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Abstract

Background Itaconate, a crucial immunometabolite, plays a critical role in linking immune and metabolic functions
to influence host defense and inflammation. Due to its polar structure, the esterified cell-permeable derivatives of
itaconate are being developed to provide therapeutic opportunities in infectious and inflammatory diseases. Yet,

it remains largely uncharacterized whether itaconate derivatives have potentials in promoting host-directed thera-
peutics (HDT) against mycobacterial infections. Here, we report dimethyl itaconate (DM)) as the promising candidate
for HDT against both Mycobacterium tuberculosis (Mtb) and nontuberculous mycobacteria by orchestrating multiple
innate immune programs.

Results DMI per se has low bactericidal activity against Mtb, M. bovis Bacillus Calmette—Guérin (BCG), and M. avium
(Mav). However, DMI robustly activated intracellular elimination of multiple mycobacterial strains (Mtb, BCG, Mav, and
even to multidrug-resistant Mtb) in macrophages and in vivo. DMI significantly suppressed the production of inter-
leukin-6 and -10, whereas it enhanced autophagy and phagosomal maturation, during Mtb infection. DMI-mediated
autophagy partly contributed to antimicrobial host defenses in macrophages. Moreover, DMI significantly downregu-
lated the activation of signal transducer and activator of transcription 3 signaling during infection with Mtb, BCG, and
Mav.

Conclusion Together, DMI has potent anti-mycobacterial activities in macrophages and in vivo through promoting
multifaceted ways for innate host defenses. DMI may bring light to new candidate for HDT against Mtb and nontuber-
culous mycobacteria, both of which infections are often intractable with antibiotic resistance.
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Background
Mycobacterium tuberculosis (Mtb), the pathogen of
human tuberculosis (TB), is a global health burden
with high morbidity and mortality rates [1]. Despite the
development of new antimicrobial strategies for TB,
little progress has been made in improving or replac-
ing short-term chemotherapy (directly observed treat-
ment, short course), which comprises isoniazid (INH),
rifampicin, pyrazinamide, and ethambutol during the
initial 2 months, followed by INH and rifampicin for
4 months, as the first-line regimen for drug-sensitive
TB [2, 3]. The treatment of drug-resistant cases is diffi-
cult and can require >2 years of drugs with severe side
effects. The increasing incidences of multidrug-resistant
(MDR) and extremely drug-resistant TB are worrisome
[2, 4, 5]. Moreover, nontuberculous mycobacteria (NTM)
include >170 species and are major pathogens of emerg-
ing respiratory infections in immunocompromised and
immunocompetent subjects [6, 7]. The prevalence and
incidence of NTM pulmonary infections are increasing
worldwide and often intractable to treat [8—10]. NTM
treatment with standard antimicrobial regimens is chal-
lenging, takes longer than TB treatment, and has a low
cure rate because of antibiotic resistance and toxicity
[11-13]. There is an urgent need for innovative host-
directed therapeutics (HDT) based on deciphering an in-
depth molecular mechanisms underlying host—pathogen
interactions that could be geared for efficient protective
responses against TB and NTM infections.
Immune-metabolic adaptations are rewired in mac-
rophages and immune cells during mycobacterial infec-
tions. The remodeling of immunometabolism can shape
the host defensive responses to intracellular mycobac-
teria, thus affecting the outcomes of infections [14—16].
Early studies highlighted the function of the immuno-
metabolite itaconic acid (also known as methylenesuc-
cinic acid) in decarboxylating cis-aconitate, which exerts
an antimicrobial effect on Salmonella enterica and Mtb
by covalent inhibition of bacterial isocitrate lyase [17,
18]. Immune-responsive gene 1 (IRG1), a mitochondrial
enzyme that catalyzes the production of itaconate in
myeloid cells, controls Mtb infection by preventing exces-
sive neutrophil-driven immunopathology [19]. In addi-
tion, autocrine/paracrine signaling by tumor necrosis
factor (TNF)-a and interleukin (IL)-6, which are gener-
ated by bystander cells, leads to the juxtaposition of bac-
terial phagosomes with mitochondria, thereby activating
IRG1 signaling and an itaconate-mediated antimicrobial
effect against M. avium (Mav) infection [20]. Further-
more, increasing efforts have been made to develop more
cell-permeable derivatives of itaconate than the natu-
ral itaconate with polar structure, while they retain the
immunoregulatory function [21-23]. Indeed, dimethyl
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itaconate (DMI) and 4-octyl itaconate (OI) amelio-
rate excessive inflammation and pathologic responses
in models of autoimmune and inflammatory disorders
including sepsis, mastitis, neuroinflammation, and pso-
riasis [22-26]. Mounting evidence showed that DMI
is able to induce a robust electrophilic stress response,
and activates NF-E2 p45-related factor 2 (Nrf2) and the
expression of genes encoding its downstream biomol-
ecules including Ngol and HmoxI in the lipopolysac-
charide (LPS)-stimulated murine macrophages [24, 25].
In addition, DMI showed a strong inhibitory effect upon
the production of IL-6, IL-10, and interferon (IFN)-f,
although these effects are independent of Nrf2 [24, 25].
DMI-mediated anti-inflammatory response is also medi-
ated through a well-known negative regulator of toll-like
receptor signaling, activating transcription factor 3/IkB{
pathway [24]. Interestingly, DMI is not directly metabo-
lized into itaconate, but it potentiates an increase in the
itaconate level in LPS-stimulated macrophages [26].
Despite this, it remains largely undefined whether and
how DMI modulates antimicrobial host defense against
Mtb, NTM, and drug-resistant mycobacterial infections.

In this study, we aimed to evaluate whether DMI exerts
host defensive functions and how it achieved protec-
tive immune reactions during mycobacterial infections.
We examined whether DMI increases antimicrobial
host responses against Mtb, M. bovis Bacillus Calmette—
Guérin (BCG), Mav, and multidrug-resistant (MDR)-
Mtb infections. Although DMI per se did not exhibit
direct antimicrobial effects against Mtb, BCG, or Mav, it
showed potent antimicrobial activities in macrophages
and in vivo. Mechanistically, DMI played multiple roles
in the activation of innate immune defenses, i.e., main-
tenance of inflammatory homeostasis, signal transducer
and activator of transcription 3 (STAT3) signaling, and
activation of autophagy. These data offer DMI as an effec-
tive therapeutic candidate of HDT against Mtb and NTM
infections by modulating multifaceted innate immune
pathways.

Materials and methods

Mycobacterial strains and cultivation

Mtb H37Rv was supplied by R.L. Friedmann (Univer-
sity of Arizona, Tucson, AZ). BCG, MDR-Mtb (KMRC-
00116-00150), and Mav (ATCC 25291) were acquired
from the Korean Mycobacterium Resource Center in
the Korean Institute of Tuberculosis (Osong, South
Korea). Mycobacteria were cultured in Middlebrook
7H9 (Difco, 271310) medium supplemented with 10%
oleic albumin dextrose catalase (OADC; BD Biosciences,
San Diego, CA, 212240), 0.5% glycerol, and 0.05%
Tween-80 (7H9-OADC) on a rotary shaking incubator
(140 rpm) at 37°C to an ODg, of 0.4—0.6. Mtb expressing
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red fluorescent protein (Mtb-ERFP) was cultivated in
7H9-OADC supplemented with 50 pg/ml kanamycin
(Sigma-Aldrich, St. Louis, MO, 60615). Bacterial cul-
tures were harvested, and the pellets were washed with
phosphate-buffered saline (PBS; LPS solution, Daejeon,
Korea, CBP007B) by sequential centrifugation at 2090xg
(3000 rpm) for 30 min. To separate bacteria into single
cells, pellets resuspended in PBS with 0.1% Tween-80
were subjected to repeated rounds of sonication. The
resulting bacterial suspensions were aliquoted and stored
at —80°C. Colony-forming units (CFUs) were counted on
Middlebrook 7H10 agar (Difco, 262710).

Mice

Wild-type (WT) C57BL/6 mice (Samtako Bio, Gyeonggi-
do, South Korea) were obtained at 6-8 weeks of age
and maintained under a 12 h:12 h light:dark cycle and
specific-pathogen-free conditions. Information on Atg7-
floxed mice and Azg7-lacking mice is available elsewhere
[27]. The mice were 6—8 weeks old at the time of the
experiments and were matched by sex. The animal exper-
iments and handling were conducted following the ethi-
cal guidelines of Chungnam National University School
of Medicine and were approved by the Institutional Ani-
mal Care and Use Committee (202109A-CNU-180; Dae-
jeon, South Korea) and the South Korean Food and Drug
Administration.

Isolation of bone marrow-derived

macrophages (BMDMs) and peritoneal macrophages (PMs)
BMDMs were collected from the femur and tibia of
6—8-week-old mice and cultured for 4-5 days in Dul-
becco’s modified Eagle’s medium (DMEM; Lonza, Walk-
ersville, USA, BE12-60fF) supplemented with 10% fetal
bovine serum (Gibco, Grand Island, NY, 16000-044) and
penicillin streptomycin amphotericin mixture (Lonza,
17-745E) containing 25 ng/ml macrophage colony-stim-
ulating factor (R&D Systems, Minneapolis, MN) at 37°C
in 5% CO.,. For the isolation of PMs from A#g7-floxed and
Atg7-lacking mice (8-week-old), intraperitoneal injection
of mice were performed using 1 ml of 3% Brewer thiogly-
collate (BD Biosciences, 211716). After 3 days from injec-
tion, the isolation of cells were conducted by flushing out
the peritoneal cavity with 10 ml of Dulbecco’s PBS (DPBS;
Cytiva Hyclone™, Marlborough, MA, SH30028.02) con-
taining 10% fetal bovine serum. The appropriate number
of cells were seeded and incubated for 1 day in DMEM
supplemented with 10% fetal bovine serum and penicillin
streptomycin amphotericin mixture.

Experimental infection
Bacterial cells stored at —80°C were thawed and diluted
in DPBS containing 0.05% Tween-80. Vial containing
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bacterial cells was sonicated to a bath sonicator 3 times
for 30 s. Infection of BMDMs and PMs at the indicated
multiplicities of infection (MOI) of Mtb, BCG, or Mav
was conducted for 4 h. The remaining bacteria around
cells were removed by washing with DPBS, and infected
cells were incubated in fresh DMEM for the indi-
cated times. For in vivo infection, mice were anesthe-
tized and intranasally infected with mycobacteria (Mtb:
5x 10* CFU/mouse; BCG: 1x 10’ CFU/mouse; Mav:
1x 107 CFU/mouse; MDR-Mtb: 5x 10> CFU/mouse).
To estimate the bacterial burden, mice were euthanized
at 7 days post infection (dpi), and lungs were harvested,
homogenized in DPBS, serially diluted, and spotted on
7H10 agar. After incubation for 2—3 weeks, colonies were
counted.

Reagents and antibodies

DMI (592498), bafilomycin Al (Baf-Al; B1793), p-(+)-
glucose (glucose; G7021), sodium acetate (S8750),
and p-cyclodextrin (H5784) were purchased from
Sigma-Aldrich (St. Louis, MO). For Western blotting,
anti-pSTAT3 (9145S), anti-STAT3 (9139S), anti-microtu-
bule-associated protein 1 light chain 3 f (LC3) (L7543),
anti-ACTIN (5125S), anti-mouse IgG (7076S), and anti-
rabbit IgG (7074S) antibodies were purchased from Cell
Signaling Technology (Danvers, MA). For immunofluo-
rescence analysis, an anti-LC3 (PMO036) antibody was
obtained from Medical & Biological Laboratories Inter-
national, and an anti-lysosomal-associated member pro-
tein 1 (LAMP1; SC-19992) antibody was obtained from
Santa Cruz Biotechnology. Alexa Fluor 488-conjugated
anti-rabbit IgG (A11034) and Alexa Fluor 594-conjugated
anti-rat IgG (A21209) antibodies were from Invitrogen
(Waltham, MA). Fluoromount-G with 4/-6-diamidino-
2-phenylindole (DAPI) (00-4959-52) was obtained from
Invitrogen (Waltham, MA).

CFU assay

To analyze bacterial survival in murine macrophages,
Mtb-, BCG-, or Mav-infected cells (MOI 1) were incu-
bated for 4 h and washed with DPBS to discard extracel-
lular bacteria. The infected cells were incubated in fresh
medium for the indicated periods. Thereafter, the cells
were lysed in sterile distilled water for 40 min, and intra-
cellular bacteria were collected. Cell lysates were diluted
with DPBS and spotted on Middlebrook 7H10 agar con-
taining 10% OADC. Colonies were counted to assess
intracellular bacterial viability after 2—3 weeks.

Histology and immunohistochemistry

Lungs were removed from Mtb-infected mice, fixed
in 10% formalin, and embedded in paraffin wax. Par-
affin blocks were sectioned (4 pm) and stained with
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hematoxylin and eosin (H&E) as described previously
[28]. The inflamed area was quantified by total field scan-
ning of lung tissues, and the mean fluorescence intensity
of the red threshold was examined using FIJI software.

Determination of dose-response curves

The half-maximal inhibitory concentration (IC,) val-
ues were determined following the CLSI guidelines [29].
Mtb, BCG, and Mav were cultured in 7H9-OADC to an
ODg of 0.4-0.6 followed by harvesting, washing twice
with PBS supplemented with 0.02% Tween-80, and vor-
texing 3 times for 5 s with 30-50 glass beads of diameter
2 mm. Finally, low-speed centrifugation (250xg) leaves
only single bacterial cells in supernatant. Inoculum was
prepared from this supernatant. All wells contained
7H9-OADC, 7H9 medium supplemented with 0.5% glyc-
erol, 0.02% Tween 80 and 10 mM glucose (7H9-glucose),
or 10 mM sodium acetate (7H9-acetate). Then all wells
were added by each inoculum of Mtb, BCG, or Mav
within each media with an ODy, of 0.005/ml except for
the negative control (medium only). DMI, B-cyclodextrin
(SC), and INH were two-fold serially diluted 20 times
(DMLI, B-cyclodextrin) or 10 times (INH) in flat-bottom
clear 96-well plates, ranging from 50 mM to 95 nM
(DMI) or from 10 uM to 19.5 nM (INH) containing Mtb,
BCG, or Mav in a final volume of 100 ul, and then incu-
bated for 5 to 7 days (7H9-OADC and -glucose) or 10 to
14 days (7H9-acetate) at 37°C. ODg, values were deter-
mined using the VersaMax microplate reader (Molecu-
lar devices, Sunnyvale, CA). IC;, values were calculated
from the ODyg, values using Prism 8.0 software (Graph-
Pad Inc., La Jolla, CA).

RNA preparation and quantitative real-time PCR (qRT-PCR)
Total RNA was isolated from BMDMs, PMs, or lung
tissue homogenates using TRIzol reagent (Invitrogen,
Waltham, MA, 15596026) in accordance with the man-
ufacturer’s instructions. cDNA was prepared from total
RNA using Reverse Transcription Master Premix (ELPIS
Biotech, Daejeon, South Korea, EBT-1515) following the
manufacturer’s protocols. qRT-PCR was conducted on
the Rotor-Gene A 2plex System (Qiagen, Hilden, Ger-
many, 9001620) using cDNA, primer pairs specific to the
genes of interest, and SYBR Green Master Mix (Qiagen,
218073) according to the manufacturer’s instructions.
Relative mRNA levels were analyzed by the 272 thresh-
old cycle method and normalized to those of Gapdh.
The primer sequences used are as follows: I/1b forward:
5-TGACGGACCCCAAAAGATGA-3/, reverse: 5'-AAA
GACACAGGTAGCTGCCA-3; II6 forward: 5-ACA
AAGCCAGAGTCCTTCAGA-3/, reverse: 5-TGGTCC
TTAGCCACTCCTTC-3; 1l10 forward: 5-GCTCTT
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GCACTACCAAAGCC-3/, reverse: 5-CTGCTGATC
CTCATGCCAGT-3; Tuf forward: 5-CCCACGTCG
TAGCAAACCAC-3, reverse: 5-GCAGCCTTGTCC
CTTGAAGA-3’; Ifng forward: 5-CGGCACAGTCAT
TGAAAGCC-3/, reverse: 5-TGCATCCTTTTTCGC
CTTGC-3'; Csf2 forward: 5-CTG GCC CCA TGT ATA
GCT GA-3, reverse: 5'-TCC TCC TCA GGA CCT TAG
CC-3'; Gapdh forward: 5-TGGCAAAGTGGAGATTGT
TGCC-3, reverse: 5-AAGATGGTGATGGGCTTC
CCG-3.

Enzyme-linked immunosorbent assay (ELISA)

The supernatant of mouse BMDMs or lung lysates
was stored at —80°C. The levels of the proinflamma-
tory cytokines IL-6 (555240) and IL-10 (555252) were
estimated using the Mouse BD OptEIA Set ELISA
Kit (BD Biosciences) according to the manufacturer’s
instructions.

Immunofluorescence analysis

BMDMs were grown on coverslips in 24-well plates
followed by infection with Mtb-ERFP (MOI 5) for 4 h.
The solvent control (SC), DMI (100 uM) or Baf-Al
(100 nM) was then treated within the freshly changed
media for the indicated times. After treatment, the
upper medium was discarded, and cells on coverslips
were washed three times in DPBS followed by fixa-
tion in 4% paraformaldehyde for 10 min. Thereafter,
the cells were permeabilized in 0.25% Triton X-100
for 10 min and incubated overnight at 4C with anti-
LC3 (1:400 diluted) and anti-LAMP1 (1:400 diluted)
primary antibodies. The cells were washed three times
with DPBS and reacted for 2 h with the secondary anti-
body at room temperature. Fluoromount-G with DAPI
was used to stain nuclei and mount the cells. For imag-
ing acidic states of phagolysosome, BMDMs infected
with Mtb-ERFP (MOI 5) were treated with SC or DMI
(100 uM) for the indicated times, followed by the incu-
bation of cells with LysoView 633 (Biotium, Fremont,
USA; 70058) for 30 min at 37°C. Cells were DPBS-
washed two times and mounted by fluoromount-G with
DAPI. The excitation of LysoView 633 was performed
by the 633 nm laser, and pictured at 645-750 nm. To
determine the autophagic flux in BMDMs, cells were
transduced with retroviruses expressing a tandem-
tagged mCherry-enhanced green fluorescent protein
(EGFP)-LC3B for 24 h and then treated with DMI
in the presence or absence of Baf-Al for 24 h. Cells
with tandem LC3B plasmid was detected by confocal
microscopy.
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Transmission electron microscopy (TEM)

Cells were scraped from plates and collected by cen-
trifugation. Samples were sequentially fixed in 3% glu-
taraldehyde and 1% osmium tetroxide, cooled on ice for
1 h, washed with 0.1 M cacodylate buffer (pH 7.2) con-
taining 0.1% CaCl,, and dehydrated in an ethanol and
propylene oxide series. Next, samples were embedded
in Epon 812 mixture and polymerized at 60°C for 36 h.
Using the ULTRACUT UC7 ultramicrotome (Leica
Biosystems, Vienna, Austria), sections of 70 nm thick-
ness were cut and mounted on 75-mesh copper grids.
Sections were counterstained with uranyl acetate and
lead citrate for 10 min and 7 min, respectively, and
examined using the KBSI Bio-High Voltage EM (JEM-
1400 Plus at 120 kV and JEM-1000BEF at 1000 kV;
JEOL Ltd., Tokyo, Japan).

Western blotting

BMDM lysates were collected in Protein 5x Sample
Buffer (ELPIS BIOTECH, EBA-1052) diluted with RIPA
buffer (150 mM sodium chloride, 1% Triton X-100,
0.1% SDS, 1% sodium deoxycholate, 50 mM Tris-Cl at
pH 7.5, and 2 mM EDTA) supplemented with protease
(04693132001) and phosphatase (11836170001) inhibi-
tor cocktails (Roche, Mannheim, Germany). Samples
were boiled for 10 min on a heating block and cooled on
ice for 10 min. The samples were resolved by SDS-PAGE
and transferred to a nitrocellulose (Pall Corporation, NY,
66485) or PVDF (Millipore, Burlington, MA, IPVH0001)
membrane at 200 mA for 2 h. To prevent nonspecific
binding, membranes were incubated in blocking solu-
tion with 1% BSA in TBST for 30 min at room tem-
perature and reacted overnight with anti-pSTATS3,
-STAT3, or -ACTIN primary antibody at 4°C. The mem-
branes were reacted with the appropriate horseradish
peroxidase-conjugated secondary antibodies for 1 h at
room temperature. Immunoreactive bands were visu-
alized with ECL reagent from the Chemiluminescence
Assay Kit (Millipore, WBKL S0500), and the appro-
priate bands were detected using the UVitec Alliance

(See figure on next page.)
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mini-chemiluminescence device (UVitec, Rugby, UK).
Band intensities were measured using Image | software
and normalized to that of ACTIN.

Statistical analysis

Statistical analysis was conducted using Prism 8.0 for
Windows (GraphPad Software Inc., San Diego, CA). The
unpaired Student’s t-test or Mann—Whitney U test was
used to compare two groups and one-way ANOVA for
three or more groups. Data are means & standard devia-
tion (SD) or +standard error of the mean (SEM). Statis-
tical significance is indicated as *p <0.05, **p<0.01, and
***p <0.001.

Results

DMI induces antimicrobial activity against Mtb, BCG,

and Mav in vitro and in vivo

IRG1, a mitochondrial enzyme that produces itaconate
via decarboxylation of cis-aconitate [17], protects against
Mtb infection in a mouse model by controlling exces-
sive pathological inflammatory responses and neutro-
phil recruitment [19]. To assess the antimicrobial effect
of DMI on Mtb, BCG, and NTM infections, we infected
murine BMDMs with Mtb H37Rv, BCG, or Mav at an
MOI of 1 and monitored bacterial survival at 72 h post-
infection. DMI treatment caused dose-dependent sup-
pression of intracellular Mtb, BCG, and Mav (Fig. 1A).
To examine whether DMI directly kills mycobacte-
ria, we first determined the ICy, values and generated
dose—response curves in culture conditions of standard
medium 7H9-OADC. The IC;, values of DMI for Mtb,
BCG, and Mav were 866 pM, 1.2 mM, and 3.8 mM,
respectively, whereas the IC;, of INH was 154 nM.
Compared with INH, the IC;, values of DMI were over
5000-fold for all tested mycobacterial strains (Additional
file 1: Fig. S1). Isocitrate lyase, a target of itaconate, is an
essential component of glyoxylate shunt found in many
pathogens including mycobacteria [30-32]. This meta-
bolic pathway is activated under carbon-limiting condi-
tions through a bypass of TCA cycle [33, 34]. We thus

Fig. 1 DMI-treatment inhibits the both in vitro and in vivo mycobacterial survival. A Intracellular survival of mycobacteria in BMDMs infected
with Mtb, BCG, or Mav (MOI 1). BMDMs were infected with Mtb (left panel), BCG (mid panel), or Mav (right panel). After 4 h, cells were washed
with pre-warmed DPBS and treated with SC or indicated concentration of DMI. At 3 dpi, cells were lysed and used to a CFU assay to examine the
intracellular survival of Mtb, BCG, or Mav. B Mice were intranasally infected with Mtb (5 x 10* CFU, n=7-8 per group), BCG (1 x 10’ CFU,n=7-8
per group), MDR-Mtb (5 x 10° CFU, n=5 per group), or Mav (1 x 107 CFU, n=5 per group), followed by treatment with vehicle or DMI (50 mg/kg)
by intraperitoneal (i.p.) injection, and euthanized as depicted schematic diagram of experimental schedule (left panel). The dissected lungs from
mice were subjected to analyze the bacterial burden by CFU assay. C, D Mice (n =3 per group) were infected with Mtb (5 x 10* CFU) followed
by treatment with vehicle or DMI (50 mg/kg) by i.p. injection. At 28 dpi, lungs were harvested to determine the inflamed area. Representative
histopathological images (C, scale bar=300 pm) and quantitative analysis for the inflamed area of the lung tissues from mice using H&E (D).
Statistical analysis was determined with one-way ANOVA test with Tukey’s multiple comparisons (A) and Mann-Whitney U test (B, D). Data are
representative of at least three independent experiments, and error bars denote = SD (A) or & SEM (B, D). CFU colony forming unit, DM/ dimethy!
itaconate, MOl multiplicities of infection, dpi days post infection, MDR-TB MDR-Mtb. *p < 0.05, **p <0.01, and ***p < 0.001
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Fig. 1 (See legend on previous page.)

determined whether DMI induces direct antibacterial
activities against Mtb, BCG, and Mav, depending on cul-
ture conditions containing different carbon sources, i.e.,
glucose or acetate. When IC;, values were compared
between glucose- and acetate-containing culture condi-
tions, DMI showed significantly greater IC,, values for
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Mtb (7H9-glucose, 2.9 mM; 7H9-acetate, 3.3 mM), for
BCG (7H9-glucose, 3 mM; 7H9-acetate, 1.5 mM), and
for Mav (7H9-glucose, 5 mM; 7H9-acetate, 4.1 mM),
when compared to those of INH for Mtb (7H9-glucose,
183 nM; 7H9-acetate, 190 nM) (Additional file 1: Fig. S2).
Therefore, the intracellular antimicrobial responses to
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DMI may not be caused by its direct inhibition of myco-
bacterial growth.

C57BL/6 mice were infected intranasally with Mtb
(5 x 10* CFU/mouse), BCG (1 x 10’ CFU/mouse), MDR-
Mtb (5 x 10> CEU/mouse), or Mav (1 x 10’ CFU/mouse)
and treated intraperitoneally with 50 mg/kg DMI or the
vehicle control for 4 days (Fig. 1B, left). We found that
DMI treatment significantly enhanced in vivo antimicro-
bial effects during infection with Mtb, BCG, MDR-Mtb,
or Mav in mouse lung tissues (Fig. 1B). Pronounced dif-
ferences were observed in the in vivo bacterial loads of all
four different strains in the lung tissues from the infected
mice between DMI-treated and vehicle-treated groups
(Fig. 1B). In addition, DMI significantly inhibited granu-
lomatous lesions in the lung tissues of Mtb-infected mice
(Fig. 1C, D). Taken together, these data strongly suggest
that DMI significantly suppresses the pulmonary bacte-
rial loads and inflammatory lesions in mice during myco-
bacterial infections.

DMI modulates inflammatory and protective cytokine
generation in macrophages and in the lung tissues

from infected mice

Because DMI reduced the bacterial burden and lung
pathological lesions at the early (7 dpi) stages of infec-
tion (Fig. 1), we examined its effect on lung inflammatory
responses during mycobacterial infection. We thus com-
pared the expression levels of proinflammatory cytokines
Tnf, 1l6, Il1b, and the anti-inflammatory cytokine /10,
in the lung tissues between the DMI-treated and vehi-
cle-treated control mice during infection. The 116, 1/10,
and I/1b levels were significantly suppressed, whereas
Tnf mRNA level was not reduced, by DMI treatment in
the lung tissues from mice infected with Mtb and BCG
(Fig. 2A, B; at 7 dpi). Consistent with the mRNA data,
the IL-6 and IL-10 protein levels were markedly reduced
in the supernatants of lung lysates from DMI-treated
compared with control mice infected with BCG and
Mav (Fig. 2C, D). Thus, both IL-6 and IL-10 levels were
specifically modulated by DMI treatment in vivo dur-
ing mycobacterial infection. We next assessed whether
DMI modulates the mRNA levels of IFN-y and granulo-
cyte—macrophage colony-stimulating factor (GM-CSF),
which are known as protective cytokines associated with

(See figure on next page.)
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anti-mycobacterial host defense [35-38] in the infected
lungs from mice during Mtb and BCG infections. As
shown in Fig. 2E, F, the Csf2 levels were significantly
upregulated by DMI treatment in both Mtb- and BCG-
infected lung tissues. However, the mRNA level of Ifug
was significantly reduced in Mtb-infected lungs, whereas
it was increased in the lung tissues from BCG-infected
mice (Fig. 2E, F). These data suggest that DMI treatment
differentially modulated protective cytokine genera-
tion in the lung tissues depending on the mycobacterial
strains.

We further examined the effect of DMI on Mtb-
induced mRNA levels of inflammatory cytokines (7nf,
Il1b, and Il6) in macrophages (Fig. 3A and Additional
file 1: Fig. S3A). Mtb-induced Tnf expression was signif-
icantly increased by DMI at 6 h, but decreased at 18 h,
in BMDMs (Additional file 1: Fig. S3A). However, Mtb-
induced I/1b and 1116 levels were markedly suppressed by
DMI at 3, 6, and 18 h (Fig. 3A). Additionally, the Mav-
induced 1l6 and Il1b levels were markedly decreased
at 3-18 h, as with Mtb infection (Additional file 1: Fig.
S3B). Moreover, DMI markedly suppressed IL-6 and
IL-10 production in BMDMs infected with Mtb, BCG, or
Mav, compared with those induced by the infection alone
(Fig. 3B). Therefore, DMI treatment regulates inflam-
matory homeostasis in vivo and in macrophages during
mycobacterial infection.

DMI promotes the activation of autophagy and autophagic
flux in BMDMs
DMI induces cellular autophagy to inhibit NLRP3-medi-
ated pyroptosis [39]. We thus examined whether DMI
activates autophagy to enhance antibacterial responses
during infection. DMI robustly increased LC3 punc-
tate structures in BMDMs in a time-dependent manner
(Fig. 4A). In addition, Western blotting revealed that
DMI caused slight but significant conversion of cytosolic
LC3-I to autophagosome-associated LC3-II (Fig. 4B).
Moreover, pre-treatment of BMDMs with Baf-A1l signifi-
cantly increased the level of lipidated LC3-1I, indicating
that DMI increases autophagic flux (Fig. 4B, lane 4).
Ultrastructural analysis by TEM showed that DMI
significantly increased the number of autophagic vesi-
cles (autophagosomes and autolysosomes) in BMDMs

Fig. 2 The treatment with DMI suppresses the expression of inflammatory cytokines and increases the level of protective cytokines in lung

tissues from mycobacteria-infected mice. WT mice (n=5-6 per group) were infected intranasally with Mtb (5 x 10% CFU), BCG (1 x 10’ CFU), or
Mav (1 x 107 CFU) followed by treatment with vehicle or DMI (50 mg/kg) in accordance with experimental schedule, and monitored at 7 dpi.

Lung tissues from Mtb- (A) or BCG- (B) infected mice were used to gRT-PCR analysis to estimate the mRNA expression of /6, 1110, /l1b, and Tnf. C,

D The supernatants from lung lysates separated from BCG- (C) or Mav- (D) infected mice were used to ELISA analysis. Lung tissues from Mtb- (E)

or BCG- (F) infected mice were used to gRT-PCR anlaysis to examine the mRNA expression of /fng and Csf2. Mann-Whitney U test was used to
examine the statistical analysis and the results were shown as means £ SEM from at least three independent experiments performed. DM/ dimethyl
itaconate, n.s. not significant, a.u. arbitrary unit. *p <0.05, **p <0.01, and ***p <0.001
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(Fig. 4C, D). We further transduced BMDMs with a ret-
roviral vector containing a mCherry-EGFP-LC3B prior to
DMI treatment. The number of red punctate structures

(mCherry; acid stable) denoting the state of autolys-
osomes (acidic pH quenches GFP fluorescence) were
significantly increased. However, pre-treatment with
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Fig. 3 DMI-treatment reduces the expression level of inflammatory cytokines during various mycobacterial infections. A Mtb (MOI 3)-infected
BMDMs were incubated in the freshly changed media treated with SC or 100 uM of DMI. Cells were lysed at the indicated time points (3, 6, or 18 h)
and used to gRT-PCR analysis to estimate the expression level of //7b and /l6. B The supernatants from the BMDMs infected with Mtb (left panel),
BCG (mid panel), or Mav (right panel) were harvested at 18 h post-infection and used to ELISA to examine the cytokine level of IL-6 and IL-10.
Statistical analysis was conducted with one-way ANOVA test with Tukey’s multiple comparisons (A) and unpaired Student’s t-test (B). Data shown as
means =+ SD from two independent experiments conducted in triplicate. DMI, dimethyl itaconate. *p <0.05 and ***p <0.001
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Baf-Al, an inhibitor of the lysosomal V-ATPase, pre-
vented this effect in DMI-treated BMDMs (Fig. 4E, F).
These data confirm that DMI promotes the activation of
autophagy and autophagic flux in BMDMs.

DMI-mediated autophagy enhances phagosomal
maturation of Mtb

We next examined the effect of DMI on phagosomal
maturation of Mtb in BMDMs. To examine this, we
performed immunostaining and assessed the bacteria
colocalization with LC3-positive autophagosomes and
lysosomal structures in the Mtb-ERFP-infected BMDMs.
DMI treatment in Mtb-ERFP-infected BMDMs signifi-
cantly increased the colocalization of endogenous LC3-
positive autophagosomal structures and Mtb-ERFP at
6 (early) and 18 (late) h (Fig. 5A, B). Additionally, DMI
significantly increased the colocalization of Mtb-ERFP
with LAMP1-positive lysosomal vesicles in BMDMs at
the same time points (Fig. 5C, D). Moreover, we assessed
whether DMI enhanced the Mtb captured in acidic com-
partment by staining with LysoView 633 dye, which is a
highly sensitive pH sensor of the acidified lysosomes [40,
41]. As shown in Fig. 5E, F, we found that DMI treatment
results in the significantly increased colocalization of
Mtb-ERFP and LysoView 633 acidic compartment.

We next examined the changes of ultrastructural
findings by DMI treatment in Mtb-infected mac-
rophages. TEM analysis showed that bacteria-containing
autophagosomal—autolysosomal structures, where bacte-
ria are localized within the host vesicles surrounded by 2
or more encircling membranes [42, 43], were significantly
increased in Mtb-infected BMDMs at 18 h (Fig. 5G, H).
However, there was no significant difference in cyto-
solic bacteria, which were counted as those without sur-
rounding host membranes [42], between DMI-treated
and -untreated conditions (Fig. 5H). Bacteria-contain-
ing phagosomes enclosed by a single membrane-bound
organelle [42, 43] were significantly downregulated
in Mtb-infected BMDMs treated with DMI (Fig. 5H).
Therefore, DMI promotes the association of Mtb with

(See figure on next page.)
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autophagosomes and autolysosomes, thereby boosting
phagosomal maturation during infection.

DMI-induced autophagy is partly required

for antimicrobial responses to Mtb, BCG, and Mav infection
We next assessed whether autophagy inhibition affects
DMI-mediated antimicrobial responses in BMDMs by
comparing the DMI-induced intracellular survival of
Mtb and BCG in BMDMs from WT mice (Atg7ﬂ/ﬂ) ver-
sus mice with myeloid cell-specific disruption of the
crucial autophagy gene Atg7 (AtgZ"'; LysMcre*; condi-
tional homozygous knockout, cKO) (Fig. 6A). Notably,
DMI significantly inhibited intracellular Mtb and BCG
growth in Atg7 WT and cKO BMDMs (Fig. 6A). How-
ever, Atg7 cKO BMDMs showed significantly increased
bacterial growth compared with Atg7 WT BMDMs
under all conditions at 3 dpi in the presence or absence
of DMI. Similar pattern was observed in Atg7 cKO PMs
under all conditions in the presence or absence of DMI
(Fig. 6B). Notably, the numbers of intracellular Mtb and
BCG CFUs were comparable between Afg7 cKO mac-
rophages treated with 100 puM of DMI and SC-treated
Atg7 WT macrophages (Fig. 6A, B, for BMDMs and PMs,
respectively).

DMI-mediated suppression of intracellular Mav
growth was observed in Atg7 W'T and Atg7 cKO BMDMs
(Fig. 6C). The number of intracellular Mav CFUs was sig-
nificantly higher in Afg7 cKO than Atg7 WT BMDMs in
the presence or absence of DMI (Fig. 6C). As with the
Mtb-infected conditions, there was no difference in intra-
cellular Mav growth between Azg7 cKO BMDMs treated
with 100 pM of DMI and SC-treated Atg7 WT BMDMs
(Fig. 6C). Therefore, autophagy is partly required for
DMlI-induced antimicrobial responses in macrophages
against Mtb, BCG, and Mav infections.

DMI modulates the activation of STAT3

in mycobacterium-infected macrophages

Given that DMI suppresses IL-6 and IL-10 and induces
autophagy in macrophages during infection, we evalu-
ated its effect on the activation of the transcription

Fig. 4 DMI-treatment increases the activation of autophagy and autophagic flux. A BMDMs were treated with SC or DMI (100 uM) for the indicated
times and stained with anti-LC3 (green) and DAPI (for nuclei; blue). Representative immunofluorescence microscopy images (left panel) and
quantitation of LC3 puncta per cell (right panel). At least 100 cells in independent 8 fields were counted in each group from two different
experiments. Scale bar, 2 um. B BMDMs were pre-incubated with or without Baf-A1 (100 nM) for 2 h and followed by treatment with SC or DMI
(100 uM) for 8 h. LC3 and ACTIN levels were evaluated by Western blot analysis. C, D BMDMs were treated with SC or DMI (100 uM) for 18 h.
Representative TEM image (C) and quantitation of autophagic vesicles per cell (D). E, F BMDMs were transduced with retroviruses expressing a
tandem-tagged mCherry-EGFP-LC3B. After 24 h, cells were pre-incubated with or without Baf-A1 (100 nM) for 2 h and followed by treatment with
SC or DMI (100 puM) for 24 h. Cells were collected and mCherry or EGFP expressing LC3B were detected by confocal microscopy. Representative
immunofluorescence microscopy images (E) and quantitation of LC3 dots per cell (F). Scale bars, 2 um. Statistical analysis was determined

with one-way ANOVA test with Tukey's multiple comparisons (A), unpaired Student’s t-test (D), and two-way ANOVA test with Sidak’s multiple
comparisons (F). Data are representative of at least three independent experiments, and error bars denote & SD. SC solvent control, DM/ dimethyl

itaconate, Baf-AT bafilomycin A1, N nucleus. **p <0.01 and ***p <0.001
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factor STAT3, which modulates gene expression in defensive responses through the enhanced intracellular
response to IL-6 and IL-10 [44] and the suppression  Mtb survival, blockade of apoptosis, and aggravation of
of autophagy [45, 46]. In addition, the STAT3 signal- inflammatory responses during infection and inflam-
ing pathway may play a detrimental role in the host mation [47-49]. We thus evaluated the effect of DMI
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on STAT3 phosphorylation and expression. Although
the activation patterns differed over time, Mtb, BCG, or
Mav infection significantly increased the phosphoryla-
tion of STAT3 at Tyr-705, which was highly phospho-
rylated at 18 h in BMDMs (Fig. 7A—C). When BMDMs
were exposed to DMI, the phosphorylated STAT3 levels
were significantly downregulated at 18 h during infec-
tions of all three strains tested (Fig. 7A—C). These data
suggest that DMI significantly suppresses the activa-
tion of STAT3 which signaling might be related to det-
rimental effects upon host responses during Mtb and
NTM infections.

Discussion
Mycobacteria—host interactions are complex and
dynamic and influence the outcome of infection. Mtb and
NTM have evolved multiple strategies to modulate and
evade host innate signaling pathways and immune clear-
ance [50-52]. These include interruption of phagosomal
maturation [53, 54], disruption of apoptosis [55, 56] and
autophagy [57], evasion of reactive oxygen species (ROS)
[58, 59], deleterious type I IFN secretion [60], excessive
production of inflammatory cytokines [61], and immu-
nosuppression with increased IL-10 production [62, 63].
These events can modulate the host—pathogen relation-
ship to favor mycobacterial survival in macrophages. Sev-
eral drug candidates for HDT can reportedly overcome
the immune-evasion mechanisms of each mycobacte-
rial strain and enhance host defensive mechanisms [16,
64—70]. However, little is known about the potential drug
candidate(s) that can activate innate host defense against
both Mtb and NTM infections. Here, we show that DMI
offers a therapeutic promise for HDT against multiple
mycobacteria including Mtb, BCG, Mav, and even to
MDR-Mtb. Importantly, DMI acts as a potential HDT
agent through diverse mechanisms involving the main-
tenance of inflammatory homeostasis, enhancement of
autophagy and phagosomal maturation, and suppression
of STATS3 signaling.

The natural form of itaconate is produced by IRGI,
which is expressed in murine and human macrophages,
and Irgl expression is induced in host cells by Mtb

(See figure on next page.)
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infection via the Mtb ESX-1 secretion system, and the
host STING, type I IFN, and TLR2-dependent signal-
ing pathways [17, 71]. Michelucci et al. reported that
IRG1 and its product itaconic acid suppress mycobac-
terial growth by blockade of bacterial isocitrate lyase
[17]. IRG1 and its product itaconate in myeloid cells are
required to control neutrophil infiltration and suppress
pathological inflammation, ROS generation, and tissue
injury in a mouse model of Mtb infection [19]. However,
whether cell-permeable derivatives of itaconate suppress
in vitro and in vivo growth of multiple mycobacteria is
largely unclear. Our data is important to show that DMI
has an in vivo antimicrobial activity to control bacterial
growth in the lung tissues during a variety of infections
caused by mycobacteria including Mtb, BCG, Mav, and
even by MDR-Mtb. At least partly consistent with our
findings, recent studies showed that either endogenous
itaconate or itaconate derivatives potentiate intracellu-
lar killing of bacteria such as Salmonella Typhimurium
[72, 73]. A recent study also showed that DMI adminis-
tration ameliorates the cognitive deficits and proinflam-
matory responses in microglia caused by Toxoplasma
gondii infection [74]. Additionally, our data partly corre-
lated with the previous studies showing that DMI exerts
anti-fungal effects in fungal keratitis [75]. Combined with
our current findings, these data strongly provide a clue
that DMI is being useful for the potential therapeutic
modality against a variety of infection. Given that IRG1
is required to control excessive neutrophil infiltration in
the lungs to ameliorate pathological inflammation and
progression of Mtb infection [76, 77], further research
should examine whether DMI-mediated antimicro-
bial defense is associated with attenuation of neutrophil
recruitment in the lungs of mice infected with Mtb, BCG,
Mav, or MDR-Mtb.

Although it reduced the intracellular survival of myco-
bacteria in macrophages, DMI did not exert a direct
antimicrobial effect because a DMI concentration of
1000-fold the ICy, of INH is required to suppress bac-
terial growth under 7H9-OADC conditions. In addi-
tion, IC;, values of DMI showed significantly increased
ICs, values for Mtb, BCG, and Mav, under 7H9-acetate

Fig. 5 DMI enhances antibacterial autophagy against infection with Mtb in BMDMs. A-D BMDMs were infected with Mtb-ERFP (MOI 5) and
followed by treatment with SC or DMI (100 pM) for the indicated times. Mtb-ERFP (red), Alexa Fluor 488-conjugated LC3 (green, A) or LAMP1
(green, €), DAPI (for nuclei, blue) were detected by confocal microscopy. Representative immunofluorescence images (A for LC3, C for LAMP1)
and quantitation of colocalization of Mtb-ERFP with LC3 (B) or LAMP1 (D) were shown. Scale bars, 2 um. E, F Mtb-ERFP-infected (MOI 5) BMDMs
were treated with SC or DMI (100 uM) for the indicated times. Mtb-ERFP (red), Lysoview 633 (skyblue), and DAPI (for nuclei, blue) were detected
by confocal microscopy. Representative immunofluorescence images (E) and quantitation of colocalization of Mtb-ERFP with LysoView 633 (F)
using Manders' coefficient were assessed. G, H BMDMs were infected with Mtb (MOI 5) and followed by treatment with SC or DMI (100 puM) for

18 h. Representative TEM images (G) and quantitation of bacteria in compartment (H). Bacteria in cytosol (light green), autophagosomes (orange),
and phagosomes (pale blue) were marked as indicated. Unpaired Student’s t-test was used to examine the statistical analysis and the results were
shown as means =+ SD from at least three independent experiments performed. N nucleus, DM/ dimethyl itaconate, n.s. not significant, Cyto cytosol,
Auto autophagosomal/autolysosomal structure, Phag phagosome. *p < 0.05, **p <0.01, and ***p <0.001
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conditions, the carbon-limiting culture conditions for
activating bacterial isocitrate lyase, a target of itaco-
nate [34], compared to those induced by INH for Mtb.

Thus, antimicrobial effects of DMI are mainly mediated
through multiple host-defense strategies, not by direct
bactericidal activities, during mycobacterial infection.
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Firstly, DMI maintained the homeostasis of inflamma-
tion by reducing the level of proinflammatory (I/6 and
I11b) and anti-inflammatory (1/10) cytokines in vivo and
in macrophages during infection. Accumulating evidence
suggests that DMI and OI reduce the infection-induced
inflammatory responses and the release of chemokines
CXCL10 and CCL2 [78]. Importantly, DMI-mediated
suppression of influenza virus-induced Cxcl10 does
not depend on the expression of Irgl in murine mac-
rophages [78]. Furthermore, DMI treatment alleviates
the generation of inflammatory cytokines/chemokines
such as IL-1pB, IL-6, and IL-8 in human corneal epithe-
lial cells through Nrf2/heme oxygenase-1 (HO-1) [75].
Combined with the previous findings that DMI activates
the Nrf2 protein [75, 79], DMI ameliorates excessive
pathologic inflammation during mycobacterial infec-
tions presumably through the activation of Nrf2, and this
warrants further examination in the context of Mtb and
NTM infections. Inflammatory response and produc-
tion of antimicrobial factors including ROS and antimi-
crobial peptides are important for host immune defense
against intracellular mycobacteria [80, 81]. However, the
unbalanced inflammatory response to chronic infec-
tions with intracellular pathogens causes damage to the
host, rendering inflammatory homeostasis as a target for
HDT against Mtb and NTM, particularly drug-resistant
strains [82]. Therefore, new drugs that maintain the bal-
ance between inflammatory host defense and preven-
tion of necrotic inflammation are urgently needed. Our
data revealed that DMI is a promising anti-mycobacterial
therapeutic target with a balanced activity through regu-
lating both pro- and anti-inflammatory responses during
infection.

In addition, DMI enhances the Csf2 mRNA level in
the lung tissues from mice infected with Mtb and BCG,
whereas it enhances Ifng mRNA expression in the lungs
during BCG, but not Mtb, infection. In addition to IFN-
Y, which is a well-known protective Thl cytokine during
Mtb infection [37, 38], emerging evidence suggests that
GM-CSF is required for the restriction of Mtb infection
in macrophages at least partly mediated through peroxi-
some proliferator-activated receptor-y [36]. GM-CSF is
mainly produced by iNKT cells and yd T cells in early
phase of infection [36] and functions as an antibacterial

(See figure on next page.)
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effector cytokine participating in IFN-y-independent
host protection against Mtb infection [35]. Thus, the DMI
effects may contribute to improve host defense through
keeping immune homeostasis and activating protective
cytokine generation, during Mtb and NTM infections.

Autophagy, a cell-autonomous defense mechanism,
is a possible target of HDT against mycobacterial infec-
tion [69, 70, 83]. Several autophagy-activating factors
enhance innate host defense and lysosomal degradation
of intracellular mycobacteria [67-70, 83]. DMI robustly
activated autophagy, which partly affects intracellular
mycobacterial survival in Azg7 cKO macrophages. These
data suggest that DMI-mediated autophagy activation
is necessary but not sufficient, to suppress intracellular
mycobacterial survival. DMI further enhances the colo-
calization of Mtb-ERFP with autolysosomes, indicating
that DMI-induced autophagy may promote phagosomal
maturation against Mtb infection. These results are in
partial agreement with a recent report that OI enhances
autophagy in chondrocytes by suppressing PI3K/Akt/
mTOR signaling [84]. However, OI also suppresses
autophagy and ROS generation to exert an anti-fibrotic
effect in renal tissue [85]. These data suggest that cell-
permeable itaconate modulates host autophagy in a con-
text-dependent manner.

Importantly, DMI significantly reduced the STAT3
phosphorylation levels in macrophages against Mtb,
BCG, or Mav infection. STAT3 is a transcription factor
activated by cytokines such as IL-6, IL-10, and growth
factors, and is implicated in the activation of Th17 cell
responses and autoimmune diseases as well as anti-
inflammatory responses [44, 86, 87]. In mycobacterial
infection, the role of STAT3 signaling in the immune
response has been debated [88]. In human innate
immune responses, STAT3 signaling and TLR4 path-
way activation are important in the vitamin D-mediated
antimicrobial pathways in macrophages [89], although
the molecular mechanisms are unknown. However, the
p-STAT3 inhibitor AG-490 protected against lung injury
in a mouse model of type 2 diabetes-associated TB [47].
The inhibition of p-STAT3 by AG-490 improves mouse
survival and histopathological findings and ameliorates
inflammation, fibrosis, and Mtb growth [47]. Therefore,
DMI-mediated STAT3 inhibition is likely responsible

Fig. 6 Autophagy is partially involved in the effect of DMI on antimicrobial responses in macrophages. Intracellular survival assay after Mtb, BCG, or
Mav (MOI 1) in the presence or absence of DMI. A BMDMs from Atg7 WT or Atg7 cKO mice were infected with Mtb (left panel) or BCG (right panel)
and treated with indicated concentration of DMI for 3 days. Cells were lysed and used to a CFU assay to examine the intracellular survival of Mtb

or BCG. B PMs from Atg7 WT or Atg7 cKO mice were infected with Mtb (left panel) or BCG (right panel) and treated with indicated concentration

of DM for 3 days. Cells were lysed and used to a CFU assay to examine the intracellular survival of Mtb or BCG. € BMDMs from Atg7 WT or Atg7

cKO mice were infected with Mav (MOI 1) and treated with indicated concentration of DMI for 3 days. Cells were lysed and used to a CFU assay

to examine the intracellular survival of Mav. Statistical analysis was conducted with one-way ANOVA test with Tukey’s multiple comparisons. Data
shown as means 4 SD from two independent experiments conducted in triplicate. CFU colony forming unit, n.s. not significant, DM/ dimethyl

itaconate. *p <0.05 and ***p < 0.001
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for the suppression of pathological inflammation during
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the intracellular survival of Mtb [48]. In addition, Mtb
Rv2145c-mediated intracellular bacterial growth is
dependent on STAT3-mediated IL-10 production [49],
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Fig. 7 DMl treatment inhibits the activation of STAT3 in mycobacteria-infected macrophages. BMDMs were infected with Mtb (A), BCG (B), or
Mav (C) (MOI 3) for 4 h and washed with DPBS followed by incubation with SC or DMI (100 uM) in the fresh media. The cells were harvested at the
indicated times. The p-STAT3 and STAT3 levels were evaluated by Western blot analysis. Densitometry analysis of p-STAT3 and STAT3 Western blot
represented in right panels. Statistical analysis was determined with unpaired Student’s t-test and shown as means =+ SD from three independent
experiments conducted in duplicate. n.s. not significant, SC solvent control, DM/ dimethyl itaconate. *p < 0.05, **p <0.01, and ***p <0.001

suggesting an immunosuppressive role for STAT3.
Indeed, STAT3 signaling suppresses autophagy by mul-
tiple molecular mechanisms including transcriptional
regulation of autophagy-related genes and IL-10-me-
diated inhibition of autophagy [45, 46]. Together with
its suppressive functions upon autophagy pathway, the
STAT?3 pathway contributes to intracellular Mav survival

in macrophages [90]. Further research is needed to deter-
mine whether DMI-mediated suppression of STAT3
signaling underlies the activation of autophagy induced
by DMI treatment.
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Conclusions

In summary, the present study has demonstrated that
DMI shows potent antimicrobial activities during Mtb,
BCG, Mav, or even to MDR-Mtb infection. In addition,
DMI functions as an important regulator of inflamma-
tory homeostasis, activation of autophagy, and control
of STAT3 signaling. DMI-induced autophagy partly
contributes to improve host defenses against mycobac-
terial infections. Together, we propose DMI as a new
promising candidate for HDT against both Mtb and
NTM infections through orchestrating multiple innate
immune strategies.

Abbreviations

Baf-A1l Bafilomycin A1

BCG Mycobacterium bovis Bacillus Calmette-Guérin

BMDM Bone marrow-derived macrophage

CFU Colony-forming unit

cKO Conditional knockout

DAPI 4’-6-Diamidino-2-phenylindole

DMEM Dulbecco’s modified Eagle’s medium

DMI Dimethyl itaconate

DPBS Dulbecco’s Phosphate-Buffered Saline

DPBS-T Dulbecco’s Phosphate-Buffered Saline added with 0.05%
Tween-80

Dpi Days post infection

EGFP Enhanced green fluorescent protein

ELISA Enzyme-linked immunosorbent assay

ERFP Expressing red fluorescent protein

GM-CSF  Granulocyte-macrophage colony-stimulating factor

HDT Host-directed therapeutics

H&E Hematoxylin and eosin

HO-1 Heme oxygenase-1

IC50 Half maximal inhibitory concentration

IFN Interferon

IL Interleukin

INH Isoniazid

RG1 Immune-responsive gene 1

LAMP1 Lysosomal-associated membrane protein 1

L3 Microtubule-associated protein 1 light chain 3 3

LPS Lipopolysaccharide

Mav M. avium

MDR Multidrug-resistant

MOl Multiplicity of infection

Mtb M. tuberculosis

Nrf2 NF-E2 p45-related factor 2

NTM Nontuberculous mycobacteria

OADC Oleic albumin dextrose catalase

0] 4-Octyl itaconate

PBS Phosphate-buffered saline

PM Peritoneal macrophage

p-STAT3  Phospho-signal transducer and activator of transcription 3

gRT-PCR  Quantitative real-time polymerase chain reaction

ROS Reactive oxygen species

SC Solvent control

SD Standard deviation of the mean

SEM Standard error of the mean

STAT3 Signal transducer and activator of transcription 3

TB Tuberculosis

TEM Transmission electron microscopy

TNF Tumor necrosis factor

WT Wild-type

Page 17 of 20

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513578-023-00992-x.

Additional file 1: Figure S1. Direct effect of DMI on various mycobacteria
under 7H9-OADC culture conditions. Figure S2. Direct effect of DMI on
various mycobacteria under carbon-limiting conditions. Figure S3.The
treatment with DMI regulates the expression level of proinflammatory
cytokines in both Mtb- and Mav-infected murine macrophages.

Acknowledgements
We are sincerely grateful to Prof. Seungwha Paik for hard and deep discussion
and Dr. H. W. Suh for technical support.

Author contributions

EKJ, YJK, and EJP contributed to the conception and critically revised the
manuscript. YJK, EJP, PS, JKK, and SHL carried out the experiments and data
analysis. EKJ, EJP, and YJK wrote the manuscript, which was then peer-
reviewed by PS, SHL, JKK;, JSY, JW and JCJ. EKJ guided and supervised the work.
YJK and EJP contributed equally to this work. All authors read and approved
the final manuscript.

Funding

This work was supported by the National Research Foundation of Korea (NRF)
grant funded by the Korea government (MSIT) (No. 2017R1A5A2015385),
supported by a grant from the Sejong Science fellowship (NRF-
2022R1C1C2010228) through the NRF, and by a grant of the Korea Health
Technology R&D Project through the Korea Health Industry Development
Institute (KHIDI), funded by the Ministry of Health & Welfare, Republic of Korea
(Grant Number: HI22C1361).

Availability of data and materials
All data generated or analyzed during this study are included in this published
article and its Additional files.

Declarations

Ethics approval and consent to participate

The animal experiments and handling were conducted following the ethical
guidelines of Chungnam National University School of Medicine and were
approved by the Institutional Animal Care and Use Committee (202109A-
CNU-180; Daejeon, South Korea) and the South Korean Food and Drug
Administration.

Consent for publication
Not applicable.

Competing interests

The authors declare that the research was performed in the absence of any
commercial or financial relationships that could be constructed as a potential
conflict of interest.

Author details

'Department of Microbiology, Chungnam National University School of Medi-
cine, Daejeon, South Korea. 2Infection Control Convergence Research Center,
Chungnam National University School of Medicine, Daejeon, South Korea.
*Department of Medical Science, Chungnam National University School

of Medicine, Daejeon, South Korea. *Brain Korea 21 FOUR Project for Medi-

cal Science, Chungnam National University School of Medicine, Daejeon,
South Korea. °Center for Research Equipment, Korea Basic Science Institute,
Cheongju, Chungbuk, South Korea. ®Department of Microbiology, Keimyung
University School of Medicine, Daegu, South Korea. 7Department of Research
and Development, Korea Mycobacterium Resource Center (KMRC), The Korean
Institute of Tuberculosis, Osong 28158, South Korea. ®Division of Life Science,
Department of Bio & Medical Big Data (BK21 Four Program), Research Institute
of Life Science, Gyeongsang National University, Jinju 52828, South Korea.
°Department of Pathology, Chungnam National University School of Medi-
cine, Daejeon, South Korea.


https://doi.org/10.1186/s13578-023-00992-x
https://doi.org/10.1186/s13578-023-00992-x

Kim et al. Cell & Bioscience

(2023) 13:49

Received: 8 November 2022 Accepted: 16 February 2023
Published online: 08 March 2023

References

1.
2.

WHO 2021. Global tuberculosis report 2021, WHO.

Espinal MA, Laszlo A, Simonsen L, Boulahbal F, Kim SJ, Reniero A, et al.
Global trends in resistance to antituberculosis drugs. World Health
Organization-international union against tuberculosis and lung disease
working group on anti-tuberculosis drug resistance surveillance. N Engl J
Med. 2001;344(17):1294-303.

Singh R, Dwivedi SP, Gaharwar US, Meena R, Rajamani P, Prasad T. Recent
updates on drug resistance in Mycobacterium tuberculosis. J Appl Micro-
biol. 2020;128(6):1547-67. https://doi.org/10.1111/jam.14478.
Nathanson E, Nunn P, Uplekar M, Floyd K, Jaramillo E, Lonnroth K, et al.
MDR tuberculosis—critical steps for prevention and control. N Engl J
Med. 2010;363(11):1050-8.

Sulis G, Pai M. Isoniazid-resistant tuberculosis: a problem we can no
longer ignore. PLoS Med. 2020;17(1): e1003023. https://doi.org/10.1371/
journal.pmed.1003023.

Chai J, Han X, Mei Q, Liu T, Walline JH, Xu J, et al. Clinical characteristics
and mortality of non-tuberculous mycobacterial infection in immuno-
compromised vs. immunocompetent hosts. Front Med. 2022,9: 884446.
https://doi.org/10.3389/fmed.2022.884446.

Gopalaswamy R, Shanmugam S, Mondal R, Subbian S. Of tuberculosis
and non-tuberculous mycobacterial infections—a comparative analysis
of epidemiology, diagnosis and treatment. J Biomed Sci. 2020;27(1):74.
https://doi.org/10.1186/512929-020-00667-6.

Shamaei M, Mirsaeidi M. Nontuberculous mycobacteria, macrophages,
and host innate immune response. Infect Immun. 2021;89(8): e0081220.
https://doi.org/10.1128/1A1.00812-20.

Dahl VN, Molhave M, Floe A, van Ingen PJ, Schon PT, Lillebaek PT, et al.
Global trends of pulmonary infections with nontuberculous mycobacte-
ria: a systematic review. Int J Infect Dis. 2022. https://doi.org/10.1016/j.ijid.
2022.10.013.

Tissot A, Thomas MF, Corris PA, Brodlie M. Nontuberculous mycobacteria
infection and lung transplantation in cystic fibrosis: a worldwide survey
of clinical practice. BMC Pulm Med. 2018;18(1):86.

Gill LI, Dominic C, Tiberi S. Atypical mycobacterial infections—manage-
ment and when to treat. Curr Opin Pulm Med. 2021;27(3):216-23. https://
doi.org/10.1097/MCP.0000000000000764.

Abate G, Stapleton JT, Rouphael N, Creech B, Stout JE, El Sahly HM, et al.
Variability in the management of adults with pulmonary nontuberculous
mycobacterial disease. Clin Infect Dis. 2021;72(7):1127-37.

Thornton CS, Mellett M, Jarand J, Barss L, Field SK, Fisher DA. The respira-
tory microbiome and nontuberculous mycobacteria: an emerging
concern in human health. Eur Respir Rev. 2021;30(160): 200299.

Llibre A, Dedicoat M, Burel JG, Demangel C, O'Shea MK, Mauro C. Host
immune-metabolic adaptations upon mycobacterial infections and
associated co-morbidities. Front Immunol. 2021;12: 747387. https://doi.
0rg/10.3389/fimmu.2021.747387.

. ShiL, Jiang Q, BushkinY, Subbian S, Tyagi S. Biphasic dynamics of

macrophage immunometabolism during Mycobacterium tuberculosis
infection. MBio. 2019;10(2):e02550-18.
Paik S, Jo EK. An interplay between autophagy and immunometabolism

for host defense against mycobacterial infection. Front Immunol. 2020;11:

603951. https://doi.org/10.3389/fimmu.2020.603951.

Michelucci A, Cordes T, Ghelfi J, Pailot A, Reiling N, Goldmann O,

et al. Immune-responsive gene 1 protein links metabolism to immu-

nity by catalyzing itaconic acid production. Proc Natl Acad Sci USA.
2013;110(19):7820-5. https://doi.org/10.1073/pnas.1218599110.

Kwai BXC, Collins AJ, Middleditch MJ, Sperry J, Bashiri G, Leung IKH. Ita-
conate is a covalent inhibitor of the Mycobacterium tuberculosis isocitrate
lyase. RSC Med Chem. 2021;12(1):57-61. https://doi.org/10.1039/dOmd0
0301h.

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

20.

AR

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

Page 18 of 20

Gidon A, Louet C, Rost LM, Bruheim P, Flo TH. The tumor necrosis factor
alpha and interleukin 6 auto-paracrine signaling loop controls Myco-
bacterium avium infection via induction of IRF1/IRG1 in human primary
macrophages. MBio. 2021;12(5): €0212121. https://doi.org/10.1128/mBio.
02121-21.

Zhao C, Jiang P He Z,Yuan X, Guo J, Li Y, et al. Dimethyl itaconate protects
against lippolysacchride-induced mastitis in mice by activating MAPKs
and Nrf2 and inhibiting NF-kappaB signaling pathways. Microb Pathog.
2019;133: 103541, https://doi.org/10.1016/j.micpath.2019.05.024.

Kuo PC, Weng WT, Scofield BA, Paraiso HC, Brown DA, Wang PY, et al.
Dimethyl itaconate, an itaconate derivative, exhibits immunomodulatory
effects on neuroinflammation in experimental autoimmune encephalo-
myelitis. J Neuroinflamm. 2020;17(1):138.

Zhang S, Jiao, Li C, Liang X, Jia H, Nie Z, et al. Dimethyl itaconate allevi-
ates the inflammatory responses of macrophages in sepsis. Inflammation.
2021;44(2):549-57. https://doi.org/10.1007/510753-020-01352-4.
Bambouskova M, Gorvel L, Lampropoulou V, Sergushichev A, Login-
icheva E, Johnson K, et al. Electrophilic properties of itaconate and
derivatives regulate the lkappaBzeta-ATF3 inflammatory axis. Nature.
2018;556(7702):501-4. https://doi.org/10.1038/541586-018-0052-7.

Swain A, Bambouskova M, Kim H, Andhey PS, Duncan D, Auclair K, et al.
Comparative evaluation of itaconate and its derivatives reveals divergent
inflammasome and type | interferon regulation in macrophages. Nat
Metab. 2020;2(7):594-602. https://doi.org/10.1038/542255-020-0210-0.
ElAzzouny M, Tom CT, Evans CR, Olson LL, Tanga MJ, Gallagher KA, et al.
Dimethyl itaconate is not metabolized into itaconate intracellularly. J Biol
Chem. 2017,292(12):4766-9. https://doi.org/10.1074/jbc.C117.775270.
Yang CS, Kim JJ, Lee HM, Jin HS, Lee SH, Park JH, et al. The AMPK-
PPARGCTA pathway is required for antimicrobial host defense through
activation of autophagy. Autophagy. 2014;10(5):785-802. https://doi.org/
10.4161/auto.28072.

Kim JK, Kim YS, Lee HM, Jin HS, Neupane C, Kim S, et al. GABAergic signal-
ing linked to autophagy enhances host protection against intracellular
bacterial infections. Nat Commun. 2018;9(1):4184.

Woods GL, Brown-Elliott BA, Conville PS, Desmond EP, Hall GS, Lin G,

et al. Susceptibility testing of mycobacteria, nocardiae, and other aerobic
actinomycetes. Wayne: Clinical and laboratory standards institute; 2011.
Munoz-Elias EJ, McKinney JD. Mycobacterium tuberculosis isocitrate lyases
1 and 2 are jointly required for in vivo growth and virulence. Nat Med.
2005;11(6):638-44. https://doi.org/10.1038/nm1252.

McKinney JD, HonerzuBentrup K, Munoz-Elias EJ, Miczak A, Chen B, Chan
WT, et al. Persistence of Mycobacterium tuberculosis in macrophages

and mice requires the glyoxylate shunt enzyme isocitrate lyase. Nature.
2000;406(6797):735-8. https://doi.org/10.1038/35021074.

Fahnoe KC, Flanagan ME, Gibson G, ShanmugasundaramV, Che Y,
Tomaras AP. Non-traditional antibacterial screening approaches for the
identification of novel inhibitors of the glyoxylate shunt in gram-negative
pathogens. PLoS ONE. 2012;7(12): e51732. https://doi.org/10.1371/journ
al.pone.0051732.

Ahn'S, Jung J, Jang IA, Madsen EL, Park W. Role of glyoxylate shunt in
oxidative stress response. J Biol Chem. 2016;291(22):11928-38. https.//
doi.org/10.1074/jbc.M115.708149.

Ko EM, Kim JY, Lee S, Kim S, Hwang J, Oh JI. Regulation of the ic/T gene
encoding the major isocitrate lyase in Mycobacterium smegmatis. ) Bacte-
riol. 2021;203(23): e0040221. https://doi.org/10.1128/JB.00402-21.

Van Dis E, Fox DM, Morrison HM, Fines DM, Babirye JP McCann LH, et al.
IFN-gamma-independent control of M. tuberculosis requires CD4 T cell-
derived GM-CSF and activation of HIF-1alpha. PLoS Pathog. 2022;18(7):
e1010721. https://doi.org/10.1371/journal.ppat.1010721.

Rothchild AC, Stowell B, Goyal G, Nunes-Alves C, Yang Q, Papavinasasund-
aram K, et al. Role of granulocyte-macrophage colony-stimulating factor
production by T cells during Mycobacterium tuberculosis infection. MBio.
2017;8(5): €01514-17. https://doi.org/10.1128/mBio.01514-17.
MacMicking JD, Taylor GA, McKinney JD. Immune control of tuberculosis
by IFN-gamma-inducible LRG-47. Science. 2003;302(5645):654-9. https://
doi.org/10.1126/science.1088063.

Fabri M, Stenger S, Shin DM, Yuk JM, Liu PT, Realegeno S, et al. Vitamin

D is required for IFN-gamma-mediated antimicrobial activity of human
macrophages. Sci Transl Med. 2011;3(104):104ra2. https://doi.org/10.
1126/scitransimed.3003045.


https://doi.org/10.1111/jam.14478
https://doi.org/10.1371/journal.pmed.1003023
https://doi.org/10.1371/journal.pmed.1003023
https://doi.org/10.3389/fmed.2022.884446
https://doi.org/10.1186/s12929-020-00667-6
https://doi.org/10.1128/IAI.00812-20
https://doi.org/10.1016/j.ijid.2022.10.013
https://doi.org/10.1016/j.ijid.2022.10.013
https://doi.org/10.1097/MCP.0000000000000764
https://doi.org/10.1097/MCP.0000000000000764
https://doi.org/10.3389/fimmu.2021.747387
https://doi.org/10.3389/fimmu.2021.747387
https://doi.org/10.3389/fimmu.2020.603951
https://doi.org/10.1073/pnas.1218599110
https://doi.org/10.1039/d0md00301h
https://doi.org/10.1039/d0md00301h
https://doi.org/10.1084/jem.20180118
https://doi.org/10.1084/jem.20180118
https://doi.org/10.1128/mBio.02121-21
https://doi.org/10.1128/mBio.02121-21
https://doi.org/10.1016/j.micpath.2019.05.024
https://doi.org/10.1007/s10753-020-01352-4
https://doi.org/10.1038/s41586-018-0052-z
https://doi.org/10.1038/s42255-020-0210-0
https://doi.org/10.1074/jbc.C117.775270
https://doi.org/10.4161/auto.28072
https://doi.org/10.4161/auto.28072
https://doi.org/10.1038/nm1252
https://doi.org/10.1038/35021074
https://doi.org/10.1371/journal.pone.0051732
https://doi.org/10.1371/journal.pone.0051732
https://doi.org/10.1074/jbc.M115.708149
https://doi.org/10.1074/jbc.M115.708149
https://doi.org/10.1128/JB.00402-21
https://doi.org/10.1371/journal.ppat.1010721
https://doi.org/10.1128/mBio.01514-17
https://doi.org/10.1126/science.1088063
https://doi.org/10.1126/science.1088063
https://doi.org/10.1126/scitranslmed.3003045
https://doi.org/10.1126/scitranslmed.3003045

Kim et al. Cell & Bioscience

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

(2023) 13:49

Yang S, Zhang X, Zhang H, Lin X, Chen X, Zhang Y, et al. Dimethyl itaco-
nate inhibits LPS induced microglia inflammation and inflammasomeme-
diated pyroptosis via inducing autophagy and regulating the Nrf2/HO1
signaling pathway. Mol Med Rep. 2021;24(3):1-14. https://doi.org/10.
3892/mmr.2021.12311.

Manna S, Howitz WJ, Oldenhuis NJ, Eldredge AC, Shen J, Nihesh FN, et al.
Immunomodulation of the NLRP3 inflammasome through structure-
based activator design and functional regulation via lysosomal rupture.
ACS Cent Sci. 2018;4(8):982-95. https://doi.org/10.1021/acscentsci.8b002
18.

Liu K, Kong L, Graham DB, Carey KL, Xavier RJ. SACT regulates autophago-
somal phosphatidylinositol-4-phosphate for xenophagy-directed bacte-
rial clearance. Cell Rep. 2021;36(4): 109434. https://doi.org/10.1016/].
celrep.2021.109434.

Lerner TR, de Souza C-W, Repnik U, Russell MR, Borel S, Diedrich CR, et al.
Lymphatic endothelial cells are a replicative niche for Mycobacterium
tuberculosis. J Clin Invest. 2016;126(3):1093-108. https://doi.org/10.1172/
JCI83379.

Lerner TR, Queval CJ, Fearns A, Repnik U, Griffiths G, Gutierrez MG. Phthi-
ocerol dimycocerosates promote access to the cytosol and intracellular
burden of Mycobacterium tuberculosis in lymphatic endothelial cells. BMC
Biol. 2018;16(1):1. https://doi.org/10.1186/512915-017-0471-6.

Gao 'Y, Zhao H, Wang P, Wang J, Zou L. The roles of SOCS3 and STAT3

in bacterial infection and inflammatory diseases. Scand J Immunol.
2018,88(6): €12727.

You L, Wang Z, LiH, Shou J, Jing Z, Xie J, et al. The role of STAT3 in
autophagy. Autophagy. 2015;11(5):729-39.

ShiJ,Wang H, Guan H, Shi S, Li'Y, Wu X, et al. IL10 inhibits starvation-
induced autophagy in hypertrophic scar fibroblasts via cross talk
between the IL10-ILTOR-STAT3 and IL10-AKT-mTOR pathways. Cell Death
Dis. 2016;7: €2133.

Wang X, LinY, Liang Y, Ye Y, Wang D, Tai A, et al. Phosphorylated STAT3
suppresses microRNA-19b/1281 to aggravate lung injury in mice with
type 2 diabetes mellitus-associated pulmonary tuberculosis. J Cell Mol
Med. 2020;24(23):13763-74. https://doi.org/10.1111/jcmm.15954.

Fu B, Xue W, Zhang H, Zhang R, Feldman K, Zhao Q, et al. MicroRNA-
325-3p facilitates immune escape of Mycobacterium tuberculosis through
targeting LNX1 via NEK6 accumulation to promote anti-apoptotic STAT3
signaling. MBio. 2020;11(3):e00557-20.

Park HS, Back YW, Jang IT, Lee KI, Son YJ, Choi HG, et al. Mycobacterium
tuberculosis Rv2145c promotes intracellular survival by STAT3 and IL.-10
receptor signaling. Front Immunol. 2021;12: 666293. https://doi.org/10.
3389/fimmu.2021.666293.

Cambier CJ, Falkow S, Ramakrishnan L. Host evasion and exploitation
schemes of Mycobacterium tuberculosis. Cell. 2014;159(7):1497-509.
Goldberg MF, Saini NK, Porcelli SA. Evasion of innate and adaptive immu-
nity by Mycobacterium tuberculosis. Microbiol Spectr. 2014;2(5):747-72.
Ernst JD. Mechanisms of M. tuberculosis immune evasion as challenges to
TB vaccine design. Cell Host Microbe. 2018;24(1):34-42.

Mehra A, Zahra A, Thompson V, Sirisaengtaksin N, Wells A, Porto M, et al.
Mycobacterium tuberculosis type VIl secreted effector EsxH targets host
ESCRT to impair trafficking. PLoS Pathog. 2013;9(10): €1003734. https://
doi.org/10.1371/journal.ppat.1003734.

Shimada K, Takimoto H, Yano |, Kumazawa Y. Involvement of mannose
receptor in glycopeptidolipid-mediated inhibition of phagosome-lyso-
some fusion. Microbiol Immunol. 2006;50(3):243-51.

Velmurugan K, Chen B, Miller JL, Azogue S, Gurses S, Hsu T, et al. Myco-
bacterium tuberculosis nuoG is a virulence gene that inhibits apoptosis of
infected host cells. PLoS Pathog. 2007;3(7): e110.

Stutz MD, Allison CC, Ojaimi S, Preston SP, Doerflinger M, Arandjelovic P,
et al. Macrophage and neutrophil death programs differentially confer
resistance to tuberculosis. Immunity. 2021;54(8):1758-1771.e7. https://doi.
org/10.1016/j.immuni.2021.06.009.

Ouimet M, Koster S, Sakowski E, Ramkhelawon B, van Solingen C,
Oldebeken S, et al. Mycobacterium tuberculosis induces the miR-33 locus
to reprogram autophagy and host lipid metabolism. Nat Immunol.
2016;17(6):677-86. https://doi.org/10.1038/ni.3434.

Voskuil MI, Bartek IL, Visconti K, Schoolnik GK. The response of Myco-
bacterium tuberculosis to reactive oxygen and nitrogen species. Front
Microbiol. 2011;2:105. https://doi.org/10.3389/fmicb.2011.00105.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

Page 19 of 20

Colangeli R, Haq A, Arcus VL, Summers E, Magliozzo RS, McBride A,

et al. The multifunctional histone-like protein Lsr2 protects mycobac-
teria against reactive oxygen intermediates. Proc Natl Acad Sci USA.
2009;106(11):4414-8. https://doi.org/10.1073/pnas.0810126106.
Mayer-Barber KD, Andrade BB, Barber DL, Hieny S, Feng CG, Caspar P, et al.
Innate and adaptive interferons suppress IL-1alpha and IL-1beta produc-
tion by distinct pulmonary myeloid subsets during Mycobacterium
tuberculosis infection. Immunity. 2011;35(6):1023-34.

Roca FJ, Ramakrishnan L. TNF dually mediates resistance and suscepti-
bility to mycobacteria via mitochondrial reactive oxygen species. Cell.
2013;153(3):521-34. https://doi.org/10.1016/j.cell.2013.03.022.

Bouzeyen R, Haoues M, Barbouche MR, Singh R, Essafi M. FOXO3
transcription factor regulates IL-10 expression in mycobacteria-infected
macrophages, tuning their polarization and the subsequent adaptive
immune response. Front Immunol. 2019;10:2922. https://doi.org/10.3389/
fimmu.2019.02922.

Redpath S, Ghazal P, Gascoigne NR. Hijacking and exploitation of IL-10 by
intracellular pathogens. Trends Microbiol. 2001;9(2):86-92.

Tiberi S, du Plessis N, Walzl G, Vjecha MJ, Rao M, Ntoumi F, et al. Tuberculo-
sis: progress and advances in development of new drugs, treatment regi-
mens, and host-directed therapies. Lancet Infect Dis. 2018;18(7).e183-98.
https://doi.org/10.1016/51473-3099(18)30110-5.

Kilinc G, Saris A, Ottenhoff THM, Haks MC. Host-directed therapy to com-
bat mycobacterial infections. Immunol Rev. 2021,301(1):62-83. https://
doi.org/10.1111/imr.12951.

Kaufmann SHE, Dorhoi A, Hotchkiss RS, Bartenschlager R. Host-directed
therapies for bacterial and viral infections. Nat Rev Drug Discov.
2018;17(1):35-56. https://doi.org/10.1038/nrd.2017.162.

Periyasamy KM, Ranganathan UD, Tripathy SP, Bethunaickan R. Vitamin
D—a host directed autophagy mediated therapy for tuberculosis. Mol
Immunol. 2020;127:238-44. https://doi.org/10.1016/j.molimm.2020.08.
007.

Ouyang Q, Zhang K, Lin D, Feng CG, CaiY, Chen X. Bazedoxifene sup-
presses intracellular Mycobacterium tuberculosis growth by enhancing
autophagy. mSphere. 2020;5(2):e00124-20.

Silwal P, Kim IS, Jo EK. Autophagy and host defense in nontuberculous
mycobacterial infection. Front Immunol. 2021;12: 728742. https://doi.org/
10.3389/fimmu.2021.728742.

Silwal P, Paik S, Kim JK, Yoshimori T, Jo EK. Regulatory mechanisms of
autophagy-targeted antimicrobial therapeutics against mycobacterial
infection. Front Cell Infect Microbiol. 2021;11: 633360. https://doi.org/10.
3389/fcimb.2021.633360.

Bomfim CCB, Fisher L, Amaral EP, Mittereder L, McCann K, Correa AAS,

et al. Mycobacterium tuberculosis induces Irg1 in murine macrophages by
a pathway involving both TLR-2 and STING/IFNAR signaling and requir-
ing bacterial phagocytosis. Front Cell Infect Microbiol. 2022;12: 862582.
https://doi.org/10.3389/fcimb.2022.862582.

Schuster EM, Epple MW, Glaser KM, Mihlan M, Lucht K, Zimmermann JA,
et al. TFEB induces mitochondrial itaconate synthesis to suppress bacte-
rial growth in macrophages. Nat Metab. 2022;4(7):856-66. https://doi.
0rg/10.1038/542255-022-00605-w.

Zhang Z, Chen C, Yang F, Zeng YX, Sun P, Liu P, et al. ltaconate is a
lysosomal inducer that promotes antibacterial innate immunity. Mol Cell.
2022;82(15):2844-2857.e10. https://doi.org/10.1016/j.molcel.2022.05.009.
HeY,Xu D, Yan Z, WuY, Zhang Y, Tian X, et al. A metabolite attenuates
neuroinflammation, synaptic loss and cognitive deficits induced by
chronic infection of Toxoplasma gondii. Front Immunol. 2022;13:1043572.
https://doi.org/10.3389/fimmu.2022.1043572.

Gu L, Lin J,Wang Q, Li C, Peng X, Fan Y, et al. Dimethyl itaconate protects
against fungal keratitis by activating the Nrf2/HO-1 signaling pathway.
Immunol Cell Biol. 2020,98(3):229-41. https://doi.org/10.1111/imcb.
12316.

Nandi B, Behar SM. Regulation of neutrophils by interferon-gamma
limits lung inflammation during tuberculosis infection. J Exp Med.
2011;208(11):2251-62. https://doi.org/10.1084/jem.20110919.

Kimmey JM, Huynh JP, Weiss LA, Park S, Kambal A, Debnath J, et al.
Unique role for ATG5 in neutrophil-mediated immunopathology during
M. tuberculosis infection. Nature. 2015;528(7583):565-9. https://doi.org/
10.1038/nature16451.

Sohail A, Igbal AA, Sahini N, Chen F, Tantawy M, Wagas SFH, et al. Itaco-
nate and derivatives reduce interferon responses and inflammation in


https://doi.org/10.3892/mmr.2021.12311
https://doi.org/10.3892/mmr.2021.12311
https://doi.org/10.1021/acscentsci.8b00218
https://doi.org/10.1021/acscentsci.8b00218
https://doi.org/10.1016/j.celrep.2021.109434
https://doi.org/10.1016/j.celrep.2021.109434
https://doi.org/10.1172/JCI83379
https://doi.org/10.1172/JCI83379
https://doi.org/10.1186/s12915-017-0471-6
https://doi.org/10.1111/jcmm.15954
https://doi.org/10.3389/fimmu.2021.666293
https://doi.org/10.3389/fimmu.2021.666293
https://doi.org/10.1371/journal.ppat.1003734
https://doi.org/10.1371/journal.ppat.1003734
https://doi.org/10.1016/j.immuni.2021.06.009
https://doi.org/10.1016/j.immuni.2021.06.009
https://doi.org/10.1038/ni.3434
https://doi.org/10.3389/fmicb.2011.00105
https://doi.org/10.1073/pnas.0810126106
https://doi.org/10.1016/j.cell.2013.03.022
https://doi.org/10.3389/fimmu.2019.02922
https://doi.org/10.3389/fimmu.2019.02922
https://doi.org/10.1016/S1473-3099(18)30110-5
https://doi.org/10.1111/imr.12951
https://doi.org/10.1111/imr.12951
https://doi.org/10.1038/nrd.2017.162
https://doi.org/10.1016/j.molimm.2020.08.007
https://doi.org/10.1016/j.molimm.2020.08.007
https://doi.org/10.3389/fimmu.2021.728742
https://doi.org/10.3389/fimmu.2021.728742
https://doi.org/10.3389/fcimb.2021.633360
https://doi.org/10.3389/fcimb.2021.633360
https://doi.org/10.3389/fcimb.2022.862582
https://doi.org/10.1038/s42255-022-00605-w
https://doi.org/10.1038/s42255-022-00605-w
https://doi.org/10.1016/j.molcel.2022.05.009
https://doi.org/10.3389/fimmu.2022.1043572
https://doi.org/10.1111/imcb.12316
https://doi.org/10.1111/imcb.12316
https://doi.org/10.1084/jem.20110919
https://doi.org/10.1038/nature16451
https://doi.org/10.1038/nature16451

Kim et al. Cell & Bioscience

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

(2023) 13:49

influenza A virus infection. PLoS Pathog. 2022;18(1): €1010219. https://
doi.org/10.1371/journal.ppat.1010219.

Mills EL, Ryan DG, Prag HA, Dikovskaya D, Menon D, Zaslona Z, et al. Itaco-
nate is an anti-inflammatory metabolite that activates Nrf2 via alkylation
of KEAP1. Nature. 2018;556(7699):113-7. https://doi.org/10.1038/natur
e25986.

Weiss G, Schaible UE. Macrophage defense mechanisms against intracel-
lular bacteria. Immunol Rev. 2015;264(1):182-203.

Krug S, Parveen S, Bishai WR. Host-directed therapies: modulating inflam-
mation to treat tuberculosis. Front Immunol. 2021;12: 660916.

Mohan M, Bhattacharya D. Host-directed therapy: a new arsenal to come.
Comb Chem High Throughput Screen. 2021;24(1):59-70.

Paik S, Kim JK, Chung C, Jo EK. Autophagy: a new strategy for host-
directed therapy of tuberculosis. Virulence. 2019;10(1):448-59.

Pan X, Shan H, Bai J, Gao T, Chen B, Shen Z, et al. Four-octyl itaconate
improves osteoarthritis by enhancing autophagy in chondrocytes

via PI3K/AKT/mTOR signalling pathway inhibition. Commun Biol.
2022;5(1):641.

Tian F, Wang Z, He J, Zhang Z, Tan N. 4-Octyl itaconate protects against
renal fibrosis via inhibiting TGF-beta/Smad pathway, autophagy and
reducing generation of reactive oxygen species. Eur J Pharmacol.
2020;873: 172989. https://doi.org/10.1016/j.jphar.2020.172989.

Zhou L, Ivanov II, Spolski R, Min R, Shenderov K, Egawa T, et al. IL-6 pro-
grams T(H)-17 cell differentiation by promoting sequential engagement
of the IL-21 and IL-23 pathways. Nat Immunol. 2007;8(9):967-74. https://
doi.org/10.1038/ni1488.

Liu X, Lee YS, Yu CR, Egwuagu CE. Loss of STAT3 in CD4+ T cells prevents
development of experimental autoimmune diseases. J Immunol.
2008;180(9):6070-6.

Rottenberg ME, Carow B. SOCS3 and STAT3, major controllers of the
outcome of infection with Mycobacterium tuberculosis. Semin Immunol.
2014;26(6):518-32.

Liang S, Huang G, WuT, Peng Y, Liu X, Ji X, et al. MIR337-3p enhances
mycobacterial pathogenicity involving TLR4/MYD88 and STAT3 signals,
impairing VDR antimicrobial response and fast-acting immunity. Front
Immunol. 2021;12: 739219. https://doi.org/10.3389/fimmu.2021.739219.
Wang Y, Chen C, Xu XD, Li H, Cheng MH, Liu J, et al. Levels of miR-125a-5p
are altered in Mycobacterium avium-infected macrophages and associ-
ate with the triggering of an autophagic response. Microbes Infect.
2020;22(1):31-9. https://doi.org/10.1016/j.micinf.2019.07.002.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 20 of 20

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1371/journal.ppat.1010219
https://doi.org/10.1371/journal.ppat.1010219
https://doi.org/10.1038/nature25986
https://doi.org/10.1038/nature25986
https://doi.org/10.1016/j.ejphar.2020.172989
https://doi.org/10.1038/ni1488
https://doi.org/10.1038/ni1488
https://doi.org/10.3389/fimmu.2021.739219
https://doi.org/10.1016/j.micinf.2019.07.002

	Dimethyl itaconate is effective in host-directed antimicrobial responses against mycobacterial infections through multifaceted innate immune pathways
	Abstract 
	Background 
	Results 
	Conclusion 

	Background
	Materials and methods
	Mycobacterial strains and cultivation
	Mice
	Isolation of bone marrow-derived macrophages (BMDMs) and peritoneal macrophages (PMs)
	Experimental infection
	Reagents and antibodies
	CFU assay
	Histology and immunohistochemistry
	Determination of dose–response curves
	RNA preparation and quantitative real-time PCR (qRT-PCR)
	Enzyme-linked immunosorbent assay (ELISA)
	Immunofluorescence analysis
	Transmission electron microscopy (TEM)
	Western blotting
	Statistical analysis

	Results
	DMI induces antimicrobial activity against Mtb, BCG, and Mav in vitro and in vivo
	DMI modulates inflammatory and protective cytokine generation in macrophages and in the lung tissues from infected mice
	DMI promotes the activation of autophagy and autophagic flux in BMDMs
	DMI-mediated autophagy enhances phagosomal maturation of Mtb
	DMI-induced autophagy is partly required for antimicrobial responses to Mtb, BCG, and Mav infection
	DMI modulates the activation of STAT3 in mycobacterium-infected macrophages

	Discussion
	Conclusions
	Anchor 31
	Acknowledgements
	References


