burlington, MA, USA). Anti—
Glutathione Peroxidase 4 (Gpx4) (Abcam) and anti— 8 —actin (Santa

Cruz) were used to investigate protein expression.

Metabolism analysis

To measure mitochondrial mass and membrane potential, cells were
resuspended in medium (RPMI1640) containing Mitotracker (5 nM)
and/or Tetramethylrhodamine, methyl ester (TMRM) (25 nM)
(Invitrogen). After incubation at 37C for 30 minutes, cells were
washed twice with 1xPBS followed by standard surface staining and
flow cytometric analysis. To measure the production of mitochondrial
ROS, cells were stained with MitoSox (56 mM) (Invitrogen) in HBSS
at 37C for 30 minutes, followed washed with HBSS twice, standard

surface staining and analysis on a flow cytometer.

RNA extraction and quantitative real—time PCR analysis

Total RNA was extracted using the TRIzol reagent (Invitrogen,

_12_



Waltham, MA, USA) according to the manufacturer’ s instructions.
Complementary DNA was synthesized from total RNA by reverse
transcription, and the amount of mRNA was determined by real—time
PCR analysis using SYBR Green qPCR PreMix (Enzynomics, Daejeon,
South Korea) on an ABI real—time PCR 7500 machine (Applied
Biosystems, Waltham, MA, USA). Samples were normalized to the
B —actin levels. PCRs were performed using primers for 7frc
(forward, 5'—=GTA GTC TCC ACG AGC GGA ATA-3’; reverse, 5'—
CCC ATG ACG TTG AAT TGA ACC T-3"), Trf (forward, 5'— ATA
CCG ATG CTA TGA CCT TGG AT-3"5 reverse, 5'— CAG GAC
TTC TTG CCT TCG AG—3"), Hamp (forward, 5'= CAT GAT GGC
ACT CAG CAC TC—3" reverse, 5'— GGT CAG GAT GTG GCT
CTA GG-3"), Slc40al (forward, 5'— TGG ATG GGT CCT TAC TGT
CTG CTA C=3"; reverse, 5'— TGC TAA TCT GCT CCT GTT TTC
TCC-3"), LenZ2 (forward, 5'— CCA TCT ATG AGC TAC AAG AGA
ACA AT-3";reverse, 5'-TCT GAT CCA GTA GCG ACA GC-3"),
and Gpx4 (forward, 5'—=GCA ACC AGT TTG GGA GGC AGG AG—

3" reverse, 5'=CCT CCA TGG GAC CAT AGC GCT TC-3").

Lipid purification

Ma"™ from a 100 ml culture was harvested at 4,000 rpm and the
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supernatant was removed. The weight of wet cells was determined,
and for each gram of bacteria, one ml lysis buffer (CHCls/CH30H
(2:1)) was added. The cells were then sonicated at 56 C for 40 min
(20 min each time) and incubated at 4 C overnight. The lysates were
centrifugation at 4,000 rpm to remove unbroken cells and filtered
using a PTFE filter with Millipore 0.22 gm. The lipid was air—dried
and stored at —207C until use. Lipid (PIM) solation was performed

using LC—MS/MS.

Immunofluorescence microscopy

To perform immunofluorescence staining, Ma"*—infected cells were
fixed with 4% paraformaldehyde (PFA) for 15 min, and permeabilized
with 0.1% Triton X—100 for 5 min and blocked in 1% BSA/PBS for 1
hour at room temperature. The samples were subsequently incubated
with rabbit anti—SLC40A1 (NOVUS) antibody (diluted 1:50-1:100 in
antibody solution) at —4C overnight. They were then washed and
incubated with Alexa 594—conjugated anti—rabbit IgG (Thermo
Fisher) at 1:200 dilution for 90 min. Lastly, the slides were examined

using fluorescence microscopy.

Microinjection of Mycobacteria into zebrafish embryo
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Mycobacterial strains stained with Dil were resuspended in PBS.
Bacterial suspensions were homogenized through a 26 —gauge needle
and sonicated three times for 10 seconds each to disperse the
bacteria. Any remaining clumps were allowed to settle for 5—10 min.
The supernatants were resuspended at an ODgyy of 1 in PBS with
phenol red. Infection was carried out by microinjection of 2—3 nL of
bacterial suspensions, containing 150—300 bacteria, into the yolk sac
of dechorionated and anesthetized embryos at 30 hpf. To follow
infection kinetics, infected embryos were transferred into individual
wells and incubated at 28.5C. The inoculum size was checked a
posteriori by injection in sterile PBS and plating on 7H11 agar
containing 10% (vol/vol) OADC. Survival curves were established by

counting dead embryos (no heartbeat) every day, for up to 10 days.

Animal infection.

Seven to eight—week—old, specific—pathogen—f{ree female SCID/
beige mice (NOD.CB17—Prkdc™R)) were infected intranasally with
30 pl containing 1 x10° CFU of M. abscessus. After 28 days of
infection, mice were sacrificed, and organs were homogenized in
1xPBS. Serial dilutions were plated on nutrient 7H11 agar for 3—4

days 37T, and CFU were enumerated. All experimental protocols
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were approved by the Animal Care and Use Committee of Seoul

National University (accession number SNU-210412—-2-2).

In vivo determination of lipid peroxidation in lungs

Briefly, lungs were homogenized in 1xPBS and centrifuged at 12,000
rpm at 4°C for 10 min to remove tissue matrix and cell debris.
Supernatants were harvested, filter sterilized, and stored at —80°C.
Lipid peroxidation was measured by using the TBARS assay kit

(Cayman Chemical) according to the manufacturer’ s instruction.

Statistical analyses
All statistical analyses were performed using GraphPad Prism
version 8.0 (GraphPad) and are shown as mean £ standard error of

the mean.
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Results

Ma™ causes a significantly higher level of macrophage cell death

To elucidate the relationship between cell death and M. abscessus
toxicity, I compared the cell death response of macrophages infected
with Ma®™ or Ma®. First, I compared the cell growth and aggregation
of Ma>™ and Ma". 1 obtained the same growth rate of Ma™ as Ma>™
by spontaneous transfection of Ma"™ (Fig. 1A). However, I found that
aggregation was higher in Ma™ than in Mz°™, which is consistent with
previous studies (Fig. 1B). I also found that aggregation was less in
the presence of glycerol and Tween80. Next, I infected BMDM cells
with M. abscessus at a multiplicity of infection (MOI) of 5. At 48
hours, I noticed that there were dead cells (Fig. 1C). In particular,
the cells infected with Ma™ were crushed to death. I ran an LDH
release assay and found that there was dramatically more death in

Ma"™ (Fig. 1D).

Macrophage necrotic cell death induced by Ma™ is ferroptosis
Previous studies have shown that /2" induces more apoptosis[41],
but late in the infection, the appearance of cell death shows necrotic

cell death features (Fig. 2A). Infected cells exhibit heightened
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secretion of ROS. ROS play a pivotal role in regulating various forms
of cell death, including apoptosis, necrosis, and ferroptosis[48]. I
hypothesized that it was ferroptosis and first checked the
accumulation of iron by staining for FeRhoNox—1. Increased
accumulation of iron in Ma"® —infected macrophages was confirmed
by confocal imaging and quantified using FACS 12 hours post —
infection (Fig 2B and 2C). LPO was monitored by staining with
BODIPY C—11, and the fluorescence intensity was observed at time
intervals of 12 to 48 hours, with confocal images were taken at 24
hours. I found that LPO was significantly higher in macrophages
infected with 2" (Fig. 2D and 2E). I also examined the expression
of GPX4, a key enzyme in the regulation of ferroptosis, by Western
blot (Fig. 2F) and FACS (Fig. 2G) and found that its expression was
reduced in Ma"™—infected macrophages 6 hours post—
infection. These results suggest that the necrotic cell death of Ma™—

infected macrophages is ferroptosis.

Iron accumulation in Ma™¥—infected macrophages is regulated by the
iron export channels
Ferroptosis i1s characterized by the accumulation of iron. To

determine how iron accumulates in Ma"—infected macrophages, I
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checked the expression of mRNASs of iron transporters after infection.

I investigated the expression of iron import transporters 7rf, 7Tfrc,
and Dmtl and export transporters LcnZ2, Hamp, and Slc40al at 6
hours post—infection. I did not observe statistical significance in the
expression of the import channels 7rf, Tfrc, and Dmtl, but the
expression of the export channel S/ic40al was significantly
decreased in Ma"™, while Hamp, which acts as a gate for ferroportin
(SLC40A1), was increased (Fig. 3A). I also observed that the
expression of LcnZ, which helps iron exit, was significantly increased
in Ma"*—infected macrophages (Fig. 3A). Based on the previous
findings that lipocalin—2 (LCN2) is used to move iron from
macrophages to neighboring cells, I indirectly proved that LCN2 was
used to facilitate the dissemination of ferroptosis. Furthermore, I
stained the expression of SLC40A1l and observed it by confocal
fluorescence images and found that its expression was decreased in

Ma"—infected macrophages (Fig. 3B).

PIM—F7 in external cell wall lipids of Ma*® accumulates intracellular
iron
The biggest difference between Ma™ and Ma®™ is that Ma"™ masks

the signal of PIMs below with GPLs on the surfacel46]. I
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hypothesized that the external cell wall lipids of Ma® transmit
signaling that leads to iron accumulation, so I isolated all the external
cell wall lipids of Ma™ and obtained eight fractions by LC—MS/MS
(Fig. 5A). First, I treated BMDM cells with total lipids (TL) directly
or by coating with beads (TL Beads), and all both of TL and TL Beads
increased the accumulation of iron (Fig. 4A). Among them, I
confirmed that iron accumulated in the vehicle when coating with
beads, so I chose the direct treatment method for further
experiments. Then, I investigated the mRNA levels of LcnZ, Hamp,
and S/c40al at 6 hours post—treatment with TL. Previous studies
have shown that GPL—masked PIMs interact with TLRZ to induce
inflammatory responses. Therefore, I investigated the accumulation
of iron after treatment with TLR2 antibody or at TLR2™~ BMDM cells
and found that the accumulation of iron was inhibited in a TLR2—
dependent manner (Fig. 4C and 4D). I wondered if pretreatment with
TL before infection would regulate cell death. As a result, more cell
death was observed in the TL—treated group (Fig. 4E). Next, I
wanted to know which of the fractions was responsible for the
accumulation of iron, so I first performed PCR for genes related to
the iron export channels. I found that PIM—F7 and PIM—F& increased

Lcn2 and Hamp and decreased S/c40al in the same trend as TL (Fig.
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5B). Among them, I chose PIM—F7 based on its greater increase in
the expression of LcnZ and hypothesized that it was the factor
inducing the accumulation of iron. I treated cell with PIM—F7 and
analyzed whether iron accumulation increased in a TLRZ2—dependent
manner using FACS (Fig. 6A and 6B). I found that 24 hours after
PIM—-F7 treatment, iron accumulation was increased in wild type, but
not in TLR2™~ BMDM cells. From this, I conclude that PIM—F7, an
external cell wall lipid of Ma™, induces ferroptosis by inducing iron
accumulation in a TLRZ2—dependent manner. In the group pretreated
with PIM—F7, as in the group treated with TL, more cell death was

observed (Fig. 6B).

Accumulated iron regulates mitochondrial ROS production and
ferroptosis

It is well known that increased production of ROS can cause
ferroptosis. Mitochondria play a central role in the response to
apoptotic stimuli and are a major source of ROS in cells. I investigated
whether mitochondrial ROS were involved in the accumulated iron—
mediated ferroptosis in BMDM cells. First, I confirmed by confocal
imaging that mitochondrial ROS and quantified by FACS,

mitochondrial ROS was increased more in the Ma™—infected group in
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infected macrophages (Fig. 7A and 7B). Then, I performed FACS
fractionation and found that the destruction of 4% m was also more
(Fig 7C and 7D). Mitochondrial ROS are mainly generated in the
electroporation chain, and iron is a requirement for this process [49,
50]. Therefore, I examined the production of mitochondrial ROS and
found that it was inhibited by iron chelation (Fig. 7E). I also found
that LPO activation (Fig. 7F) and cell death (Fig. 7G) was inhibited
by iron chelation. From these, I confirmed that iron accumulated by

Ma"¢ induces the production of mitochondrial ROS and ferroptosis.

M4"™ promotes pathogenicity and dissemination through ferroptosis

It is widely recognized that Ma™* exhibits higher virulent than Mz
in M. abscessus—infected mice, as evidenced by bacterial growth in
the lungs[51], and at the cellular level by its ability to incude cell
death and escape from macrophages. To investigate whether the
dissemination of Mz™ in vivo is facilitated by ferroptosis, I evaluated
its pathogenicity and dissemination in zebrafish and mice. My findings
in zebrafish indicate that infection with /2™ leads to higher mortality,
increased bacterial growth by day 7, and more caudal migration in
yolk sac—infected larvae, which is consistent with previous studies.

(Fig. 8A—C). In mice, I intranasally infected them and found that the
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number of bacteria in the lungs did not differ significantly between
Ma>™ and Ma"™, but Ma™® had higher bacterial burdens in the spleen
and liver organs (Fig. 8D). Furthermore, I observed a higher increase
in MDA levels, a byproduct of lipid peroxidation, in the lungs of Ma"—
infected mice (Fig. 8E). Collectively, these data suggest that Ma™
may contribute to the dissemination of the bacteria through the

induction of ferroptosis.
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Figure 1. Characterization of M. abscessus smooth (Mz°™ and rough
(Ma™) variant isolates. (A) Isolated Ma™ and Ma®™ colonies were
grown in 7H9 broth. Growth was similar for the two variants in 7H9
broth with glycerol and Tween 80. (B) When cultures were removed
from shaking after 15 min, Ma®" remained suspended, but Aa™
rapidly settled out in the absence of glycerol and Tween 80.
Aggregation index was significantly reduced with glycerol and Tween
80. (C) BMDM cells were infected with Ma™ or Ma®™ (MOI=5) for
48 h. (D) Cell death was analyzed using LDH release assay kit. In
panels B, p—values are indicated (two—way ANOVA). In panel D, p
values are indicated (one—way ANOVA). Error bars represent the

mean and standard error of the mean (SEM); n=3
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Figure 2. Ma™ triggers ferroptosis in BMDMs by a mechanism
associated with increased intracellular iron, lipid peroxidation, and
reduced GPX4 expression. (A) BMDM cells were infected with M.
abscessus (MOI=5) for 2 h, then cells were washed, and the medium

was replaced for 24 h. Cell death was measured by Annexiv V and
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Live/Dead fixable aqua staining using FACS analysis. (B) BMDM cells
infected with M. abscessus (MOI=5) for 2 h, then cells were washed,
and the medium was replaced for 12 h. Intracellular iron was stained
with FeRhoNox—1 and subjected to fluorescence microscopy. Scale
bars, 10 mm. (C) Intracellular iron was quantified under FACS
analysis. (D) To investigate the lipid peroxidation, BMDM cells were
infected with M. abscessus (MOI=5) for 2h, then cells were washed,
and the medium was replaced for 24 h. (E) Fluorescence intensity
was measured over time up to 48 h. (F) Intracellular GPX4 protein
levels detected by Western blotting and quantitated using ImageJ (G)
GPX4 expression assessed by MFI of GPX4 staining in CD11b+/live
cells by flow cytometry. All data are representative of three
independent experiments. Statistical significance is indicated by p—
values (one—way ANOVA), and error bars represent the mean and

standard error of the mean (SEM). n=3—4.

_26_



Tfrc Trf Dmt1

Non-inf
67
< S s, |%%"
%5 %S %54
1] (2] 9]
g9 28 28
B g B S B S 2 o)
o 0 g © © o ‘|2
x o ndd MaSm
0 e @® 0 & o® 0 e @@
5 & Qe ¢ Qe @
AN o o S o
SN SN S\G\
eo @\ eo @ eo @
Len2 Hamp Sic40a1

4007 p<0. 257 p<0.0001
g O Bme
TR T e Gl T
£E2 E® 15 Ea
0 o 200 29 o0
58 £8 10 =51
@ © 100 o O 5 o)
o @ o
& o 9 & 09 0.0 Q0
; et @ L&
\(\‘\6 % \{\6 2 N >
Nt X4 & 2 S0
eO @ @ eo @ @ e0 @‘ Q\

Figure 3. M4™ infection regulates iron export transporters. (A)
BMDM cells were lysed, total RNAs were extracted, and the
expression of 7rf, Tfrc, Dmtl, LcnZ, Hamp, and Slc40al at mRNA
level was determined by gRT—PCR. Cells were infected with M.
massiliense (MOI=5) for 2 h, and then washed; the medium was
replaced for 12 h. (B) BMDM cells infected with M. abscessus
(MOI=5) for 2 h then cells were washed, and the medium was
replaced for 24 h. Then intracellular iron was staining with SLC40A1
antibody and subjected to fluorescence microscopy. All data are
representative of three independent experiments. Statistical
significance is indicated by p—values (one—way ANOVA), and error

bars represent the mean and standard error of the mean (SEM).

n=3—4.
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Figure 4. Ma™ external cell wall lipid induces iron accumulation via
TLR2—dependent signaling. (A) BMDM cells were treat total lipid
directly or TL—coated beads for 24 h. Then cells were stained with
FeRhoNox—1 and subjected to fluorescence microscopy. (B) BMDM
cells were lysed, total RNAs were extracted, and the expression of
LcnZ, Hamp, and Sic40al at mRNA level was determined by qRT—
PCR. Cells were treated with TL (40 pg/m¢) for 12 h. (C) Wild type

and TLR2~ BMDM cells were treat TL directly for 24 h, then cells
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were stained with FeRhoNox—1 and subjected to fluorescence
microscopy. (D) Intracellular iron was quantified under FACS
analysis. (E) BMDM cells infected with M. abscessus (MOI=5) for
2h. Then, cells were washed, and the medium was replaced for 48 h.
Cell death was measured by LDH release assay. All data are
representative of three independent experiments. In panels A, p—
values are indicated (unpaired t—test). In panel D, p—values are
indicated (two—way ANOVA). In panel E, p—values are indicated
(one—way ANOVA) Error bars represent the mean and standard

error of the mean (SEM). n=3.
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Figure 5. PIMs from Ma®® extracellular cell wall lipid regulate iron

export transporters. (A) Scheme for LC—MS/MS. (B) BMDM cells
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were lysed, total RNAs were extracted, and the expression of Lcn’Z,
Hamp, and Slc40al at mRNA level was determined by qRT—-PCR.
Cells were treated with PIMs (40 pg/m¢) for 12 h. All data are
representative of three independent experiments. Statistical
significance is indicated by p—values (unpaired t—test, one—way
ANOVA), and error bars represent the mean and standard error of

the mean (SEM). n=3.
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Figure 6. PIMs from Ma4"™ induces iron accumulation via TLR2-
dependent signaling. (A) Wild type and TLR2™/~ BMDM cells were
treat PIM—F7 (40 pg/m¢) directly for 24 h, then cells were stained
with FeRhoNox—1 and intracellular iron was quantified under FACS
analysis. (B) BMDM cells were treat PIM—F7 (40 pg/ml) directly for
2 h, then infected with M. abscessus (MOI=5) for 2 h. Then, cells
were washed, and the medium was replaced for 48 h. Cell death was
measured by LDH release assay. All data are representative of three

independent experiments. In panels A, p—values are indicated (two—

way ANOVA). In panel D, p—values are indicated (one—way ANOVA).

Error bars represent the mean and standard error of the mean (SEM).

n=3.
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Figure 7. Accumulated iron in Mz™—infected macrophages drive
mitochondrial ROS production. (A) BMDM cells infected with M.
abscessus (MOI=5) for 2 h, then cells were washed, and the medium
was replaced for 12 h. Mitochondrial ROS was stained with MitoSox
Red and subjected to fluorescence microscopy. (B) Mitochondrial
ROS was quantified under FACS analysis. (C) BMDM cells were
infected with M. abscessus (MOI=5) for 2 h, then cells were washed,

and the medium was replaced for 24 h. Statistics for percentage of
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TMRM" —cells and (D) geometric relative fluorescence intensity was
quantified under FACS analysis. BMDM cells infected with M.
abscessus (MOI=5) after treatment with DFO 1 h. Cells were washed,
and the medium was replaced with DFO for 24 h. (E) Mitochondrial
ROS production was measured by MitoSox Red staining, (F) Lipid
peroxidation was measured by BODIPY C—11 staining, and (G) Cell
death was measured by Live/Dead fixable aqua staining using FACS
analysis. In panels B and D, p—values are indicated (one—way
ANOVA). In panel E=G, p—values are indicated (two—way ANOVA).
Error bars represent the mean and standard error of the mean (SEM).

n=3—4.
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Figure 8. Ma"™ induces ferroptosis to promote Mz"€ pathogenicity and
dissemination in vivo. (A) Survival of embryos infected with~300
colony forming units (CFU) of the Ma™ or Ma>™ compared with mock—
infected controls (Non—inf) (n=20). Shown are representative
results of three independent experiments. Embryos are significantly
more susceptible to Ma® infection than Ma"" infection. (B)
Spatiotemporal visualization of the infection by either the Dil—stained
Ma"™ or the Mz (~300 CFU): representative fluorescence and
transmission close—up of the tail. (C) Bacterial loads of embryos
infected with the Ma"™ or the Ma®™ (~200 CFU). Embryos infected
with Ma™ or Ma"". Significant expansion of bacterial loads was
observed up to 7 dpi within embryos infected with Ma™ or Ma®™. (D)

Intranasal inoculation with 1 x 10° CFU of Ma® or Ma°™. CFU were
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determined at day 28 after infection by plating serial dilutions of
organ homogenates on nutrient 7H11 agar and counting CFU after 3—
4 days incubation at 37C. (n=3 mice in each group). (E) Lipid
peroxidation (malondialdehyde) measured in lung homogenates from
uninfected and M. abscessus—infected mice. All data are
representative of three independent experiments. Statistical
significance is indicated by p—values (two—way ANOVA), and error

bars represent the mean and standard error of the mean (SEM).
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Discussion

I previously reported that highly virulent clinical M. massiliense
strains induce significantly more macrophage extracellular traps than
non—virulent strains[40]. Additionally, I observed that the rough
morphotype of M. massiliens induces necrotic cell death. In the
present study, I have discovered that Ma® external cell wall lipids
promote the dissemination of A" in the host by inducing ferroptosis
through the accumulation of iron. PIM—F7 has shown that iron
accumulation interacts with the production of mitochondrial ROS, and
that iron chelator inhibits M. abscessus—induced ferroptosis. The
results demonstrate that the high virulence of Ma"™ is related to the
induction of cell death by external cell wall lipids. Various key events
of cell death occur in the mitochondria, including the loss of 4 %'m
and the participation of ROS generation[52—55]. I found that PIM—
F7—mediated induction of ferroptosis results in the upregulation of
mitochondrial ROS through the accumulation of iron, which leads to
the loss of 4% m.

In addition, I observed increased accumulation of iron in
macrophages infected with 12" and treated with PIMs, although the

mechanism of PIMs internalization by host cells is remains unknown.
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The role of mitochondrial damage in the outcome of macrophage
infection by M. ¢b has been suggested in previous studies[66—59]. It
has recently been shown that the M. b HBHA protein targets
mitochondria and induces mitochondria—dependent cell death in
macrophages [60]. My findings indicates that M#™ promotes cell
death by interacting with accumulated iron to induce mitochondrial
ROS. These results suggest that the PIMs of Ma™ induces ferroptosis
by producing mitochondrial ROS through the accumulation of iron,
although further study is needed to understand the underlying
mechanisms.

Mycobacteria are known to produce a variety of lipids, and in this
study, I found that PIM—F7 from the external cell wall lipids is
involved in the induction of macrophage ferroptosis. Previous reports
have suggested that interaction with PIMZ2 of M. abscessus is
required for TLR signaling and activation of the innate immune
response [46, 61]. However, my study found that a PIM—F7, rather
than PIMZ2, interacts with TLRZ2 to induce ferroptosis.

The Kkilling of macrophage is a crucial aspect of host—
mycobacterial interactions [62, 63]. The properties of mycobacteria
that regulate cell death have been extensively studied, and most

reports indicate that the induction of cell death by M. ¢b and M. avium
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is inversely proportional to bacterial virulence[64]. However, the
function of cell death in infection is still a subject of debate. A
recently study suggests that M. b induces ferroptosis In
macrophages, and that ferroptosis plays an important role in the
dissemination of M. tb[33]. Although the mechanism by which M. tb
induces ferroptosis is still unknown, it has been suggested that cell
death promote cell—to—cell spread of the bacteria[65—67]. In this
study, I found that PIM—-F7 induced ferroptosis, which was
associated with the spread of bacteria between host cells. Recent
research has shown that the proportion of apoptotic macrophages
was significantly higher in Ma"—infected zebrafish compared to
Ma*"—infected macrophages[47]. My study also found that AMa"™
increased more than Ma>™ in zebrafish infected through the yolk sac,
and [ observed a similar trend in mice. Consistent with my findings,
another study showed that Ma™ uses ferroptotic macrophages as a
vehicle for its spread. However, further studies are needed to
investigate whether PIMs can induce ferroptosis in alveolar
macrophage in vivo and whether this promotes the spread and growth

of Ma"e.
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Chapter 2

Pyruvate dehydrogenase kinase inhibitor
Dichloroacetate augments autophagy mediated
constraining the replication of Mycobacteroides

massiliense in macrophages
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Introduction

Mycobacteroides abscessus (formerly Mycobacterium abscessus)
complex 1s the most common etiological isolate associated with
nontuberculous mycobacterial (NTM) pulmonary disease, especially
in patients with cystic fibrosis [68]. This species is a rapidly growing
mycobacterium with intrinsic and acquired resistance to multidrug—
resistant drugs, including macrolides[69]. It shares remarkable
similarities in the infection process with slowly growing
mycobacteria, such as Mycobacterium tuberculosis[4]. The complex
consists of three subspecies: M. abscessus subsp. abscessus, M.
abscessus subsp. massiliense, and M. abscessus subsp. bolletti[70].
Infections with M. abscessus lead to accelerated inflammatory lung
damage [71], which are often difficult or impossible to treat despite
prolonged courses of combination antibiotics[72—74] and may
prevent safe lung transplantation[75, 76]. Therefore, new treatment
options are urgently needed to prevent nosocomial transmission and
outbreaks[70].

Several host factors affect antimicrobial treatment outcomes and
are responsible for disease progression after infection[77]. During

the last decade, a renaissance of scientific research strategies
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targeting host factors rather than pathogen components has opened
up novel treatment approaches, termed host—directed therapy
(HDT) [77, 78] . In particular, HDT could be advantageous for treating
chronic bacterial infections such as tuberculosis, as it improves host
immunity, shortens treatment duration, and reduces antibiotic
dose [77—80]. For example, non—steroidal anti—inflammatory drugs
are undergoing clinical trials as potential HDTs with actions that
improve  host  bactericidal mechanisms  for  tuberculosis
(NCT02781909, NCT03092817, and NCT02060006). However, the
potential effects of HDT have not been reported in treating M.
abscessus.

Pyruvate dehydrogenase (PDH) is an enzyme complex that plays
a central role in aerobic respiration by catalyzing the conversion of
pyruvate to acetyl—CoA. This reaction is essential for the citric acid
cycle, which generates energy via oxidative phosphorylation
(OXPHOS). PDH activity is regulated by pyruvate dehydrogenase
kinase (PDK), which phosphorylates and inactivates the enzyme
complex[81]. PDKs are a family of mitochondrial enzymes that
regulate glucose metabolism and energy production in cells and thus
represent a potential target for HDT in several diseases, including

cancer, diabetes[82, 83], and infectious diseases[84].
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PDK is activated by high levels of ATP, NADH, and acetyl—CoA;
however, when energy demands increase, PDK activity is inhibited
by small—molecule compounds known as PDK inhibitors. According
to a previous study, PDK is upregulated in macrophages infected with
Salmonella enterica serovar typhimurium, and inhibition of PDK using
dichloroacetate (DCA) increases the production of reactive oxygen
species and decreases the production of pro—inflammatory cytokines
but not in M. tuberculosis[85].

This study found that A massiliense infection—induced
metabolic rewiring in macrophages could be reversed by
inhibiting PDK with DCA. Autophagy and phagolysosomal fusion
were induced by DCA treatment, thus leading to constraining
intracellular replication of M. massiliense in macrophages. Our
findings suggest that DCA is a potential HDT candidate for

controlling M. massiliense infection.
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Materials and methods

Reagents and antibodies

Dimethyl! sulfoxide, 2—deoxy—D—glucose, D— (+) —glucose, D—(+) —
galactose, sodium DCA, wortmannin, and phorbol 12—myristate 13—
acetate (PMA) were obtained from Sigma—Aldrich (St. Louis, MO,
USA). Carbonyl cyanide, 4-— (trifluoromethoxy) phenylhydrazone,
was obtained from Seahorse Bioscience (Billerica, MA, USA). Anti—
phospho—AMPK ¢ (THR172; cat. no. 2535) and anti—AMPK ¢ (cat.
no. 2532) were purchased from Cell Signaling Technology (Danvers,
MA, USA), and anti—-mTOR (phospho S2448; cat. no. abl109268)
antibodies were purchased from Abcam (Cambridge, UK). Anti—
mTOR (cat. no. sc—517464), anti— 8 —actin (cat. no. sc—47778), and
control siRNA A A (cat. no. sc—37007), and human AMPK a 1/2
siRNA (cat. no. sc—453120) were purchased from Santa Cruz
Biotechnology (Dallas, TX, USA). Anti—LC3II was purchased from
Sigma—Aldrich. Secondary stabilized peroxidase—conjugated goat
anti—rabbit IgG (H+L) and goat anti—mouse IgG (H+L) were

purchased from Thermo Fisher Scientific (Waltham, MA, USA).

Bacterial culture
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A clinically isolated rough strain of the M. massiliense rough variant
belonging to M. massiliense Asan 50594 of the type II genotype was
used in this study. M. massiliense was cultured in Middlebrook 7H9

medium (BD Biosciences, Franklin Lakes, NJ, USA) supplemented

with 10% ADC, 0.2% glycerol, and 0.05% Tween 80 (Sigma—Aldrich).

The cultured bacteria were collected via centrifugation. The collected
mycobacteria were stored at —=80C until use. To prepare single cells
of M. massiliense, cultured bacteria were homogenized with a 23—
gauge syringe needle for 10 min after soft—spin centrifugation to
exclude bacterial clumping. The number of viable bacteria in the
stored bacterial vials was counted on Luria—Bertani (LB) agar (BD

Biosciences).

Cell culture

The human acute monocytic leukemia THP—1 (ATCC TIB—202) cell
line was obtained from the ATCC and maintained in RPMI medium
(Welgene, Gyeongsangbuk—do, South Korea) containing 10% fetal
bovine serum (FBS; Gibco, Billings, MT, USA) and 1% penicillin—
streptomycin (PS; Gibco). THP—1 cells were differentiated into
macrophages by incubation with 50 ng/ml PMA for 2 days. The

medium was then replaced with a medium without 1% PS for 1 day.
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PMA —differentiated THP—1 cells were infected with M. massiliense
at a multiplicity of infection (MOI) of 1 for 1 hour, and the medium
was replaced to establish M. massiliense infection. To quantify the
colony—forming units (CFUs), infected cells were lysed in PBS
containing 0.1% Triton X—100 and plated on LB agar.

Bone marrow—derived macrophages (BMDMs) were obtained
from CH7BL/6J male mice at 7-12 weeks of age and were
differentiated by bone marrow cell culture for 5 days in complete
RPMI containing 10% FBS, 20% 1.929 cell—conditioned medium, 1%
PS, and 2 mM L—glutamine. Mature BMDMs were scraped from
dishes, reseeded at a density of 2x10° cells per well in 24—well
plates in antibiotic—free complete medium, and allowed to rest for 2
days. All cells were cultured at 37C in a humidified incubator
containing 5% COs. AMPK @~ mice were provided by Dr. B. Viollet
(INSERM U1016, Institut Cochin, Paris, France) and used as a source

of bone marrow cells.

CFU assays
For in vitro CFU assays, BMDMs were infected for 1 h with M.
massiliense, washed with PBS, and harvested in fresh medium. At 1

dpi, the cells were lysed with 500 ml of 1% Triton X—100 for 10 min
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to release intracellular bacteria and then serially diluted with PBST.
The lysed cells were plated on LB agar Petri dishes. Bacterial

colonies were counted after 3—4 days of incubation at 37C.

Measuring cellular metabolic flux

An XFe24 Extracellular Flux Analyzer (Seahorse Bioscience) was
used to determine the bioenergetic profile of intact cells. Briefly,
PMA —differentiated THP—1 cells and BMDMs were differentiated in
XFe24 analyzing plates. Before data acquisition, the medium was
replaced with high—glucose Dulbecco’ s modified Eagle medium
(Sigma—Aldrich) supplemented with 1 mM sodium pyruvate (Sigma—
Aldrich) and 10% FBS. The extracellular acidification rate (ECAR)

and oxygen consumption rate (OCR) were analyzed after 3 h.

RNA extraction and quantitative real—time PCR analysis

Total RNA was extracted using the TRIzol reagent (Invitrogen,

Waltham, MA, USA) according to the manufacturer’ s instructions.
Complementary DNA was synthesized from total RNA by reverse

transcription, and the amount of mRNA was determined by real—time

PCR analysis using SYBR Green gPCR PreMix (Enzynomics, Daejeon,

South Korea) on an ABI real—time PCR 7500 machine (Applied
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Biosystems, Waltham, MA, USA). Samples were normalized to the J
—actin levels. PCRs were performed using primers for 7FEB
(forward, 5'—CCA GAA GCG AGA GCT CAC AGA T—3"; reverse, 5'—
TGT GAT TGT CTT TCT TCT GCC G—3"), SQSTM1 (forward, 5'—
GCA CCC CAA TGT GAT CTG C—=3'; reverse, 5'— CGC TAC ACA
AGT CGT AGT CTG G-3"), BECN 1 (forward, 5'— ACC GTG TCA
CCA TCC AGG AA—-3'; reverse, 5'— GAA GCT GTT GGC ACT TTC
TGT-3"), CTSD (forward. 5'—=AAC TGC TGG ACA TCG CTT GCT—
3's reverse, 5'—CAT TCT TCA CGT AGG TGC TGG A-3),
MAPILC3A (forward, 5'— GAG AAG CAG CTT CCT GTT CTG G—
35 reverse, 5'— GTG TCC GTT CAC CAA CAG GAA G—3"), LAMPI
(forward, 5'— ACG TTA CAG CGT CCA GCT CAT-3'; reverse, 5'—
TCT TTG GAG CTC GCA TTG G=3"), and LAMPZ (forward, 5'—TGC
TGG CTA CCA TGG GGC TG=3'; reverse, 5'=GCA GCT GCC TGT

GGA GTG AGT-3).

Western blot analysis

Total cell lysates were prepared by harvesting the cells in sample
buffer (Biosesang, Gyeonggi—do, Korea) with protease and
phosphatase inhibitors (GenDEPOT, Katy, TX, USA), sonicated for

40 s, and heated to 99T for 5 min. Proteins were resolved on 12%

_48_



polyacrylamide gels and transferred to polyvinylidene difluoride

membranes (Merck Millipore, Burlington, MA, USA).

AMP/ATP measurement

Total cell lysates were prepared by harvesting the cells in ultrapure
water (Invitrogen) and quickly homogenizing them by sonication.
After centrifugation for 5 min at 4C at 13,000Xg, the supernatant
was deproteinized using 4 M perchloric acid and neutralized using 2
M KCI. The AMP—-Glo™ Assay and ENLITEN® ATP Assay System
(both from Promega, Madison, WI, USA) were used to measure the

amount of ATP and AMP in the cell lysates.

Transfection and siRNA—mediated knockdown

PMA —differentiated THP—1 macrophages and BMDMs were
transfected with the purified EGFP—-LC3 expression plasmid using
the Lipofectamine® 3000 transfection reagent (Invitrogen). PMA—
differentiated THP—1 macrophages with siRNA knockdown were
treated with Lifofectamine® RNAIMAX. Transfection was performed
using Opti—MEM (Thermo Fisher Scientific) according to the
manufacturer’ s protocol. After transfection, the cells were treated

with DCA and challenged with M. massiliense to assess intracellular
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bacterial killing and autophagy-—related protein expression.
Fluorescence was observed using a fluorescence microscope
CTR6000 (Leica, Wetzlar, Germany). For the quantification of LC3

puncta per cell, three individual images per sample were counted.

LysoTracker staining

PMA —differentiated THP—1 macrophages were cultured on 12—mm
glass cover slides in 24—well plates (2Xx10° cells per well) and
infected with M. massiliense (MOI=1) with or without 40 mM DCA
for 24 hours. Cells were incubated with 5 M LysoTracker red
(Invitrogen) for 30 min at 37 C. Fluorescence was observed using a
Leica TCS SP8 confocal microscope (Leica Microsystems). The
LysoTracker—-M. massiliense colocalization ratio was calculated from

three individual images per sample.

Statistical analysis
All statistical analyses were performed using GraphPad Prism
version 8.0 (GraphPad, San Diego, CA, USA) and are shown as mean

+ standard error of the mean (SEM).
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Results

Blocking PDK activity by DCA treatment rewires the metabolic state
of M. massiliense—infected macrophages and restricts bacterial
growth

I have previously reported the role of PDK in increasing glycolysis in
lipopolysaccharide —stimulated macrophages [86]. Similarly,
intracellular growth of S. enterica serovar typhimurium induces
glycolysis in human macrophages, and inhibition of PDK activity by
DCA treatment restricts bacterial replication[85]. To investigate
whether DCA can control intracellular M. massiliense, 1 first
determined the metabolic changes in M. massiliense—infected
macrophages with or without DCA treatment. The ECAR and OCR
were measured as indicators of the glycolytic and OXPHOS energy
phenotypes, respectively. As expected, M. massiliense infection
induced a metabolic shift toward a more glycolytic phenotype,
accompanied by increased glycolysis, glycolytic capacity, and
glycolytic reserve in PMA —differentiated THP—1 macrophages (Fig.
1A and B). Pretreatment with 40 mM DCA significantly reduced
ECAR (Fig. 1A and B), indicating the involvement of PDK in the

glycolytic changes in M. massiliense—infected macrophages. OCR
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was not affected by M. massiliense infection. However, DCA
treatment further increased the basal and maximal respiration in M.
massiliense—infected macrophages (Fig. 1C and D). Consequently,
the OCR/ECAR ratio was significantly increased in DCA—treated A
massiliense—infected macrophages (Fig. 1E). DCA also affected
intracellular M. massiliense survival, showing dose—dependent
restriction of bacterial growth in both THP—1 (Fig. 1F) and mouse
BMDMs (Fig. 1G). Blocking glycolysis by 2—deoxyglucose (2—DG)
treatment restricted M. massiliense replication (Fig. 1H), further
supporting the idea that M. massiliense requires host glycolysis for
proliferation. In addition, as glycolysis was reported to be related to
pro—inflammatory cytokine synthesis in macrophages[87], M.
massiliense infection increased tumor necrosis factor @ production,
whereas blocking glycolysis by DCA treatment significantly reversed
this increase (Fig. 1I). DCA alone did not alter the viability of
macrophages or bacterial growth (Fig. 2), nor did it induce cytokine
responses (data not shown). Collectively, these results suggest that
DCA exerts its antimicrobial activity against M. massiliense by

inducing host metabolic shifts.

DCA reduced intracellular M. massiliense replication via AMPKa 1
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phosphorylation in macrophages

As shown in our previous study, blocking PDK activity in stimulated
macrophages could lead to the phosphorylation of AMPK a1 due to
an increased AMP/ATP ratio[86]. To determine whether AMPK is
required for the DCA—driven metabolic switch, I first measured the
ECAR and OCR of M massiliense—infected macrophages with and
without DCA treatment as indicators of the glycolytic and OXPHOS
energetic phenotypes, respectively, in cells from BMDMs isolated
from wild—type and AMPK ¢ 1—deficient mice. Interestingly, both
glycolysis and OXPHOS were reduced in BMDMs isolated from
AMPK @ 1—deficient mice (Fig. 3). AMPK « 1 deficiency significantly
abrogated infection—mediated increase of glycolysis (Fig. 3A and B),
whereas DCA further reduces the ECAR of M. massiliense —infected
AMPK @ 1—deficient macrophages. This result demonstrated the
strong involvement of AMPK a1l in glycolytic changes by M.
massiliense infection, with partial AMPK e 1—independent action of
PDK. In case of OCR, decrease by infection and recovery by DCA
treatment were completely abolished in AMPK «a 1 —deficient BMDMs,
indicating the essential role of AMPK in the metabolic changes of
DCA—treated M. massiliense—infected macrophages.

To investigate whether the DCA treatment’ s restriction of
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bacterial growth is also involved with the AMPK e 1, I first measured
the AMP/ATP ratio (Fig. 4A). Similar to the lipopolysaccharide—
stimulated macrophages, DCA treatment increased the AMP/ATP
ratio in M. massiliense —infected macrophages. I also found that DCA
treatment increased AMPK @ 1 phosphorylation at Thr172 in THP—1
cells (Fig. 4B), which was repeated in BMDMs obtained from WT
mice but completely abrogated in BMDMs obtained from AMPK ¢ 1—
deficient mice (Fig. 4C). To determine whether AMPK @ 1 has a role
in the effect of DCA on M. massiliense growth, I compared
intracellular bacterial replication in BMDMs isolated from wild—type
and AMPK « 1—deficient mice (Fig. 4C). As a result, restriction of
bacterial growth was only observed in BMDMs from WT mice, not
from KO mice (Fig. 4D), indicating that AMPK @ 1 is involved in its
mode of action. These results were recapitulated in the human
macrophages in that AMPK @1 knockdown using siRNA—abrogated
DCA-—mediated AMPK « 1 phosphorylation (Fig. 4E) and killing of A/

massiliense in macrophages (Fig. 4F).

DCA—induced autophagy and lysosomal gene expression
Several studies have reported the involvement of AMPK a1l in

autophagy [88, 89] and autophagy—induced antimicrobial effect in
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macrophages[90—92]. In M. massiliense—infected macrophages,
LC3II expression (Fig. 5A) and punctate structures (Fig. 5B) were
significantly increased only in DCA-—-pretreated cells. To further
confirm the role of AMPKea1l in autophagosome formation, I
compared the LC3II expression and numbers of LC3 puncta in wild—
type and AMPK « 17~ BMDMs. DCA treatment did not significantly
increase LC3II expression in AMPK « 1—deficient BMDMs (Fig. 5C
and D), indicating that AMPK a1 significantly contributes to
autophagosome formation. Moreover, DCA increased mRNA levels of
the transcription factor EB (TFEB), which is critical for innate host
defense against M. massiliense infection (Fig. 6A) [93]. Consistent
with these data, genes downstream of TFEB, including SQS7MI,
BECNI, and CTSD, were markedly upregulated by DCA in infected
macrophages (Fig. 5A). I also found that DCA significantly increased
the mRNA expression of autophagy and lysosomal genes such as
MAPILC3A, LAMPI, and LAMP2 (Fig. 6A). These data suggested
that DCA promotes lysosomal gene expression by inducing TFEB
activation in macrophages during M. massiliense infection.
It has been well described that the induction of acidification

within phagocytic cells, i.e., phagosomal colocalization with the

lysosomal marker LAMP1, is essential for host defense against
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M. abscessus infection in BMDMs[94]. Therefore, I investigated
whether DCA  could wupregulate the co—localization of
phagosomes and lysosomes. To this end, I analyzed the colonization
of lysosome—bearing bacterial phagocytic cells using confocal
imaging (Fig. 6B). Interestingly, DCA significantly increased the co—
localization of M. massiliense and lysosomes in macrophages at 24
hpi (Fig. 6B). The inhibition of autophagy with wortmannin restored
intracellular bacterial growth to a level comparable to that of DCA—
untreated macrophages (Fig. 6C). These results strongly suggest
that DCA significantly induces self—trapping or lysosomal gene

expression and activity during M. massiliense infection.
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Figure 1. DCA decreased glycolysis and intracellular M. massiliense
in macrophages. (A—D) Differentiated THP—1 macrophages treated
with DCA (40 mM) for 1 h followed by infection with AM. massiliense
(MOI=1). ECAR and OCR were measured 2 h post—infection. (A)
ECAR recorded with sequential treatments of glucose (10 mM),
oligomycin (10 pM), and 2—DG (100 mM). (B) Glycolysis, glycolytic

capacity, and glycolytic reserve obtained from (A). (C) The OCR was
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recorded with sequential treatments of oligomycin (2.5 pM), FCCP
(2 uM), and rotenone with ATP (0.5 pM). (D) Basal and maximal
respiration calculated from (C). (E) OCR/ECAR ratio. CFUs
recovered at 24 h post—infection in differentiated THP-1
macrophages (F) and BMDMs (G). (H) CFUs in differentiated THP—
1 macrophages at 24 h post—infection with or without 2—DG. (D)
Tumor necrosis factor a production measured by enzyme—linked
immunoassay in the culture supernatant. Cells were infected with A
massiliense (MOI=1) for the indicated time points. DCA was
pretreated 1 h before M. massiliense infection with the indicated
concentrations. All data are representative of three independent
experiments. In panels B and D—H, p—values are indicated (one—way

ANOVA). In panel I, p—values are indicated (two—way ANOVA).

Error bars represent the mean and standard error of the mean (SEM).

n=3-—05.
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Figure 2. DCA alone had no effect on macrophage viability, bacterial
growth. (A) Differentiated THP—1 macrophages were treated with
DCA in dose—dependent manner, ranging from 0.01 to 40 mM, for 24
h. (B) After pre—treated with DCA (10, 20, and 40 mM) for 1 h,
macrophages were infected with M. massiliense (MOI=1) for 2 h.
Following this, the cells were washed, and the medium was replaced
with fresh DCA-—containing medium for 24 h. Cell viability was
assessed using a CCK—8 assay kit. (C) M. massiliense in 7TH9 Broth
(with 10% ADC) was incubated at 37C with various concentrations
of DCA (0, 10, 20, and 40 mM). Growth curve analysis was
performed by measuring the OD600 at regular intervals over a period
of 108 h. Statistical significance is indicated by p—values (one—way
ANOVA), and error bars represent the mean and standard error of

the mean (SEM). n=3.

_59_



A B Glycolytic Glycolytic

Glycolysis capacity reserve
Glu OQligo 2DG
€ 50 : : H = 40 p=0.0031 c 50 pff:;;: =5
E 40 E g E 40 — E
T I - I I
o 30 [=3 fmthihe a 30 p=0.0079 =3
E 20 E 20 p=0.0051 E 20 — £
3 % 10 %10 %
S 10% i ivency, &} o o
w ol . S : — w o w o w
0 30 80 90 120 @ ¥ @ X
Q o Q .
Time (min} .\S‘\\ Q‘lp .\b@’ Qip
AR ANy
¥ ¥
Cc D )
Basal Maximal
respiration respiration
QOligo FCCP R+A p=0.0019
= 4 4 H H = 150 Jn=.0108 pn.0087 = 300 o 10 p=0.0001
£ £ ld £ :
2 3 3 200 9(: 8
£ E g S
= = k= w 4
= 100
4 x i 2 -
S A O [&] &)
o o O o © 9 O 0
0 30 60 90 120 & ~
Time (min) .@Q\ Q‘Lp
-O- Wild type F AMPKa 1" Non-Inf - ‘?9
@ Wild type -BF AMPKa1™ M. mass Ovehice EDCA20mM [l DCA 40mM

-@ Wild type % AMPKa1" M. mass+DCA
Figure 3. AMPKal deficiency impairs glycolytic and OXPHOS activity
in macrophages. Wild—type and AMPK @ 17~ BMDMs were treated
with DCA (40 mM) for 1 h followed by infection with M. massiliense
(MOI=1). ECAR and OCR were measured 2 h post—infection. (A)
ECAR recorded with sequential treatments of glucose (10 mM),
oligomycin (10 uM), and 2—DG (100 mM). (B) Glycolysis, glycolytic
capacity, and glycolytic reserve obtained from (A). (C) OCR
recorded with sequential treatments of oligomycin (2.5 pM), FCCP
(2 uM), and rotenone with ATP (0.5 uM). (D) Basal respiration and
maximal respiration calculated from (C). (E) OCR/ECAR ratio. All
data are representative of three independent experiments. Statistical

significance is indicated by p—values (two—way ANOVA), and error
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bars represent the mean and standard error of the mean (SEM).

n=3-5.
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Figure 4. DCA increased phosphorylated AMPKe1l

massiliense—infected macrophages. (A)

in M.

Differentiated THP-1

macrophages infected with M. massiliense (MOI=1) after DCA (40

mM) treatment. Cells were washed, and the medium was replaced

with DCA (40 mM) for 4 h. AMP/ATP ratio changed in differentiated

THP—1 macrophages by DCA treatment determined using a

luminescence—based detection kit. (B) Immunoblot analysis of

phosphorylated AMPK @ 1 and total AMPK ¢ in differentiated THP—

1 macrophages. (C) AMPKa1 protein

immunoblot analysis from BMDMs of wild—type or AMPK a 1

level determined by

/-

mice,

which were treated with DCA (40 mM) 1 h, followed by infection with

M. massiliense (MOI=1) for 1 h and then washed; the medium was

replaced with DCA for 24 h. (D) CFUs recovered from BMDMs. (E)
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AMPK @ protein level determined by immunoblot analysis from
differentiated THP—1 macrophages, transfected with scramble RNA
and siRNA AMPK « 1/2, and treated with DCA (40 mM) 1 h followed
by infection with M. massiliense (MOI=1) for 24 h. (F) CFUs
recovered from differentiated THP—1 macrophages. All data are
representative of three independent experiments. In panels A and D,
p—values are indicated (one—way ANOVA). In panel F, p—values are
indicated (two—way ANOVA). Error bars represent the mean and

standard error of the mean (SEM). n=3—4.
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Figure 5. DCA-induced autophagy enhances clearance of
intracellular M. massiliense in macrophages. (A) Protein expression
of LC3 in differentiated THP—1 macrophages was determined using
Western blot analysis. (Top) Representative blot from one out of
three independent experiments; (bottom) band intensities quantified
using Fiji/Imagel. Cells were treated with DCA (10, 20, or 40 mM)
for 1 h, followed by infection with M. massiliense (MOI=1) for 1 h
and then washed; the medium was replaced with DCA for 24 h. (B)
Differentiated THP—1 macrophages transfected with EGFP—LC3
expression plasmid were treated with DCA (40 mM) for 1 h followed
by infection with M. massiliense (MOI=1) for 24 h, and the EGFP—

LC3 puncta per cell were counted under fluorescence microscopy.
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Scale bars, 20 gm. (C) BMDMs of wild—type or AMPK ¢ 17~ mice
transfected with EGFP—LC3 expression plasmid were treated with
DCA (40 mM) for 1 h followed by infection with A. massiliense
(MOI=1) for 24 h, and the EGFP—LC3 puncta per cell were counted
using fluorescence microscopy. Quantification was performed from
three experiments, with 10 images quantified for each condition.
Scale bars, 20 gm. (D) Protein expression of LC3 in BMDMs
determined using Western blot analysis. Cells were treated with DCA
(40 mM) for 1 h, followed by infection with M. massiliense (MOI=1)
for 1 h and then washed; the medium was replaced with DCA for 24
h. All data are representative of three independent experiments. In
panels B and D—H, p—values are indicated (two—way ANOVA). In
panel A, p—values are indicated (one—way ANOVA). Error bars

represent the mean and standard error of the mean (SEM). n=3.
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Figure 6. DCA increased the colocalization of phagosomes and
lysosomes against M. massiliense infection. (A) Cells were lysed,
total RNAs were extracted, and the expression of 7FEB, SQSTMI,
BECN 1, CTSD, MAPILC3A, LAMPI1, and LAMPZ at mRNA level was
determined by qRT—PCR. Cells were pretreated with DCA 40 mM for
1 h, infected with M. massiliense (MOI=1) for 1 h, and then washed;
the medium was replaced with DCA for 24 h. (B) Differentiated
THP—-1 macrophages were treated with DCA (40 mM) for 1 h
followed by infected with CFSE-—stained M. massiliense (green)
(MOI=1) for 1 h. Then, the cells were washed, and the medium was
replaced with DCA for 24 h. Then, cells were stained with

LysoTracker (red) and subjected to fluorescence microscopy. Scale
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bars, 10 g m. The quantitative data of colocalization of LysoTracker
and M. massiliense are presented (n=10 for each group). (C) CFUs
recovered from differentiated THP—1 macrophages were treated
with DCA (40 mM) alone or DCA+wortmannin (20 M) followed by
infection with M. massiliense (MOI=1) for 24 h. All data are
representative of three independent experiments. In panels A and C,
p—values are indicated (one—way ANOVA). In panel B, p—values are
indicated (unpaired t—test). Error bars represent the mean and

standard error of the mean (SEM). n=3.
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Figure 7. Schematic depiction of DCA—induced autophagy on M.
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Discussion

Understanding pathogen—specific immune responses is essential for
developing appropriate HDT. Here, I show that M. massiliense, one
of the second—most common pathogenic pulmonary diseases caused
by NTM, increases the glycolysis of host macrophages in a PDK—
dependent manner. The PDK inhibitor DCA, a novel candidate for
HDT against M. massiliense, effectively constrained intracellular
bacterial replication by potentiating host autophagy and
phagolysosomal fusion (Fig. 7).

M. massiliense and M. tuberculosis share standard features but
interact differently with host cell metabolism. Although AM.
tuberculosis induces a shift from OXPHOS to aerobic glycolysis in
human alveolar macrophages, this metabolic change is required to
restrict bacillary survival by producing interleukin 1A [95]. AM.
tuberculosis—induced miR—21 expression has been suggested to
inhibit host glycolysis and lead to bacterial replication[96]. In
contrast, our results showed a completely different behavior of AL
massiliense from M. tuberculosis 1n response to the host
immunometabolic states. Complex factors, including pathogen—
intrinsic virulence genes and immune evasion mechanisms, may

determine the outcomes in a specific manner.
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I found that M. massiliense induces rapid upregulation of
glycolysis in macrophages providing energy rapidly to sustain the
biosynthesis of inflammatory molecules during the early stages of
infection[95, 97—101]. Our findings suggest that DCA effectively
decreases the ECAR and increases the OCR in M. massiliense—
infected macrophages. M. massiliense infection markedly increases
the AMP/ATP ratio, activates AMPK phosphorylation, and induces
autophagy. AMPK acts as a metabolic checkpoint that inhibits cell
growth under nutrient—deprived conditions. The most specific
mechanism by which AMPK regulates cell growth is the suppression
of the mTORC]1 pathway [102]. AMPK downregulates mTOR activity,
and the dephosphorylation of mTORCI1 targets FOXK1, FOXKZ2, and
TFEB. As a result, it allows for increased transcription of autophagy
genes downstream of FOXO3 binding [89]. AMPK inhibition by mTOR
allows sufficient levels of 77eb to enter the nucleus and
transcriptionally upregulate the endolysosomes[103]. Our data
partly agree with recent data showing that DCA upregulates
lysosome—related gene expression and induces autophagy[104,
105]. Together with the current findings, a shift in metabolic changes
during antibiotic treatment may also contribute to integrated host

responses during chemotherapy against chronic infections. Previous
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studies have suggested that antibiotics such as azithromycin
aggravate the impairment of autophagy during M. abscessus infection,
predisposing patients with cystic fibrosis to NTM infections.
Mechanistically, the long—term wuse of the macrolide drug
azithromycin inhibits the intracellular clearance of M. abscessus in
human macrophages, at least because of defective autophagy and the
prevention of lysosomal acidification of NTM bacterial106].
However, a recent report has shown that treatment with autophagy
inhibitors and activators (chloroquine and rapamycin, respectively)
does not promote antimycobacterial effects against M. abscessus
rough— and smooth—variant infections in neutrophils[107].
Therefore, further studies are required to determine the exact roles
and mechanisms by which autophagy activation regulates the
virulence or protective responses during M. abscessus infection.
Treating NTM infections is challenging because it requires
multidrug regimens for at least 18 months and is often associated
with severe side effects and drug resistance[108, 109]. This
explains the need to develop new drugs to promote host immune
responses and enhance antimicrobial activity against M. massiliense
infection. Thus, the present findings strongly support the potential of

DCA as a drug candidate for the enhanced killing of M. massiliense
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by macrophages.
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