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A B S T R A C T

Mycobacteroides abscessus (Mabc) is a rapidly growing nontuberculous mycobacterium that poses a considerable 
challenge as a multidrug-resistant pathogen causing chronic human infection. Effective therapeutics that 
enhance protective immune responses to Mabc are urgently needed. This study introduces trans-3,5,4′-trime-
thoxystilbene (V46), a novel resveratrol analogue with autophagy-activating properties and antimicrobial ac-
tivity against Mabc infection, including multidrug-resistant strains. Among the resveratrol analogues tested, V46 
significantly inhibited the growth of both rough and smooth Mabc strains, including multidrug-resistant strains, 
in macrophages and in the lungs of mice infected with Mabc. Additionally, V46 substantially reduced Mabc- 
induced levels of pro-inflammatory cytokines and chemokines in both macrophages and during in vivo infec-
tion. Mechanistic analysis showed that V46 suppressed the activation of the protein kinase B/Akt-mammalian 
target of rapamycin signaling pathway and enhanced adenosine monophosphate-activated protein kinase 
signaling in Mabc-infected cells. Notably, V46 activated autophagy and the nuclear translocation of transcription 
factor EB, which is crucial for antimicrobial host defenses against Mabc. Furthermore, V46 upregulated genes 
associated with autophagy and lysosomal biogenesis in Mabc-infected bone marrow-derived macrophages. The 
combination of V46 and rifabutin exerted a synergistic antimicrobial effect. These findings identify V46 as a 
candidate host-directed therapeutic for Mabc infection that activates autophagy and lysosomal function via 
transcription factor EB.

1. Introduction

Nontuberculous mycobacteria (NTM), which cause severe pulmo-
nary and ulcerative infections, are becoming increasingly prevalent 
worldwide [1,2]. Although formerly considered opportunistic in 
immunocompromised individuals, NTM infections frequently occur in 
immunocompetent hosts [3,4]. Among NTM, the Mycobacteroides 
abscessus complex, comprising M. abscessus (Mabc), M. massiliense, and 
M. bolletii (Mboll) [5], is notable for its rapid growth and carriage of an 
inducible macrolide resistance gene [erm [41]], enabling it to cause 
clinically severe infection [6]. The resolution of Mabc infection is 
hampered by its intrinsic resistance to multiple antibiotics, emphasizing 
the need for a greater understanding of host immune responses to 
develop effective therapeutics [7–9]. However, the current under-
standing of host protective immune responses is inadequate for this 
purpose.

Autophagy, a cell-autonomous catabolic pathway, is crucial for host 
defenses against intracellular infections by mycobacteria, including 
NTM [10,11]. Although the role of autophagy in Mycobacterium tuber-
culosis (Mtb) infection has been extensively investigated, its role in NTM 
infections is less understood [12]. Prolonged azithromycin administra-
tion to cystic fibrosis patients impairs autophagic degradation of 
mycobacteria, increasing susceptibility to NTM infection [13]. 
Enhanced lysosomal activity and phagosomal maturation have been 
linked to improved host defenses against Mabc infection [14,15]. 
Transcription factor EB (TFEB) is critical for autophagy and lysosomal 
biogenesis, thereby enhancing antimicrobial defenses against intracel-
lular bacterial infections [16–18]. Recent research has identified 
promising candidate drugs that suppress Mabc replication within mac-
rophages, activate multiple immune pathways, and demonstrate thera-
peutic efficacy in vivo [14,15,19]. Despite these advances, there are few 
drug candidates specifically targeting autophagy and TFEB to enhance 
innate immune defenses against Mabc infection. Such efforts could pave 
the way for developing new host-directed therapies to combat Mabc 
infections, which are frequently complicated by drug resistance.

Resveratrol (RSV) is a phytoalexin of the stilbene family and a 
common compound in plants; it is synthesized via the phenylpropanoid 
pathway in response to various stressors, infections, injuries, ultraviolet 
radiation, and fungicides [20,21]. RSV exhibits the pharmacological 
characteristics of stilbene compounds, including antioxidant, 
anti-inflammatory, and immunomodulatory effects [22,23]. However, 
its rapid metabolism and low bioavailability hinder its therapeutic use 
[24]. To overcome these limitations, we synthesized multiple RSV an-
alogues. Among them, trans-3,5,4′-trimethoxystilbene (V46) exhibited 
potent antimicrobial activity against both Mabc rough (Mabc-R) and 
smooth (Mabc-S) variants, including multidrug-resistant (MDR) strains, 

in macrophages and in vivo. The immunomodulatory function of V46 in 
antimicrobial responses to Mabc infection was found to be autophagy- 
and TFEB-dependent. When combined with rifabutin (RFB), V46 
demonstrated synergistic antimicrobial activity, highlighting its poten-
tial as a therapeutic agent for Mabc infection.

2. Materials and methods

2.1. Mice

Female wild-type (WT) C57BL/6 mice aged 7–8 weeks were obtained 
from Samtako Bio (Gyeonggi-do, South Korea), and female WT C3HeB/ 
FeJ mice aged 8 weeks were acquired from The Jackson Laboratory (Bar 
Harbor, ME, USA). Atg7-floxed mice (Atg7fl/fl) derived from C57BL/6 
mice were kindly provided by Prof. Masaaki Komatsu (Tokyo Metro-
politan Institute of Medical Science, Tokyo, Japan). Myeloid cell-specific 
Atg7-deficient (Atg7 conditional knockout (cKO); Atg7-/-) mice and their 
littermates (Atg7 WT; Atg7+/+) were generated using the LysM-Cre 
system as previously described [25]. Sirtuin 1 (Sirt1) WT and KO mice 
were kindly provided by Prof. Byung-Hyun Park (Department of 
Biochemistry, Chonbuk National University Medical School, South 
Korea). Sirt3 WT and KO mice were kindly provided by Prof. Hyun Seok 
Kim (Ehwa Woman’s University, Seoul, South Korea). Mice (sex--
matched; 7–8 weeks old) were maintained under a 12:12 h light:dark 
cycle and specific-pathogen-free conditions. Animal experiments were 
performed in accordance with the applicable ethical guidelines.

2.2. Mycobacterial strains and cultivation

2.2.1. Preparation of Mabc strains and inocula
Mabc-S ATCC19977 or CIP104536T and isogenic Mabc-R were used in 

this study. Strain ATCC19977 was obtained from the American Type Cul-
ture Collection, and CIP104536T was kindly provided by Dr. Laurent 
Kremer (CNRS, IRIM, Universite’ de Montpellier, Montpellier, France). The 
genetically identical Mabc-R strain was obtained by continuous anaerobic 
passaging of ATCC19977 or CIP104536T. For confocal analysis and three- 
dimensional holographic imaging, an Mabc (CIP104536T) strain harboring 
pMV262-mWasabi [hereafter green fluorescent protein (GFP)-Mabc] was 
constructed as previously described [19]. Mboll (KMRC-00800–00023) 
and the MDR strains of Mabc (KMRC-00800–00010 and − 00011; 
KMRC-010 and KMRC-011, respectively) were acquired from the Korean 
Mycobacterium Resource Center. The MDR-Mabc strains were resistant to 
rifampicin, ethambutol, and clarithromycin (CLA). Mabc and Mboll strains 
were cultured in Middlebrook 7H9 (Difco, 271310) medium supplemented 
with 10 % oleic albumin dextrose catalase (OADC) (BD Biosciences, San 
Diego, CA, USA), 0.5 % glycerol (Sigma-Aldrich, St. Louis, MO, USA), and 
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0.05 % Tween-80 (Sigma-Aldrich) on a rotary shaking incubator (140 rpm) 
at 37℃ to an optical density (OD)600 of 0.4–0.6. For strains expressing 
fluorescent proteins, 50 μg/mL kanamycin was added to cultures. Har-
vested culture pellets were prepared to generate single-cell suspensions as 
previously described [26]. Representative vials were thawed, and 
colony-forming units (CFUs) were counted on Middlebrook 7H10 agar 
(Difco, 262710).

2.2.2. Preparation of Mabc strains and inocula for zebrafish (ZF) infection
GFP-Mabc was cultured in Middlebrook 7H9 broth with albumin 

dextrose saline and 0.05 % Tween 80 (Sigma-Aldrich) at 30℃ for 7 days 
[19]. Mid-log phase cultures were harvested, cleaned, and resuspended 
in phosphate-buffered saline (PBS) supplemented with 0.05 % Tween-80 
(PBST). The resulting bacterial inoculum was homogenized by passaging 
with a 26-gauge needle and sonication in a water bath at 40 kHz, three 
times for 30 s each (Branson CPX3800, Danbury, CT, USA). Aliquots 
(5 µL) of bacterial stocks were stored at − 80℃. Before injection, CFUs 
were enumerated on 7H10 agar. The inoculum for infection comprised 
130 CFUs/mL in PBST and 0.085 % phenol red [27].

2.3. Isolation of bone marrow-derived macrophages (BMDMs)

BMDMs were isolated as previously described [26]. Briefly, BMDMs 
were extracted from the femurs and tibiae of 7–8-week-old female 
C57BL/6 mice. Bone marrow cells were cultured for 4–5 days in Dul-
becco’s modified Eagle’s medium (DMEM; Lonza, Walkersville, MD, 
USA, BE12–60F) containing 10 % fetal bovine serum (FBS; Gibco, Grand 
Island, NY, USA), 1 % penicillin-streptomycin (Lonza, 17–745E), and 
macrophage colony-stimulating factor (25 ng/mL; R&D Systems, Min-
neapolis, MN, USA) at 37℃ in a 5 % CO2 atmosphere. After differenti-
ation, cells were maintained in fresh medium containing only 5 % FBS.

2.4. Isolation of human monocyte-derived macrophages (hMDMs)

Human peripheral blood mononuclear cells (PBMCs) were isolated 
from heparinized venous blood of healthy volunteers by Ficoll-Hypaque 
gradient centrifugation (Lymphoprep; Axis-Shield, Dundee, UK, 
1114544). To differentiate macrophages from PBMCs, adherent mono-
cytes were cultured in Roswell Park Memorial Institute 1640 medium 
(Lonza, Basel, Switzerland, 12–702 F) supplemented with 10 % pooled 
human serum (Sigma-Aldrich, H4522) and 1 % L-glutamine, 50 μg/mL 
streptomycin, and 50 IU/mL penicillin (Lonza, 17–745E) for 1 h at 37℃. 
Nonadherent cells were discarded. hMDMs were prepared by culturing 
PBMCs for 4 days with 4 ng/mL human macrophage colony-stimulating 
factor (Sigma-Aldrich, M6518). These procedures were approved by the 
Institutional Research and Ethics Committee of Chungnam National 
University.

2.5. Experimental infection

After thawing from − 80℃, bacteria were diluted in Dulbecco’s PBS 
(SH30028.02; Cytiva HyClone™, Marlborough, MA, USA) containing 
0.05 % Tween-80, then sonicated in a water bath three times for 30 s 
each. BMDMs were infected with Mabc or Mboll at the indicated mul-
tiplicities of infection (MOIs) for 2 h and incubated in fresh DMEM 
(Lonza) for the indicated times. For in vivo infection, mice were anes-
thetized using avertin (2,2,2-tribromoethanol dissolved in 2-mercaptoe-
thanol) and intranasally infected with Mabc, including MDR strains (1 ×
106, 1 × 105, or 1 × 103 CFUs/mouse) for 5, 10, or 21 days, respectively. 
Most experiments were conducted using the Mabc-R strain (labeled 
“Mabc”), with the exception of intracellular survival assays and resa-
zurin microtiter assays (REMA), which used the Mabc-S strain.

2.6. CFU assays of mycobacterium-infected macrophages and mouse 
lungs

To evaluate the survival of infected bacteria in BMDMs, Mabc or 
Mboll-infected cells (MOI 1) were incubated for 2–3 h and washed twice 
with PBS to eliminate residual bacteria. For the 0-day observation, cells 
were lysed immediately after washing with PBS. For later time points, 
cells were incubated in fresh medium containing different concentra-
tions of V46 for specified durations. After PBS or medium had been 
discarded, cells were lysed by adding 200 μL of sterile distilled water 
with 0.1 % Tween-80 for 45 min at 37℃ in 5 % CO2, followed by har-
vesting of released intracellular bacteria. Cell lysates were serially 
diluted fivefold in PBST, and 10 μL aliquots were dropped onto Mid-
dlebrook 7H10 agar containing 10 % OADC. Colonies were counted to 
evaluate bacterial survival after incubation for 3 or 5 days at 37℃. To 
quantify CFUs in vivo, lungs were dissected from Mabc-infected mice 
after 5, 10, or 21 days. Next, lungs were homogenized in 200 μL of PBST, 
followed by serial dilution. Diluted homogenates were dropped in trip-
licate 10 μL aliquots onto Middlebrook 7H10 agar with 10 % OADC.

2.7. Reagents

Fluoromount-G Mounting Medium with 4’,6-diamidino-2-phenyl-
indole (DAPI) (00–4959–52) was purchased from Invitrogen (Waltham, 
MA, USA). β-Cyclodextrin (H5784), bafilomycin A1 (Baf-A1; B1793), 
gentamicin (G1397), 2-mercaptoethanol (M6250), and chloroquine 
diphosphate salt (CQ; C6628) were purchased from Sigma-Aldrich. For 
anesthesia, 2,2,2-tribromoethanol, 99 % (AC421430100), was pur-
chased from Acros Organics. For Western blotting, anti-phospho (p)- 
signal transducer and activator of transcription 3 (STAT3; 9145), anti- 
STAT3 (9139), anti-p-nuclear factor kappa B (NF-κB; p65) (3033), 
anti-p65 (8242), anti-p-p38-mitogen activated protein kinase (MAPK) 
(p-p38; 4511), anti-p38 (8690), anti-p-c-Jun N-terminal kinase (JNK; 
4668), anti-JNK (9252), anti-p-extracellular signal regulated kinase 
(ERK1/2; 9101), anti-ERK1/2 (4695), anti-p-protein kinase B/AKT 
(4060), anti-AKT (9272), anti-p-adenosine monophosphate (AMP)- 
activated protein kinase (AMPK; 2535), anti-AMPK (2532), anti-p- 
mammalian target of rapamycin (mTOR; 5536), anti-MTOR (2983), 
anti-microtubule-associated protein 1 light chain 3 β (LC3B; L7543), 
anti-ACTIN (5125), anti-mouse-IgG (7076), and anti-rabbit-IgG (7074) 
antibodies were purchased from Cell Signaling Technology (Danvers, 
MA, USA). To measure intracellular Ca2+, Fura-2/AM (F1221) was 
purchased from Invitrogen. For immunofluorescence, anti-LC3A/B 
(PM036) was purchased from MBL Co., Ltd. (Tokyo, Japan). Anti- 
lysosomal-associated membrane protein 1 (LAMP1; sc-19992) was 
purchased from Santa Cruz Biotechnology (Dallas, TX, USA). Alexa 
Fluor 488 (anti-rabbit, A110006; anti-rat, A110008) was purchased 
from Thermo Fisher Scientific (Waltham, MA, USA). Anti-TFEB 
(A303–673A) was purchased from Bethyl Laboratories, Inc. (Mont-
gomery, TX, USA). CLA, RFB, amikacin (AMK), imipenem (IMP), and 
cefoxitin (CFX) were purchased from Sigma-Aldrich. Bedaquiline (BDQ) 
and omadacycline (OMD) were obtained from Adooq Bioscience (Irvine, 
CA, USA). Resazurin sodium salt (B21187.03) was purchased from Alfa 
Aesar (Haverhill, MA, USA). Chemicals for the synthesis of RSV de-
rivatives were purchased from Sigma-Aldrich (USA), TCI (Japan), and 
Duksan Pure Chemistry (South Korea).

2.8. Synthesis of RSV derivatives

During the synthesis of RSV derivatives, we varied the number of 
substitutions in the RSV core and replaced hydroxy groups with func-
tional groups, resulting in 11 derivatives (Fig. S1). Initially, we syn-
thesized RSV derivatives with a monosubstituent. Compounds 3a-3f 
were synthesized through a Heck cross-coupling reaction from aryl 
bromide and styrene, using a microwave reactor (Supplementary 
Scheme S1). Next, compound 5, which exhibits an aldehyde group at 
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position 2, was prepared by Vilsmeier-Haack reaction of RSV with POCl3 
and N,N-dimethylformamide (DMF). Subsequently, the methoxylated 
compound 6 was prepared from compound 5 with K2CO3 and methyl 
iodide, then reacted with NaBH4 to form compound 7. Compounds 8 
(V46) and 9 were synthesized from RSV by methylation with sodium 
hydride and methyl iodide or acetylation with acetyl chloride and trie-
thylamine, respectively (Supplementary Scheme S2).

2.9. Cell viability assay

Cell viability was measured as previously described [26]. 
Mabc-infected or -uninfected BMDMs were treated with V46 for 24 or 
48 h, followed by the addition of 10 μL Cell Counting Kit-8 (CCK-8) dye 
for 2 h. Absorbance at 450 nm was measured using a Synergy HT 
microplate reader (BioTek, Winooski, VT, USA).

2.10. Three-dimensional holographic imaging

BMDMs were seeded in black, six-well, glass-bottom (0.17 ±
0.005 mm) plates (P06–1.5 H-N, Cellvis, Mountain View, CA, USA). 
Mabc-mWasabi-infected BMDMs (MOI 5) were incubated for 4 h at 
37℃. Next, cells were washed twice with PBS, and fresh medium con-
taining either solvent control (SC) or V46 (100 μM) was added. For live- 
cell imaging, a Tomocube microscope (HT-2 H, Tomocube Inc., Daejeon, 
South Korea) was used; images were analyzed using TomoStudio soft-
ware (Tomocube Inc.). Images were automatically acquired 0 or 24 h 
after treatment with SC or V46 and analyzed using ImageJ software.

2.11. Histology

Lungs were acquired from Mabc-infected WT C57BL/6 or C3HeB/ 
FeJ mice treated with vehicle (n = 3, respectively) or V46 (50 mg/kg, n 
= 3, respectively) for 21 days, fixed with 10 % formalin, and embedded 
in paraffin wax. For histopathological analysis, paraffin-embedded lung 
tissues were sectioned to 4 μm thickness and subjected to hematoxylin- 
and-eosin (H&E) staining. Images were acquired using the Aprio Digital 
Pathology Slide Scanner (Leica, Wetzlar, Germany) and the ScanScope 
CS System (Leica). Whole fields of lung tissue were scanned, and 
inflamed areas were quantified after determination of the mean fluo-
rescence intensity in the red channel using FIJI software.

2.12. RNA preparation and quantitative real-time polymerase chain 
reaction (qRT-PCR)

Total RNA was extracted from lung tissue homogenates or BMDMs as 
previously described [28]. Relative mRNA levels were determined and 
normalized to Actb. Primer sequences are listed in Supplementary Table 
S1.

2.13. RNA sequencing

Total RNA was extracted from either Mabc-infected murine BMDMs 
treated with or without V46. Sequencing was conducted using the Illu-
mina NovaSeq 6000 platform (Illumina, Inc., San Diego, CA, USA) with 
paired-end 100 bp reads. The adaptors and low-quality bases were 
assessed using FASTQC (version 0.11.7). Trimmed reads were then 
aligned to the Mus musculus (mm10) genome using HISAT (version 
2.1.0), based on Bowtie2 implementations. Aligned data (SAM file 
format) were sorted and indexed using SAMtools (version 1.9). After 
alignment, the transcripts were assembled and quantified using String-
Tie (version 2.1.3b). Transcriptomic expression levels were calculated 
using fragments per kilobase of transcript per million mapped reads and 
transcripts per million methods. The genes differentially expressed were 
analyzed by DESeq2 (version 1.38.3) using raw counts as input. 
Normalized gene read count data were used to generate a heatmap plot 
with the pheatmap (version 1.0.12). All data analysis and visualization 

of differentially expressed genes was conducted using R (version 4.2.2). 
The RNA sequencing data used in this study are available at the Gene 
Expression Omnibus (accession number: GSE272313).

2.14. Enzyme-linked immunosorbent assay (ELISA)

The levels of the proinflammatory cytokines interleukin (IL)-6 
(555240) and IL-1β (BMS6002) were determined in the supernatants of 
lung lysates or mouse BMDMs using the Mouse BD OptEIA Set ELISA Kit 
(BD Biosciences) for IL-6 and IL-1β Mouse ELISA Kit (Thermo Fisher Sci-
entific), respectively, in accordance with the manufacturer’s instructions.

2.15. Western blotting

Protein samples from BMDM lysates were subjected to 8 % or 12 % 
sodium dodecyl sulfate–polyacrylamide gel electrophoresis and trans-
ferred to nitrocellulose membranes (Pall Corporation, Port Washington, 
NY, USA, 66485) at 200 mA for 2 h. Membranes were blocked using 1×
blocking solution (Biofact, Daejeon, South Korea, op106–500) for 
30 min at room temperature (RT) and reacted overnight with an anti-p- 
STAT3, -STAT3, -p-p65, -p65, -p-p38, -p38, -p-JNK, -JNK, -p-ERK1/2, 
-ERK1/2, -p-AKT, -AKT, -p-AMPK, -AMPK, -p-MTOR, -MTOR, or -ACTIN 
primary antibody at 4℃. Next, horseradish peroxidase-conjugated sec-
ondary antibodies (7076S [anti-mouse IgG], 7074S [anti-rabbit IgG]; 
Cell Signaling Technologies) were reacted with the membrane for 1 h at 
RT. Immunoreactive bands were visualized using the ECL reagent from 
the Chemiluminescence Assay Kit (Millipore, WBKL S0500) and a UVitec 
Alliance mini-chemiluminescence device (UVitec, Rugby, UK). Band 
intensity was analyzed using ImageJ software and normalized to total 
protein. Raw Western blot images are shown in Figs. S9–S14.

2.16. Measurement of intracellular Ca2+ concentration

The intracellular Ca2+ concentration was measured as previously 
described [25].

2.17. Transmission electron microscopy (TEM)

For TEM analysis, Mabc-infected or -uninfected BMDMs were 
washed with PBS and fixed for 3 h with 0.1 M cacodylate buffer (pH 7.2) 
containing 2.5 % glutaraldehyde and 0.1 % CaCl2. Post-fixation was 
conducted with 0.1 M sodium cacodylate buffer containing 1 % OsO4 
and 0.1 % CaCl2. Cells were washed with cold distilled water and slowly 
dehydrated using an ethanol series and propylene oxide at 4℃. Cells 
were then embedded in Embed-812 and cured at 60℃ for 30 h. Using a 
diamond knife and Ultracut UC7 ultramicrotome (Leica), embedded 
cells were sectioned (70 nm) and mounted on formvar-coated copper 
grids. Sections were stained with 4 % uranyl acetate for 7 min and lead 
citrate for 7 min, then scanned using a Bio-High Voltage EM system 
(JEM-1400 Plus and JEM-1000 BEF; Jeol Ltd., Tokyo, Japan).

2.18. Immunofluorescence analysis

Immunofluorescence analysis was conducted as described elsewhere 
[14]. Primary antibodies (anti-LC3, 1:400 diluted; anti-TFEB, 1:400 
diluted; anti-LAMP1, 1:400 diluted) and secondary antibodies (anti--
rabbit or anti-rat IgG-Alexa Fluor 488 Ab, 1:400 diluted) were used after 
appropriate dilution. Cells were mounted using Fluoromount-G 
Mounting Medium with DAPI. Fluorescence images were collected 
with a confocal laser-scanning microscope (for LC3 and TFEB, Zeiss, 
LSM-900; for LAMP1, Stella 5, Leica) and analyzed using ImageJ soft-
ware. To investigate autophagic flux in BMDMs, cells were transduced 
with retroviruses expressing tandem-tagged mCherry-enhanced green 
fluorescent protein (EGFP)-LC3B for 24 h, treated with V46 in the 
presence or absence of Baf-A1 for 24 h, and visualized by confocal 
microscopy.
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2.19. Production of tandem LC3B retroviral plasmids

To evaluate autophagic flux, a tandem LC3B retroviral plasmid 
(mCherry-EGFP-LC3B) was generated [29]. Phoenix amphotropic cells 
were co-transfected with 0.75 μg of the packaging plasmid pCL-Eco 
(Addgene, Watertown, MA, USA; 12371), 0.25 μg of the envelope 
plasmid pMDG (Addgene, 187440), and 1 μg of pBABE-puro mCher-
ry-EGFP-LC3B plasmid (Addgene, 22418) using Lipofectamine 2000 
Transfection Reagent (Invitrogen, 11668019), in accordance with the 
manufacturer’s instructions. After 6 h, the medium was replaced with 
fresh medium. Retrovirus-containing supernatant was collected at 24 
and 48 h post-transfection and passed through a 0.45-μm sterile syringe 
filter (Millipore, Billerica, MA, USA; SLHV004SL).

2.20. Transduction of lentiviral shRNA

To silence Tfeb in BMDMs, we obtained three packaging plasmids 
(containing pMDLg/pRRE [12251], pRSV-Rev [12253], pMD2, VSV-G 
[12259], and Tfeb [sc-38510-SH] shRNA; Addgene and Santa Cruz 
Biotechnology, respectively). Plasmids were simultaneously transfected 
into HEK293T cells using Lipofectamine 2000 Transfection Reagent 
(Invitrogen). After 72 h, culture supernatant was collected, centrifuged 
at 626 × g for 5 min to remove cells, and passed through a 0.45-μm filter 
(Millipore, SLHV004SL). Lentivirus was collected by ultracentrifugation 
at 107,000 × g for 2 h at 4℃. Viral pellets were gently resuspended in 
chilled PBS, aliquoted, and stored at − 80℃. BMDMs were seeded in 48- 
well plates, transduced with lentiviral plasmids for 1 day, then incu-
bated in fresh medium for 3 days. Transduction efficiency was evaluated 
by qRT-PCR using primers targeting Tfeb.

2.21. Microinjection of Mabc into embryos and analysis of drug 
effectiveness

ZF eggs were dechorionated, and ZF larvae were anesthetized with 
tricaine (270 mg/L). Mabc inoculum (with PBST and phenol red) was 
injected into the caudal vein using a Tritech Research Digital micro-
INJECTOR (MINJ-D; Tritech Research, Los Angeles, CA, USA). Next, 20 
infected ZF were cultured in blue fish water with methylene blue (1 g/L) 
at 28.5◦C in 96-well plates (two embryos per well) to track infection 
kinetics and larval survival. For in vivo efficacy assessment, the 
maximum tolerated dose was determined. Infected larvae were treated 
with V46 (0.2, 0.4, 0.75, 1.5, and 3.0 µM). For the combination study, 
GFP-Mabc infected ZF were treated with vehicle, CLA (50 μM), or V46 
(0.75, 1.5, and 3 μM) in the presence or absence of CQ (1 μM). Unin-
fected and infected but untreated ZF served as controls. Fresh fish water 
and compounds were replaced daily. To evaluate survival, dead embryos 
(i.e., those without a heartbeat) were monitored daily for 13 days.

To analyze bacterial burden, ZF (5 days post-infection [dpi]) were 
individually homogenized in 2 % Triton X-100–PBST using a 26-gauge 
needle. Several 10-fold dilutions of suspension in PBST were dropped on 
7H10 agar containing 50 µg/mL kanamycin and BBL MGIT PANTA 
(polymyxin B, amphotericin B, nalidixic acid, trimethoprim, and azlo-
cillin; Becton Dickinson, Franklin Lakes, NJ, USA) to prevent fungal 
growth. Plates were incubated for 5 days, and CFUs were enumerated 
[30]. GFP-Mabc evolution was assessed by visualizing GFP expression in 
larvae using the ImageXpress Pico Automated Cell Imaging System (Mo-
lecular Devices, Sunnyvale, CA, USA) to capture images via fluorescence 
microscopy. Survival curves were created using Prism 8.0 software and 
subjected to Kaplan–Meier analysis and the log-rank (Mantel–Cox) test.

2.22. Determination of minimal inhibitory concentration (MIC) by REMA 
and REMA checkerboard assay

MIC values were determined by REMA as previously described [31]. 
To identify synergistic, antagonistic, and additive effects of V46 com-
binations against Mabc, a checkerboard assay was performed using 

REMA as previously described [32,33]. Briefly, 1 µL of twofold serial 
dilutions of V46 (the lowest was eightfold greater than the MIC50) was 
prepared in a 96-well microplate (98 μL per well) (Corning, Baltimore, 
MD, USA) and interacted with seven anti-Mabc drugs (CLA, RFB, AMK, 
CFX, OMD, BDQ, and IMP) at the indicated concentrations. The 
exponential-phase Mabc inoculum was adjusted to an OD600 of 0.0025 
and added to the plates to achieve a total volume of 100 µL. Plates were 
incubated for 3 days at 37◦C, followed by the addition of resazurin 
(0.025 % [w/v] to 10 % of the well volume). After overnight incubation, 
fluorescence intensity was measured using a SpectraMax M3 multimode 
microplate reader (Molecular Devices) with excitation at 560 nm and 
emission at 590 nm. Experiments were performed in triplicate. To 
evaluate interactions among the compounds, the following formula was 
used to calculate fractional inhibitory concentrations (FICs): FIC (X + Y) 
= [MIC of compound X in combination with Y] ÷ [MIC of X alone]. The 
fractional inhibitory index (

∑
FIC) was regarded as the cumulative FICs 

of compounds X and Y: 
∑

FIC < 0.5, synergistic; 0.5 <
∑

FIC < 1, ad-
ditive; 1 <

∑
FIC < 2, indifference; and 

∑
FIC ≥ 2, antagonistic [34]. 

Bacteria incubated with the drug combinations were spotted on 7H10 
agar, incubated for 5 days, and subjected to CFU enumeration.

2.23. Statistical analysis

Statistical analysis was performed using Prism 8.0 software for 
Windows (GraphPad Software Inc., San Diego, CA, USA). The two-tailed 
Student’s t-test or Mann-Whitney U test was used to compare two 
groups, and one-way analysis of variance (ANOVA) was applied to 
compare three or more groups. Data are presented as means ± standard 
deviations (SDs) or standard errors of the mean (SEMs). Values of p <
0.05 were considered statistically significant.

3. Results

3.1. V46 exerted an antimicrobial effect in macrophages infected with 
Mabc

We designed and synthesized 11 RSV derivatives (Figs. S1 and 1A) 
and evaluated their inhibitory activities on intracellular bacterial sur-
vival in Mabc-infected BMDMs (Fig. 1B). Two RSV derivatives, trans- 
3,5,4′-trimethoxystilbene (compound 8; V46) and (E)-5-(4-acetox-
ystyryl)-1,3-phenylene diacetate (compound 9), reduced intracellular 
bacterial viability in BMDMs (Fig. 1B). V46 significantly inhibited the 
intracellular growth of Mabc (Fig. 1B). Based on these results, we con-
ducted structure activity relationship study. The presence of functional 
groups at positions 3, 4′, and 5 in RSV significantly influenced its ac-
tivity. Substitution of the hydroxy group with a methoxy group mark-
edly enhanced activity. These findings provide crucial insights for 
structural modifications aimed at improving activity for subsequent 
development. Next, we assessed the cytotoxicity of V46 against BMDMs 
by CCK-8 assay (Fig. S2). At 200 µM, V46 showed minimal cytotoxicity 
against Mabc-infected BMDMs, indicating a favorable safety profile.

We compared the antimicrobial activities of original RSV and V46 by 
evaluating bacterial survival in Mabc-infected BMDMs treated with each 
compound (Fig. 1C). V46 exhibited significantly enhanced antimicrobial 
activity in a dose-dependent manner against intracellular Mabc in 
BMDMs (Fig. 1C). Importantly, V46 exerted a stronger anti-Mabc effect 
in BMDMs compared to RSV (Fig. 1C) and effectively inhibited intra-
cellular bacterial replication after 18 h (Fig. 1D). Additionally, V46 
showed a similar dose-dependent antimicrobial effect in Mabc-infected 
hMDMs (Fig. 1E). V46 also exerted a significantly greater (compared 
with RSV) antimicrobial effect against Mabc-S in BMDMs (Fig. 1F) and 
reduced intracellular survival of Mboll in BMDMs in a dose-dependent 
manner (Fig. 1G). We next determined the antimicrobial activity of 
V46 against intracellular Mabc at the individual-cell level using three- 
dimensional holographic imaging (Fig. 1H). Initial bacterial numbers 
were similar (Fig. S3A and B), and V46 treatment for 24 h significantly 
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reduced the increase in GFP-Mabc numbers in BMDMs compared with 
the SC (Fig. 1H and I). V46 also led to the appearance of bacterial 
fragments in GFP-Mabc-infected cells (Fig. 1H). Therefore, these data 
strongly suggest that, among RSV derivatives, V46 is notably effective in 
exerting intracellular antimicrobial activity against Mabc growth.

3.2. V46 is effective in exerting antimicrobial activity against Mabc 
infection in vivo

To evaluate the in vivo effect of V46, C57BL/6 mice were intranasally 
infected with Mabc (1 × 106 CFUs per mouse) and treated with either 

Fig. 1. V46 exerts an antimicrobial effect during Mabc or Mboll infection in vitro. (A) Structure and synthesis schematic diagram of V46 from RSV. (B) Intracellular 
survival assay. Mabc-infected (MOI 1) BMDMs treated with 11 RSV derivative compounds (20 µM) for 2 days (3a: tri-stilbene, 3b: 2-hydroxystilbene, 3c: 3-hydrox-
ystilbene, 3d: 4-hydroxystilbene, 3e: 3-acetylstilbene, 3 f: 4-acetylstilbene, 5: (E)-2,4-dihydroxy-6-(4-hydroxystyryl)benzaldehyde, 6: (E)-2,4-dimethoxy-6-(4- 
methoxystyryl)benzaldehyde, 7: (E)-(2,4-dimethoxy-6-(4-methoxystyryl)phenyl)methanol, 8: trans-3,5,4′-trimethoxystilbene (V46), 9: (E)-5-(4-acetoxystyryl)-1,3- 
phenylene diacetate). Mabc-infected BMDMs were lysed after treatment with RSV derivatives (2 dpi) or only Mabc infection (0 or 2 dpi). (C) Intracellular survival in 
Mabc-infected (MOI 1) BMDMs treated with RSV (20 µM) or V46 (20, 50, and 100 µM) for 2 days. (D) Intracellular survival in Mabc-infected (MOI 1) BMDMs treated 
with or without V46 (50 µM) for the indicated times. (E) Mabc-infected (MOI 1) hMDMs were treated or not with V46 (20, 50, and 100 µM) for 2 days post-infection. 
(F) Mabc-S-infected (MOI 1) BMDMs were treated or not with RSV or V46 (20 µM) for 2 days post-infection. (G) Mboll-infected (MOI 1) BMDMs were treated or not 
with V46 (20, 50, and 100 µM) for 2 days post-infection. (H and I) In vitro antimicrobial activity of V46 using GFP-Mabc. BMDMs infected with GFP-Mabc (MOI 5) 
were washed with PBS twice after 4 h, and medium was replaced with fresh medium containing SC or V46 (100 µM) for 24 h. Intracellular GFP-Mabc visualized using 
a holotomographic microscope. Representative images from three independent experiments are shown. Quantitative analysis of GFP-Mabc per cell using six inde-
pendent images per group. Experiments involved three biological replicates. Statistical analysis conducted by one-way ANOVA with Tukey’s multiple comparison test 
(B-D, F, and G) or two-tailed Student’s t-test (E and I). Information on RSV compounds (3a to 9) is provided in the Supplementary Materials. Data from at least three 
independent experiments are shown with error bars (means ± SDs or SEMs). CFU, colony-forming unit; RSV, resveratrol; der., derivatives; com., compound; Mabc, 
Mycobacteroides abscessus; dpi, days post-infection; SC, solvent control; Mabc-S, Mycobacteroides abscessus smooth-type variants; GFP, green fluorescent protein; n.s., 
not significant. *p < 0.05, **p < 0.01, and ***p < 0.001.
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Fig. 2. V46 exerts an antimicrobial effect against Mabc infection in vivo. (A-F) Mice (C57BL/6 [A-D]; C3HeB/FeJ [E-F]) were intranasally infected with Mabc (1 ×
106 CFUs for C57BL/6 or 1 × 103 CFUs for C3HeB/FeJ); n = 4–6 per group), intraperitoneally treated with vehicle or V46 (50 mg/kg), and euthanized. At 5, 10 (A 
and B), or 21 (C-F) dpi, lungs were homogenized and subjected to CFU counting. (G-L) Mice (C57BL/6 [G-I]; C3HeB/FeJ [J-L]; n = 3 per group) were intranasally 
infected with Mabc (1 × 106 CFUs for C57BL/6 or 1 × 103 CFUs for C3HeB/FeJ) and intraperitoneally treated with vehicle or V46 (50 mg/kg). At 21 dpi, lungs were 
collected to assess the inflamed region. Representative H&E-stained histopathological images and quantitative analysis of the inflamed area of lung tissues from mice 
are shown. (M-Q) C3HeB/FeJ (M and N) or C57BL/6 (O-Q) mice (n = 5 per group) were intranasally infected with KMRC-010 (N and P) or KMRC-011 (Q) (1 × 105 

CFUs/mouse), respectively, and intraperitoneally treated with vehicle or V46 (50 or 100 mg/kg) at 3–9 dpi, and euthanized. At 10 dpi, lungs were homogenized and 
subjected to CFU counting. Statistical analysis was conducted by the Mann-Whitney U test (B, D, F, N, P, and Q) or two-tailed Student’s t-test (I and L). All 
experimental schedule is pictured as schematic diagrams in A, C, E, G, J, M, and O. Data from at least three independent experiments are shown with error bars 
(means ± SEMs). CFU, colony-forming unit; Mabc, Mycobacteroides abscessus; dpi, days post-infection; mpk, milligram per kilogram. *p < 0.05, **p < 0.01, and ***p 
< 0.001.
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vehicle or V46 (50 mg/kg). V46 exhibited potent antimicrobial activity 
against Mabc during both early (5 and 10 days; Fig. 2A and B) and late 
(21 days; Fig. 2C and D) stages of infection. The lung Mabc CFU count in 
the V46-treated group (50 mg/kg) was significantly lower than that in 
the vehicle-treated control group (Fig. 2B and D). CFU counts in the 
lungs of Mabc (1 × 103 CFUs per mouse)-infected C3HeB/FeJ mice, 
which are more susceptible to mycobacterial infection [35], were lower 
in the V46-treated group than in the vehicle-treated control group 
(Fig. 2E and F). Furthermore, V46 significantly reduced the number of 
pathological granulomatous lesions in the lungs of Mabc-infected 
C57BL/6 (Fig. 2G-I) and C3HeB/FeJ mice (Fig. 2J-L) compared with 
vehicle-treated controls.

To investigate the protective effect of V46 against infection with 
clinical strains of Mabc resistant to multiple drugs (including rifampicin, 
ethambutol, and CLA), we evaluated in vivo CFU counts of MDR-Mabc 
strains, KMRC-010 and KMRC-011, in the lungs of vehicle- and V46- 
treated C3HeB/FeJ or C57BL/6 mice (Fig. 2M-Q). V46 treatment 
significantly reduced CFU counts in the lungs of KMRC-010-infected 
C3HeB/FeJ (Fig. 2M and N; 1 × 105 CFUs/mouse) and C57BL/6 mice 
(Fig. 2O and P; 1 × 105 CFUs/mouse) compared to vehicle-treated 
controls. This in vivo CFU reduction effect of V46 was also observed in 
KMRC-011-infected C57BL/6 mice (Fig. 2O and Q; 1 × 105 CFUs/ 
mouse). Thus, V46 effectively reduced Mabc load and mitigated path-
ological pulmonary responses in infected mice.

3.3. V46 alleviates Mabc-induced inflammatory responses both in 
macrophages and in vivo

We investigated the effect of V46 on inflammatory responses by 
analyzing cytokine and chemokine expression levels in Mabc-infected 
BMDMs. Differentially expressed genes in Mabc-infected BMDMs with 
SC or V46 treatment (Fig. 3A) included several chemokine genes (such 
as Cxcl2 and Ccl3) and cytokine genes (such as Il6 and Il1b). Mabc 
infection significantly increased gene expression of Cxcl2, Ccl3, Cxcl1, 
Ccl4, Il6, and Il1b. However, V46 treatment of Mabc-infected BMDMs 
resulted in a dose-dependent decrease in mRNA levels of these chemo-
kines and cytokines after 6 h (Fig. 3B). TNF-α is important in neutrophil 
trafficking and granuloma formation, but its role in reducing lung bac-
terial load is unclear [36]. Intriguingly, V46 did not modulate TNF-α 
signaling during Mabc infection (Fig. S4).

Consistent with the gene expression results, V46 reduced the pro-
duction of IL-6 and IL-1β in Mabc-infected BMDMs compared with the 
SC group, starting at 6 h of treatment (Fig. 3C and S5). To evaluate the 
impact of V46 on lung inflammatory responses to Mabc infection, mice 
were infected with Mabc (1 × 106 CFUs/mouse) and treated with either 
vehicle or V46 (50 mg/kg). V46 significantly reduced the mRNA levels 
of chemokines (Cxcl2, Ccl3, Cxcl1, and Ccl4) and cytokines (Il1b and Il6) 
in the lungs of Mabc-infected mice at 5 and 10 dpi (Fig. 3D). Moreover, 
V46 treatment of Mabc-infected mice significantly decreased IL-6 and 
IL-1β protein levels in lung lysate supernatants compared with vehicle 
controls (Fig. 3E). Due to the involvement of mycobacterium-induced IL- 
6 production and the JAK-STAT3 signaling pathway in host responses to 
bacterial infection [37,38], we investigated whether V46 modulated 
STAT3 activation in Mabc-infected BMDMs (Fig. 3F). Immunoblotting 
showed that the strong activation of STAT3 in BMDMs at 18 h after 
infection with Mabc was significantly reduced by V46. Additionally, V46 
decreased STAT3 phosphorylation in the lungs of MDR-Mabc 
(KMRC-010)-infected mice (Fig. 3G). Taken together, these findings 
suggest that V46 modulates the host inflammatory response to Mabc 
infection.

3.4. V46 inhibits the AKT-mTOR pathway, while enhances AMPK 
signaling during Mabc infection

To investigate the molecular mechanisms underlying the effect of 
V46 on inflammatory signaling, we examined the activation of key 

signaling pathways involved in innate immunity and mycobacterial 
infection [12,39].

V46 significantly suppressed AKT activation during Mabc infection 
(Fig. 4A and B). However, V46 had no or only mild effect on other 
signaling factors, including p-p65, p-p38, p-JNK, and p-ERK1/2 levels 
(Fig. 4A and S6). Notably, AKT inhibits AMPK activation, a metabolic 
kinase that senses the AMP:ATP ratio [40]. Accordingly, we evaluated 
the activation of AMPK and its downstream target, mTOR. V46 signifi-
cantly increased AMPK activity from early time points and decreased 
mTOR activity at 0.5 and 1 h (Fig. 4C–F). AMPK activation is influenced 
by intracellular Ca2+ levels during mycobacterial infection [41,42]. 
Therefore, we investigated the effect of V46 on intracellular Ca2+ levels 
in Mabc-infected BMDMs (Fig. 4G and H). V46 increased intracellular 
Ca2+ levels in Mabc-infected BMDMs by approximately 1.5-fold 
compared with those in the SC (Fig. 4H). Collectively, these results 
indicate that V46 suppresses AKT-mTOR signaling and enhances 
Ca2+-AMPK signaling during Mabc infection.

3.5. V46 activates autophagic flux in macrophages

Considering that AMPK activation promotes autophagy by inhibiting 
mTOR and AKT [43,44], we investigated whether the antimicrobial ef-
fect of V46 is mediated by autophagy induction. V46 treatment signifi-
cantly increased LC3 puncta numbers in BMDMs (Fig. 5A and B) and 
hMDMs (Fig. 5C and D) after 6 h. TEM analysis confirmed autophagy 
induction by treating V46, evidenced by increased autophagosomal 
structures in V46-treated BMDMs (Fig. 5E and F). Additionally, V46 with 
Baf-A1, a lysosomal vacuolar H+-ATPase inhibitor [45,46], resulted in 
LC3B-II accumulation, indicating enhanced autophagic flux (Fig. 5G and 
H).

To confirm that V46 induces autophagic flux, we transduced BMDMs 
with a retroviral vector containing mCherry-EGFP-LC3B [38] and 
treated them with V46. The number of red punctate structures 
(mCherry; resistant to acidic conditions), indicative of autolysosomes 
(where acidic pH suppresses GFP fluorescence), increased with V46 
treatment. However, pre-treatment with Baf-A1 inhibited this effect in 
V46-treated BMDMs (Fig. 5I and J). Thus, V46 effectively activates 
autophagic flux in BMDMs.

3.6. V46 activates autophagy to promote antimicrobial host defenses 
against Mabc

We then investigated whether V46-induced autophagy promotes 
Mabc-containing autophagosome formation and antimicrobial activity. 
BMDMs were infected with GFP-Mabc, treated with either SC or V46, 
and evaluated for LC3-positive autophagosome colocalization with GFP- 
Mabc. Colocalization of LC3 and GFP-Mabc significantly increased in 
V46-treated compared with those in SC-treated BMDMs (Fig. 6A and B). 
We evaluated Mabc subcellular localization by TEM as described else-
where [47–50]. Cytosolic mycobacteria are bacilli not surrounded by a 
phospholipid bilayer; phagosomal mycobacteria are bacilli enclosed 
within a single host phagosomal membrane; and autophagosomal myco-
bacteria are bacilli contained within double or multiple, onion-like 
vacuolar structures (Fig. 6C-E). V46-treated BMDMs showed a signifi-
cant increase in Mabc-containing autophagosomal structures compared 
with those from SC-treated cells (Fig. 6C-E). Additionally, V46 signifi-
cantly enhanced Mabc-containing phagosome association with LAMP1, 
a late endosomal marker, indicating improved phagosomal maturation 
(Fig. 6F and G).

To determine whether V46-induced autophagy contributes to anti-
microbial responses to Mabc infection, we infected BMDMs from Atg7 
WT and cKO mice with Mabc in the presence or absence of V46 and 
assessed intracellular bacterial survival. Intriguingly, V46 treatment 
failed to suppress intracellular Mabc growth in Atg7 cKO BMDMs 
(Fig. 6H), highlighting the importance of autophagy in V46-mediated 
antimicrobial activity. Collectively, these data show that V46- 
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mediated activation of autophagy enhances the clearance rate of Mabc 
infected within macrophages via the phagosomal maturation.

3.7. V46 induces nuclear translocation of TFEB and expression of 
autophagy genes during Mabc infection

V46 significantly inhibited the phosphorylation of mTOR and AKT in 
Mabc-infected BMDMs (Fig. 4A and E). These kinases are key regulators 
of the transcriptional activation and nuclear translocation of TFEB, a 
master regulator of autophagy and lysosomal biogenesis [51,52]. 
Consequently, we investigated whether Tfeb expression was affected in 
Mabc-infected BMDMs. Mabc infection downregulated Tfeb expression, 
while V46 significantly upregulated it in these cells (Fig. 7A). Immu-
nostaining showed that Mabc infection significantly inhibited TFEB 
nuclear translocation in both BMDMs (Fig. 7B and C) and hMDMs 
(Fig. S7A and B). In contrast, V46 markedly promoted TFEB nuclear 
translocation at both 0.5 (Fig. 7C and Fig. S7A and B) and 2 h 
post-treatment (Fig. 7C). Furthermore, V46 dose-dependently upregu-
lated transcript levels of TFEB target genes involved in autophagy and 
lysosomal biogenesis (Fig. 7D), including Rab7, Lamp1, Uvrag, and 
Map1lc3b [53,54] in Mabc-infected BMDMs.

Moreover, the V46-induced suppression of intracellular Mabc 
growth was reversed by Tfeb-targeting shRNA (shTfeb) with a trans-
duction rate of approximately 70 % (Fig. 7E and F). This reversal, unlike 
the effect of nonspecific shRNA (shNS), was attributed to the knockdown 
of Tfeb (Fig. 7E and F). These findings suggest that V46 enhances TFEB 
nuclear translocation and activates the transcriptional activation of 
autophagy-related genes, potentially enhancing autophagy and lyso-
somal function in response to Mabc infection in macrophages.

3.8. V46 activity is independent of SIRT1 and SIRT3 during Mabc 
infection

RSV acts as an agonist of SIRT1 or SIRT3, which regulate numerous 
biological functions [55,56]. We therefore investigated whether the ef-
fects of V46 are dependent on SIRT1 or SIRT3. To investigate this, we 
assessed Sirt1 and Sirt3 expression levels in both Mabc-infected and 
uninfected BMDMs treated with SC or V46. Mabc infection did not affect 
Sirt1 and Sirt3 expression at 6 and 18 h (Fig. 8A and B). However, V46 
upregulated Sirt1 and Sirt3 mRNA levels in a dose-dependent manner in 
Mabc-infected BMDMs at 18 h compared to SC-treated controls (Fig. 8A 
and B).

We also evaluated the impact of V46 on intracellular Mabc growth in 
Sirt1 WT and KO BMDMs, as well as in Sirt3 WT and KO BMDMs. 
Notably, the suppression of intracellular Mabc growth by V46 was 
similar in both Sirt1 WT and KO BMDMs (Fig. 8C) and in Sirt3 WT and 
KO BMDMs (Fig. 8D). These findings strongly suggest that the antimi-
crobial effect of V46 is independent of SIRT1 and SIRT3 activity.

3.9. The antimicrobial activity of V46 depends on autophagy in a ZF 
model

We investigated whether V46 protects against Mabc infection using a 
ZF model [19]. The in vivo efficacy of V46 was evaluated in three ways. 
First, GFP-Mabc dispersal in ZF at 5 dpi was examined by fluorescence 
microscopy. GFP-Mabc-infected ZF were treated with vehicle, CLA, or 
V46 (0.2, 0.4, 0.75, 1.5, and 3 µM) for up to 5 dpi. GFP-Mabc numbers 
significantly increased, primarily within brain areas, in vehicle-control 
ZF (Fig. 9A). V46 significantly reduced GFP fluorescence intensity. ZF 
treated with 3 μM V46 exhibited a weak GFP signal, indicating bacterial 
growth suppression (Fig. 9A).

Second, we quantified bacterial burden in V46-treated ZF embryos. 
V46 led to a dose-dependent reduction in the number of CFUs per em-
bryo, and 3 μM V46 had an effect comparable to that of 50 μM CLA 
(Fig. 9B). Therefore, V46 inhibited Mabc proliferation in ZF. Finally, we 
assessed the effect of V46 treatment for 14 days on Mabc-infected ZF 
lifespan. ZF in the vehicle-treated group died at 11 dpi (Fig. 9C). How-
ever, V46 significantly prolonged ZF lifespan in a dose-dependent 
manner. The survival rate increased from 30 % at 1.5 μM V46 to 65 % 
at 3 μM V46, comparable to the 50 μM CLA-treated group.

To investigate the role of autophagy in the anti-Mabc activity of V46, 
we treated Mabc-infected ZF with CQ, an autophagy pathway inhibitor. 
ZF were injected with GFP-Mabc and treated with vehicle, CLA, or V46 
(0.75, 1.5, and 3 μM) in the presence or absence of CQ (1 μM). Notably, 
ZF groups treated with V46 plus CQ exhibited significantly greater GFP 
signal intensities and viable bacterial loads compared with the control 
groups (Fig. 9D and E). Consistent with the CFU findings (Fig. 9E), CQ- 
treated ZF showed significantly decreased survival rates in response to 
all V46 concentrations during Mabc infection compared with control 
groups (Fig. 9F). Therefore, the antimicrobial activity of V46 against 
Mabc infection in the ZF model is autophagy-dependent.

We next explored the effects of drug combinations against Mabc 
infection in vitro. We first determined the MIC50 values of various 
compounds by REMA assay (Table 1). Checkerboard assays showed that 
the combination of 10.1 M V46 (one-half the MIC50) and RFB (one-half 
the MIC50) suppressed Mabc growth (Fig. 9G). Similarly, one-quarter the 
MIC50 of V46 and RFB inhibited Mabc growth. To assess the effects of 
V46-RFB combination ratios on Mabc, we calculated the FIC index 
(Table 1). The V46-RFB combination exerted the greatest synergistic 
effect against Mabc, with an FIC index of 0.46 (Table 1).

Colony counting validated the synergistic effect of V46 and RFB 
shown by checkerboard assays (Fig. 9H). The V46-RFB combination 
caused a reduction of 5.2 log10 CFUs/mL compared with the SC on day 
5. Compared with the SC, V46 alone, or RFB alone, the V46-RFB com-
bination caused a reduction of approximately 3 log10 CFUs/mL. Bacte-
ricidal activity was defined as a reduction of ≥ 3 log10 in total CFUs/mL 
[57]. Therefore, the V46-RFB combination had a synergistic bactericidal 
effect on Mabc. In contrast, V46 combined with other drugs showed 
additive inhibitory effects on Mabc growth (Fig. S8A-F).

Fig. 3. V46 suppresses proinflammatory cytokine and chemokine expression in Mabc-infected murine macrophages and lungs. (A) Heatmap of differentially 
expressed genes in Mabc-infected (MOI 3) BMDMs treated with SC or V46 (100 µM). (B) BMDMs were infected with Mabc (MOI 3) or left uninfected for 2 h. SC or 
increasing concentrations of V46 were then added via medium exchange. Cells were then collected at 6 h post infection, and subjected to qRT-PCR analysis of Cxcl2, 
Cxcl3, Cxcl1, Ccl4, Il6, and Il1b. Representative data from repeated experiments are shown. (C) Supernatants from (B), collected at 18 h post-infection, were subjected 
to ELISA to measure IL-6 and IL-1β protein levels. (D) WT C57BL/6 mice were intranasally infected with Mabc (1 × 106 CFUs/mouse, n = 5 per group) and 
intraperitoneally treated with vehicle or V46 (50 mg/kg). Mice were euthanized at 5 and 10 dpi. Lung lysates were used to estimate relative expression levels of 
chemokines (Cxcl2, Ccl3, Cxcl1, and Ccl4) and cytokines (Il1b and Il6) by qRT-PCR. (E) Supernatants of lung lysates from (D) were used to measure IL-6 and IL-1β 
levels by ELISA (n = 3 mice/group). (F) After 2 h of Mabc infection (MOI 1), BMDMs were washed with PBS, incubated in fresh medium, and treated with SC or V46 
(100 µM) for the indicated times. (G) C57BL/6 mice (n = 3 per group) were intranasally infected with KMRC-010 (1 × 105 CFU per mouse). Mice were intraper-
itoneally treated with vehicle or V46 (50 mg/kg) at 3–9 dpi and euthanized. Cell lysates (F) or homogenized lung lysates from mice (G) were subjected to Western 
blotting using antibodies against p-STAT3 and STAT3. p-STAT3 levels were measured by densitometry and are shown below the image. Statistical analysis was 
conducted by one-way ANOVA with Tukey’s multiple comparison test (B, C, and E) or two-tailed Student’s t-test (D). Data are from at least three independent 
experiments. Graphs and Western blot images represent three independent experiments. Error bars indicate ± SD or SEM. Mabc, Mycobacteroides abscessus; dpi, days 
post-infection; SC, solvent control; n.s., not significant. *p < 0.05, **p < 0.01, and ***p < 0.001.
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Fig. 4. V46 inhibits activation of the AKT-mTOR signaling pathway and activates AMPK in Mabc-infected murine macrophages in a Ca2+-dependent manner. (A and 
B) BMDMs were pre-treated with SC or V46 (100 μM) for 1 h and infected with Mabc (MOI 1) or left uninfected for the indicated times. (C-F) Uninfected or Mabc- 
infected BMDMs (MOI 1) were incubated for 2 h, washed with PBS, and transferred to fresh medium containing SC or V46 (100 μM) for the indicated times. (A-F) Cell 
lysates were subjected to Western blotting. Densitometry of p-AKT (B), p-AMPK (D), and p-MTOR (F) was conducted and normalized to respective total protein 
bands. (G and H) BMDMs were pre-treated with Fura-2/AM (2 μM) for 20 min, infected with Mabc (MOI 1) for 2 h, and treated with SC or V46 (100 μM) for 1 h; 
fluorescence intensity was measured as indicated in the figure. Fifty cells in each of 10 fields from three experiments were enumerated. Statistical analysis was 
performed by two-tailed Student’s t-test (B, D, and F) or one-way ANOVA with Tukey’s multiple comparison test (H). Images represent three independent experi-
ments. Error bars denote means ± SEMs or SDs. Mabc, Mycobacteroides abscessus; SC, solvent control; n.s., not significant; Un, untreated and uninfected. *p < 0.05, 
**p < 0.01, and ***p < 0.001.
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Fig. 5. V46 activates autophagic flux in macrophages. (A and B) BMDMs were treated with SC or V46 (100 µM) for 6 h. (C and D) hMDMs were treated with SC or 
V46 (100 µM) for 6 h. (A-D) Cells were subjected to confocal microscopy to visualize nuclei or LC3 puncta. (E and F) TEM. BMDMs were treated with SC or V46 
(100 µM) for 6 h. (G and H) BMDMs were pre-treated or not with Baf-A1 (50 nM) for 1 h, followed by treating SC or V46 (20 μM) for 24 h. Cell lysates were subjected 
to Western blotting using antibodies against LC3-I, LC3-II, and ACTIN. (I and J) BMDMs were transduced with retroviruses expressing tandem-tagged mCherry-EGFP- 
LC3B and incubated for 24 h. Next, cells were pre-incubated with or without Baf-A1 (100 nM) for 2 h, and then followed by treatment with SC or V46 (100 μM) for 
24 h. Cells were fixed, permed, and mounted to perform confocal microscopy analysis to assess the puncta with mCherry or EGFP (representing LC3B) per cell. 
Representative graphs are shown from three independent experiments. We enumerated 50–100 cells in each of over 8 fields per group for quantitative analysis (B, D, 
and J). Western blot images represent three independent experiments. Band intensities determined by densitometry were normalized to LC3-I (H). Statistical analysis 
was conducted by two-tailed Student’s t-test (B, D, F,and H), two-way ANOVA with Sidak’s multiple comparison test (J); values represent means ± SDs from three 
independent experiments. SC, solvent control; Baf-A1, bafilomycin A1; EGFP, enhanced green fluorescent protein; N, nucleus; ns, not significant. *p < 0.05, **p <
0.01, and ***p < 0.001.
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4. Discussion

The identification of suitable drug candidates to increase host pro-
tective immune responses, which are subverted by bacterial pathogens, 
is a key treatment barrier in Mabc infection. Host defenses can be pro-
moted by modulating inflammation and activating phagosomal matu-
ration and autophagy, thereby eliminating intracellular mycobacteria 
[12,58]. In this study, V46 showed potential as a host-directed adjunc-
tive therapy against Mabc infection based on its potent effects on 
autophagy and TFEB activation in both human and murine models. V46, 
structurally distinct from RSV, has a methoxy group substitution in the 
benzene ring, resulting in O-methylation (Fig. 1A and S1). This type of 
modification enhances the pharmacological and biochemical properties 
of compounds, including metabolic stability, membrane transport, and 
bioavailability [59,60]. Consequently, V46 is expected to have a longer 
half-life and greater bioavailability compared with RSV, making it a 
promising candidate drug.

Our findings demonstrate that V46 activates autophagy to enhance 
antimicrobial responses against Mabc infection. Mechanistic analysis 
revealed that V46 regulates a key signaling pathway by activating AMPK 
and suppressing mTOR during Mabc infection. AMPK, a critical meta-
bolic sensor involved in energy balance [61], induces catabolic pro-
cesses for ATP generation and is associated with mTOR suppression, 
leading to immunometabolic remodeling and autophagy activation 
during infection [62,63]. Additionally, V46 significantly induced 
intracellular Ca2+ influx, an upstream signaling event for AMPK acti-
vation during Mabc infection. These findings are consistent with a report 
that phenylbutyrate-mediated autophagy activation and intracellular 
restriction of Mtb are dependent on intracellular Ca2+ influx and sub-
sequent AMPK pathway activation [64]. Additionally, the calcium 
modulator, flunarizine, enhances intracellular bactericidal effects 
against Mtb by activating Ca2+/calmodulin-dependent protein kinase II 
[65]. Considering that the modulation of intracellular Ca2+ influx pro-
motes intracellular parasitism by Mtb through inhibition of phagosomal 
maturation and acidification [65,66], our data suggest that early 
V46-induced intracellular events related to Ca2+ levels are required to 
suppress the intracellular survival of Mabc. Moreover, V46-mediated 
antimicrobial responses depend on TFEB, a member of the basic 
helix-loop-helix-leucine zipper transcription factor family involved in 
lysosomal biogenesis and autophagy induction [67,68]. TFEB expression 
and nuclear translocation correlate with the expression levels of and 
puncta formation by lysosome-related proteins [69]. Indeed, TFEB plays 
a key role in antimicrobial host defenses against intracellular bacterial 
infections [18,70,71]. Therefore, V46 can improve lysosomal biogenesis 
and functions, enhancing antimicrobial responses to Mabc infection.

Upon mycobacterial infection, innate immune defenses are regulated 
by complex intracellular signaling pathways involving NF-κB, MAPKs, 
and AKT, which are circumvented or modulated by bacterial virulence 
factors [72–74]. The ability of V46 to inhibit proinflammatory cytoki-
ne/chemokine generation is presumably mediated by its impairment of 
AKT signaling, considering that V46 reduced AKT phosphorylation in 
BMDMs during Mabc infection. Although the function of AKT in NTM 

infection is unclear, its activation of the AKT pathway is associated with 
enhanced mycobacterial survival in Mtb-infected host cells [75,76]. 
Therefore, we speculated that V46-induced suppression of AKT en-
hances host defenses by activating apoptosis. However, V46 was not 
cytotoxic in BMDMs until 48 h after infection. Alternatively, 
V46-mediated AKT inhibition may enhance host defenses by promoting 
autophagy during Mabc infection. Indeed, the protective effects of 
nilotinib, a tyrosine-kinase inhibitor, against M. bovis and M. avium 
subspecies paratuberculosis depend on the induction of antibacterial 
autophagy via phosphoinositide 3-kinase/AKT/mTOR axis suppression 
by the Abelson tyrosine kinase [77]. Additionally, Mtb protein kinase G 
inhibits AKT phosphorylation, leading to autophagy induction but not 
autophagic flux activation [78]. In bluetongue virus infection, AKT 
pathway suppression is associated with mTOR inactivation, leading to 
autophagy induction [79]. Taken together, these findings suggest that 
V46-mediated AKT suppression enhances host defenses against Mabc 
infection by activating autophagy. Currently, our data showing coloc-
alization of Mabc and LC3 do not identify any specific bacterial effector 
associated with LC3-positive autophagosomes. Future studies are war-
ranted to clarify which specific Mabc effector or receptor is targeted to 
LC3-positive autophagosomes in host cells.

Although V46 does not depend on SIRT1 and SIRT3, it significantly 
inhibits Mabc-mediated inflammation. Inflammatory cytokines and 
chemokines are upregulated in PBMCs from Mabc-infected patients 
compared with healthy controls [28]. Both IL-6 and IL-1β promote T 
helper 17 cell responses; exaggerated forms of these responses are 
associated with increased neutrophil infiltration and immunopatholog-
ical responses in patients with active tuberculosis [80]. Mabc-R induces 
hyperactivation of IL-1β production in macrophages via cytosolic release 
of oxidized mitochondrial DNA, enhancing intracellular pathogen 
growth [81]. Furthermore, regulated production of the neutrophil che-
mokine CXCL2 is important for optimal antimicrobial response during 
infection, as dysregulation of neutrophil functions is pathogenic in 
numerous inflammatory disorders [82]. V46 inhibits proinflammatory 
cytokine and chemokine expression, suggesting that its promotion of 
host defenses is at least partly mediated by the modulation of patho-
logical inflammation in Mabc infection.

The ZF model enables investigation of the pathogenesis and treat-
ment of Mabc infection. The transparency of ZF larvae facilitates in vivo 
efficacy assessment before progressing to higher organisms [19]. V46 
exerted a therapeutic effect in the ZF model by inducing autophagic host 
defenses against Mabc infection. Furthermore, the activity of V46 was 
significantly enhanced when combined with RFB. Similarly, the cyclic 
peptide ohmyungsamycin exerted a synergistic effect with RFB in a ZF 
model of Mabc infection [26]. RFB, which has potent anti-Mabc activity, 
exhibits oral bioavailability, extended half-life, and cellular penetration 
[83,84]. Therefore, the combination of V46 and RFB may be useful in 
the treatment of Mabc-induced lung disease. However, V46 in combi-
nation with CQ resulted in an increased bacterial load, reducing the 
survival of Mabc-infected ZF. CQ, an autophagy inhibitor, hinders 
autophagosome–lysosome fusion and slows lysosomal acidification 
[85]. Thus, V46 inhibits bacterial growth in vivo through a mechanism 

Fig. 6. V46 induces autophagic degradation of Mabc in macrophages. (A and B) BMDMs were infected with GFP-Mabc (MOI 10) for 2 h, washed twice, and then 
incubated in the fresh medium containing SC or V46 (100 µM) for 6 h. Representative images (A) and quantitative analysis of intracellular GFP-Mabc colocalization 
with LC3 (B) are shown. (C-E) Mabc-infected (MOI 3) BMDMs were treated with SC or V46 (100 µM) for 6 h. Representative TEM images (C and D) and the ratio of 
bacteria in each compartments (E) are shown. Yellow circles mean Mabc membranes; magenta arrowheads indicate single host membranes; cyan arrowheads indicate 
double or multiple host membranes. The percentage of bacteria in compartment within cytosol (24.75 ± 11.17), autophagosome (29.55 ± 7.43), and phagosome 
(47.72 ± 10.02) from the samples treated with SC and within cytosol (25.00 ± 6.18), autophagosome (48.53 ± 8.43), and phagosome (26.79 ± 7.97) from the 
samples treated with V46 was counted to conduct quantitative analysis. (F and G) GFP-Mabc (MOI 5)-infected BMDMs were treated with SC or V46 (20 µM) for 18 h. 
Cells were stained with LAMP1 (red) and DAPI (nuclei; blue); representative images (F) and GFP-Mabc colocalization with LAMP1 (G) are shown. (H) Bacterial 
intracellular survival in Mabc-infected (MOI 1) BMDMs from Atg7 WT and cKO mice treated with SC or V46 (10 or 100 µM) for 2 days. Representative graphs are 
shown from three independent experiments. We enumerated 50–100 cells in each of over 8 fields per group for quantitative analysis. Statistical analysis was 
conducted by two-tailed Student’s t-test (B, E, and G) or one-way ANOVA with Tukey’s multiple comparison test (H); values represent means ± SDs from three 
independent experiments. SC, solvent control; GFP, green fluorescent protein; Mabc, Mycobacteroides abscessus; N, nucleus; Cyto, cytosol; Auto, autophagosome; 
Phag, phagosome; CFU, colony-forming unit; dpi, days post-infection; n.s., not significant. ***p < 0.001.
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involving autophagy and lysosomal pathways.

5. Conclusion

Overall, our findings suggest that V46 has potential as an adjunctive 
therapy that enhances autophagy to strengthen innate host defenses 
against Mabc infection. Mechanistic analysis showed that V46 activates 
Ca2+-AMPK-mediated autophagy and TFEB signaling, thereby restrict-
ing the intracellular survival of Mabc. V46 has a longer half-life and 
greater bioavailability compared with RSV, enhancing its therapeutic 
potential. V46 can attenuate MDR-Mabc infection in vivo, making it 
valuable for efforts to combat resistant strains. The V46-RFB combina-
tion exerted a synergistic bactericidal effect against Mabc, suggesting 
that it can enhance therapeutic outcomes. Therefore, V46 is a promising 
candidate for host-directed therapies targeting Mabc infection.
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Fig. 7. V46 increases TFEB nuclear translocation-mediated activation of autophagy and lysosomal biogenesis in Mabc-infected macrophages. (A and D) BMDMs were 
infected with Mabc (MOI 3) or left uninfected for 2 h, then cultured in fresh medium with SC or increasing concentrations (20, 50, or 100 μM) of V46. Cells were 
collected at 6 h post-treatment and subjected to qRT-PCR of Tfeb, Rab7, Lamp1, Uvrag, and Map1lc3b. (B and C) Mabc (MOI 3)-infected or -uninfected BMDMs were 
treated with SC or V46 (20 μM) for 0.5 or 2 h and harvested. Cells were stained with anti-TFEB (green) and DAPI (nuclei; blue). We enumerated 50 cells in each of 15 
fields from three experiments. (E and F) BMDMs were transduced with lentivirus expressing shNS or shTfeb for 30 h and infected with Mabc (MOI 1) for 2 h, then 
cultured in fresh medium with V46 (20 μM) or SC for 18 h. (E) Transduction efficiency was verified by qPCR of Tfeb expression. (F) Intracellular bacterial growth was 
analyzed by colony counting at 18 h post-infection. Statistical analysis was performed by two-tailed Student’s t-test (A, D, and E) and one-way ANOVA with Tukey’s 
multiple comparison test (C and F). Error bars denote means ± SDs. Representative graphs and images from three independent experiments are shown. The two- 
tailed Student’s t-test conducted in (D) was performed by normalization to SC. Mabc, Mycobacteroides abscessus; un, uninfected and untreated; CFU, colony- 
forming unit; NS, nonspecific; n.s., not significant. *p < 0.05; **p < 0.01, and ***p < 0.001.

Fig. 8. The antimicrobial activity of V46 is independent of SIRT1- and SIRT3-mediated pathways. (A and B) BMDMs were infected with Mabc (MOI 3) or left 
uninfected for 2 h and treated with SC or V46 (20, 50, or 100 μM). Cells were harvested at 6 and 18 h post-treatment, then subjected to qRT-PCR analyses to 
determine the expression levels of Sirt1 (A) and Sirt3 (B). Representative data are shown from three independent experiments. (C and D) Bacterial intracellular 
survival in Mabc-infected (MOI 1) BMDMs from Sirt1 WT/KO (C) or Sirt3 WT/KO (D) mice treated with SC or V46 (20 μM in C; 50 or 100 μM in D). Lysed cells were 
diluted and spotted on 7H10 medium, and colonies were enumerated after 3 days of incubation. Data are from three independent experiments. Statistical significance 
was determined by one-way ANOVA with Tukey’s multiple comparison test (A-D). Error bars denote means ± SDs. Mabc, Mycobacteroides abscessus; CFU, colony- 
forming unit; dpi, days post-infection; ns, not significant. ***p < 0.001.
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