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Abstract The dynamic immune landscape within the tuberculous (TB) granuloma microenvironment

critically governs antibiotic penetration efficiency, bacterial persistence, and long-term therapeutic out-

comes. Herein, we present a macrophage-targeted inhalable nanoemulsion for co-delivering rifampicin

and LCL161, an inhibitor of apoptosis protein antagonist. Inhaled mannose-nanoemulsions (named

RL-NE@Man) enable granuloma-targeted delivery in TB mice model, increasing infected macrophage

apoptosis, remodeling the tuberculosis microenvironment, and promoting T-cell immunity to synergize

with antibiotics for the eradication of granulomas and persistent Mycobacterium tuberculosis infection.

Following two-dose inhalational administration, RL-NE@Man displayed potent bactericidal activity

against M. tuberculosis while concurrently alleviating pulmonary pathological lesions and hyperinflam-

matory responses, demonstrating superior bacterial suppression efficacy compared with that of the first-

line rifampicin monotherapy. This inhaled combination therapy, which integrates immunomodulators

with antibiotics to modulate the local immune landscape and synergistically enhance bactericidal effi-

cacy, represents a novel therapeutic strategy for precision tuberculosis management.
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1. Introduction

Tuberculosis (TB), caused by Mycobacterium tuberculosis, re-

mains a major global threat to public health1. According to the

WHO 2024 Global Tuberculosis Report, in 2023, an estimated

10.8 million people suffer from tuberculosis, with 8.2 million

newly diagnosed and reported cases, the highest number since

records began2. In low- and middle-income countries, TB is a

leading infectious cause of death and significantly increases the

risk of developing chronic obstructive pulmonary disease3. Stan-

dard tuberculosis treatment relies on conventional chemotherapy

(e.g., rifampicin)4, but its efficacy is constrained by imprecise

targeting of granulomatous lesions and intracellular pathogens5,6,

compounded by the stratified architecture of granulomas that

impedes antibiotic penetration into pathological niches7. These

pharmacokinetic limitations result in subinhibitory concentrations

at infection sites, promoting bacterial persistence and resistance

evolution through prolonged low-level drug exposure8,9, which

often yields unsatisfactory clinical outcomes10,11. Furthermore,

this pathogen employs sophisticated immune evasion strategies to

circumvent surveillance by other immune effectors, including

antigenic masking and interference with phagolysosomal

maturation12,13.

Macrophages constitute the primary host cellular niche for M.

tuberculosis proliferation while simultaneously functioning as

pivotal effector cells in infection control, making them pivotal

therapeutic targets for TB intervention strategies14. After M.

tuberculosis infection, macrophages exhibit biased plasticity

characterized by a shift from classical M1 macrophages with

strong bactericidal activity to M2 macrophages with reduced

antimicrobial capacity15,16. These M2 macrophages permit the

growth of M. tuberculosis. The capacity to strategically remodel

macrophage responses through immunomodulatory or chemo-

therapeutic interventions holds promise for optimizing therapeutic

outcomes in TB by promoting pathogen clearance and mitigating

immunopathology17. M. tuberculosis-infected macrophage

apoptosis facilitates antigen-specific T cell responses, while im-

munomodulators synergize with antibiotics to enhance bacterial

clearance and increase clinical cure rates through combined

antimicrobial-immunotherapeutic actions18. Moreover, a previous

study has demonstrated that promoting apoptosis by using an-

tagonists of inhibitor of apoptosis proteins significantly promotes

M. tuberculosis clearance19. LCL161, a clinical-stage investiga-

tional agent primarily evaluated in clinical cancer trials, has

demonstrated limited efficacy as a monotherapy, and combination

regimens have been employed to improve therapeutic outcomes.

Recent preclinical investigations have revealed its potential utility

in tuberculosis treatment through mechanisms involving host-

directed immune modulation19. However, few studies have

explored its combined use with established anti-TB agents, leav-

ing a critical gap in understanding its synergistic potential in

pulmonary tuberculosis management. Therefore, developing a

therapeutic strategy capable of regulating the tuberculosis

microenvironment and enabling efficient antibiotic delivery is

important for the precise treatment of pulmonary tuberculosis.

Nanoparticle drug delivery presents a promising approach to

address these challenges, offering the advantages of co-

encapsulation of combination therapies, sustained release, tar-

geted delivery, reduced dosing frequency, and minimized side

effects, which may ultimately improve tuberculosis treatment

outcomes and patient compliance20,21. Studies have demonstrated

that nanoparticles can effectively target granulomas (the hallmark

lesions of tuberculosis) and achieve prolonged retention through

the enhanced permeability and retention (EPR) effect, thereby

enabling precise drug delivery22,23. A new study revealed

groundbreaking progress in nanotherapeutic TB treatment via the

integration of both active and passive targeting approaches

demonstrated23. However, these nanoparticles face challenges,

including complex manufacturing processes and unavoidable

systemic distribution.

Inhalation delivery maximizes drug concentrations in lung

tissues while avoiding systemic toxicity and improving patient

compliance, making it the preferred route of drug administration

for the treatment of respiratory diseases since ancient times24,25.

Engineered nanomedicine inhalants exploit the biophysical ad-

vantages of pulmonary administration to overcome biological

barriers in respiratory therapeutics. Therefore, we hypothesized

that M2-type macrophage-targeted ligand-modified inhalable

nano-delivery systems could maximize access to the site of

infection following inhalation administration. Mannose, a natu-

rally occurring monosaccharide with excellent biocompatibility,

can bind to mannose receptors on macrophages. Its proven safety

profile and good stability make it the most widely used

macrophage-targeting ligand26,27. Consequently, we propose that

the delivery of macrophage-targeting nanomedicine via nebuli-

zation to tuberculous granulomas will simultaneously (i) induce

macrophage apoptosis to disrupt the favorable mycobacterial

niche and (ii) remodel the local immune landscape to synergisti-

cally promote the antibiotic-mediated clearance of M.

tuberculosis.

Herein, we engineered a mannose-modified nanoemulsion for

the co-delivery of rifampicin and LCL161 (named RL-NE@Man).

Nanoemulsions, which are nanoscale emulsions with particle sizes

between tens and hundreds of nanometers, have been widely used in

recent decades because of their unique structural and performance

advantages such as small particle size, biocompatibility, easy

loading of active pharmaceuticals, and ease of larger-scale pro-

duction28. The primary excipient DPPC (dipalmitoylphosphati-

dylcholine), a natural lung surfactant incorporated in

nanoemulsions, has received US Food and Drug Administration

(FDA) approval for inhalation and offers key benefits including

established safety, enhanced macrophage uptake in alveoli, and

strong clinical translation potential29,30. In vitro studies demon-

strated that RL-NE@Man was taken up by M2 macrophages and

induced apoptosis in these cells. Lower concentrations of RL-

NE@Man reduced the number of bone marrow-derived macro-

phages (BMDMs) differentiated to M2-type macrophages, but un-

affected the proliferation of M1-type macrophages. In addition, RL-

NE@Man penetrates into the necrotic regions of granulomas and

targets intracellular M. tuberculosis via specific ligand—receptor
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binding in murine tuberculosis models. TB mice in the RL-

NE@Man treatment group exhibited a significant reduction in the

number of tuberculous granulomas and a significant reduction in the

percentage of M2-type macrophages in bronchoalveolar lavage

fluid (BALF) and mediastinal lymph nodes and elicited a CD4+ and

CD8+ T cell response. Quantitative real-time PCR (qPCR) and

immunohistochemical analyses demonstrated that RL-NE@Man

effectively decreased the M. tuberculosis burden in lung tissues

while mitigating pathological lesions and reducing inflammatory

responses. This study highlights the critical value of the local

microenvironment of tuberculosis in fueling antibiotic sterilization

and provides a promising translational therapeutic paradigm for

inhaled chemoimmunotherapy for tuberculosis.

2. Materials and methods

2.1. Materials and ethics statement

LCL161 was purchased from BioChemPartner (Shanghai, China).

Rifampicin was purchased from MeilunBio� (China). DSPE-

PEG2000 and DSPE-PEG2000-Mannose were purchased from Ruixi

Biotechnology Co., Ltd. (Xi’an, China). A cell counting kit-8 was

obtained from Beyotime Biotechnology. An anti-mannose recep-

tor antibody was purchased from Abcam (ab300621). Monoclonal

antibodies conjugated with fluorescent tags were purchased from

eBioscience or Invitrogen (USA). Specific pathogen-free (SPF)

female C57BL/6 mice (6—8 weeks old) were purchased from

Beijing HFK Bioscience Co., Ltd. All experimental procedures

were conducted in accordance with the recommendations in the

Guide for the Care and Use of Laboratory Animals of Sichuan

University Ethics Committee. The animal procedures were

approved by the Committee on the Ethics of Animal Experiments

of Sichuan University (Approval No. SYXK (Chuan) 2023-0113).

The animals were maintained in an SPF facility at West China

School of Pharmacy with controlled environmental parameters

and free access to a regular chow diet and water under a 12-h

light/dark cycle. The bacterial infection experiments were con-

ducted in a biosafety level 2 (BSL-2) laboratory certified by the

Sichuan Provincial Health Commission, ensuring compliance with

national biosafety regulations.

2.2. Cells and M. tuberculosis strains

Human bronchial epithelioid cells (BEAS2B, ATCC) and

RAW264.7 cells were maintained in Dulbecco’s modified Eagle’s

medium (DMEM; Gibco, USA). BMDMs were isolated from

C57BL/6 mice and cultured in DMEM (Gibco, USA). All media

were supplemented with 10% fetal bovine serum (FBS; ExCell Bio,

China). Middlebrook 7H10 agar medium and Middlebrook 7H9

medium were purchased from Becton Dickinson and Company (BD,

USA). M. tuberculosis H37Ra (ATCC25177), mCherry-H37Ra and

Middlebrook OADC enrichment were purchased from Gene-

Optimal Science and Technology (Shanghai, China).

2.3. Preparation and characterization of RL-NE@Man

On the basis of preliminary screening of the solubility of LCL161

and rifampicin in different oil phases, soybean oil and DPPC were

selected as the primary oil phase materials. A ternary component

system was established using the BoxBehnken design-response

surface method, with concentrations ranging from 0 to 20 mg of

soybean oil, 0—40 mg of DPPC, and 0—6 mg of cholesterol.

Through the design and execution of 17 experimental designs, the

formulation was optimized. Supporting Information Table S1

displays the independent factors of the formulation design and

their subsequent outcomes (calculated as given by Design-Expert

version 12.0). In brief, rifampicin and LCL161 were dissolved in

this mixture with 1.5 mL of chloroform to form the oil phase. The

oil phase was then mixed with an aqueous solution containing

0.05% (w/v) Tween 80 and 0.15% (w/v) sodium citrate. The

mixture was homogenized by vortexing and then sonicated at

200 W for 8 min in an ice-water bath to obtain the RL-NE. To

prepare mannose-modified nanoemulsions, DSPE-PEG2000-

mannose was incorporated into the RL-NE emulsion system. The

mixture was then processed using a high-pressure homogenizer

(AH-Nano, ATS, Canada) under the following conditions: ho-

mogenization pressure of 800 bar, temperature of 4 ◦C, and

duration of 10 min. For particle size analysis, the nanoemulsion

was 10 × diluted with deionized water and characterized by dy-

namic light scattering (Malvern Zetasizer Nano ZS). The structure

of the RL-NE@Man was characterized using a transmission

electron microscope (H-600, Hitachi, Japan), and these samples

were placed in contact with copper grids with negative staining.

The rifampicin- and LCL161-loaded nanoemulsions were sepa-

rated from the free drugs using Sephadex G-50 (GE Healthcare,

USA). A mixed solvent of 1% Triton/acetonitrile/ethanol (1:5:5, v/

v/v) was used to completely extract both drugs by ultrasonication

for 10 min. The concentrations of rifampicin and LCL161 were

determined by high-performance liquid chromatography (HPLC)

using a C18 column (Agilent TC-C18(2)) at 30 ◦C, with the

detection wavelength set at 254 nm.

2.4. In vivo distribution

The mice were anesthetized by intraperitoneal injection of tri-

bromoethanol. A nanoemulsion labeled with the fluorescent dye

DiD was administered to mice via a small-animal microsprayer

aerosolizer (BJ-PW-R; BioJane, China). Fluorescence signals

were monitored at different time points using a small-animal

in vivo imaging system (IVIS, Lumina Series, USA).

2.5. Immunofluorescence assay

Lung tissues from mice were embedded in OCT (SAKURA Tis-

sue-Tek�, USA) compound at temperatures below ‑20 ◦C. Lung

tissues were sectioned at a thickness of 10 μm using a cryostat

(Leica, CM1950, Germany), followed by phosphate buffer solu-

tion washing, antibody blocking, and anti-CD206 primary anti-

body (Abcam, USA) staining according to the manufacturer’s

recommended concentration and incubation time. After 12 h of

primary antibody incubation, the tissue sections were incubated

with an Alexa Fluor 647-conjugated goat anti-rabbit IgG (H + L)

secondary antibody (Abcam, Ab150079, USA) at room tempera-

ture for 2 h. Finally, the nuclei were counterstained with DAPI,

and immunofluorescence images were captured using a confocal

fluorescence microscope (Zeiss, LSM880). The colocalization

coefficients and fluorescence intensity were analyzed using a Zeiss

confocal microscope software system.

2.6. Antibacterial activity evaluation of RL-NE@Man

Fifty microliters of H37Ra bacilli (∼107 CFU/mL) were mixed

with 50 μL of drug-containing medium from different groups in
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96-well black plates. The concentration of rifampicin in the

different groups ranged from 0 to 20 μg/mL. The 96-well black

plates were incubated statically at 37 ◦C in a bacterial incubator

for 10 days. Afterward, 100 μL of sterile resazurin solution

(40 μg/mL) was added to each well, followed by an additional 4 h

of incubation. The fluorescence/absorbance was measured using a

microplate reader. Concentration—response curves were fitted, and

EC50 values were calculated using GraphPad Prism 10. Following

treatment with RL-NE@Man, M. tuberculosis H37Ra cells were

washed three times with PBS (3000 × g, 15 min) and fixed

overnight in 2.5% glutaraldehyde prior to morphological analysis

by scanning electron microscopy (SEM). For the plate count

assay, the initial M. tuberculosis suspension (1.0 McFarland

standard) was serially diluted to various concentrations. A 100 μL

aliquot of each dilution was then plated onto drug-containing

Middlebrook 7H10 agar plates and spread evenly using a sterile

spreader. Control groups were established in parallel. Bacterial

colony growth was observed and recorded on a weekly basis. To

quantify the bacterial load in the lung tissues of the mice, ho-

mogenates were first prepared by cryogenic grinding. Total

nucleic acids were then extracted from the homogenates. Quan-

titative PCR (qPCR) was performed to target the Ag85b gene of

M. tuberculosis H37Ra for quantification, with B2M and 18S

rRNA used as reference genes.

2.7. In vivo therapeutic effect of RL-NE@Man

Female C57BL/6 mice (6—8 weeks old) were randomly divided

into five groups of four mice each: PBS, RFP, RFP + LCL161,

RL-NE, and RL-NE@Man. The mice were housed under SPF

conditions in the Laboratory Animal Facility of West China

School of Pharmacy, Sichuan University, with a 12-h light/dark

cycle and free access to a standard diet and water. All animal

experiments were approved by the Animal Ethics Committee of

Sichuan University and conducted in accordance with the

Guidelines for the Care and Use of Laboratory Animals estab-

lished by the Institutional Animal Care and Use Committee

(IACUC) of Sichuan University. In vitro and in vivo experiments

associated with Mycobacterium were conducted in a biosafety

level II laboratory. Under the guidance of preliminary experiments

and reference literature, a tuberculosis mouse model was estab-

lished by aerosol inhalation of H37Ra (107 CFU/mL, 40 μL) on

Day 0. On Day 22, the mice were administered 30 μL of PBS,

RFP, RFP + LCL161, RL-NE, or RL-NE@Man (RFP: 4.5 mg/kg;

LCL161: 1.5 mg/kg) via inhalation. On Day 25, the same dose as

that used for the previous treatment was readministered. On Day

11 posttreatment, the mice were humanely euthanized for lung

collection. Bacterial nucleic acid quantification and histological

analyses (H&E staining, Ziehl-Neelsen acid-fast staining, and

TNF-α, IL-6 and IL-1ß immunohistochemistry) were performed

on lung tissues. Concurrently, the levels of proinflammatory cy-

tokines (IL-6, TNF-α, and IFN-γ) in bronchoalveolar lavage fluid

were measured by ELISA. Samples of bronchoalveolar lavage

fluid and mediastinal lymph nodes were harvested from each

group of mice and subjected to flow cytometric analysis for

quantification of the relevant immune cell populations.

2.8. Biosafety assessment

To evaluate the biotoxicity of RL-NE@Man on normal bronchial

epithelial cells, BEAS-2B cells were incubated with various

concentrations of RL-NE@Man (0, 0.1, 0.3, 0.5, 1.0, 1.5, 2.0, 5.0

and 10.0 μmol/L). After 48 h, cell viability was assessed using the

standard CCK-8 assay. For in vivo biosafety evaluation, healthy

mice were administered high concentrations of RL-NE@Man

(10 mg/kg) via nebulized inhalation. Body weight was moni-

tored in the RL-NE@Man-administered mice, with the PBS-

treated group serving as the control. On Day 3 post-

administration, blood samples were collected for hematological

parameter analysis and serum biochemical assays. Major organs

(heart, liver, spleen, lung, and kidney) were harvested from

euthanized mice and subjected to tissue sectioning and H&E

staining.

2.9. Statistical analysis

All the data were analyzed using GraphPad Prism 10, except for

those in Supporting Information Table S1 and Fig. S2B, which

were generated by Design-Expert 12. Colocalization analysis was

performed using ZEN software. For comparisons between two

groups, two-tailed unpaired Student’s t-tests were used. Multiple

group comparisons were analyzed by one-way ANOVA. The data

are presented as the mean ± standard deviation (SD). Statistical

significance was set at P < 0.05, with the following thresholds:

P < 0.05 (*), P < 0.01 (**), P < 0.001 (***), and P < 0.0001

(****).

3. Results

3.1. Preparation and characterization of RL-NE@Man

Considering the future large-scale production and translational

potential of the prepared nebulized inhalation agents, we selected

soybean oil and DPPC, both of which are approved by the FDA, as

the primary delivery materials. The nanoemulsion was prepared

by the high-pressure homogenization method, as shown in

Fig. 1A. The Box—Behnken design (BBD) method was utilized

to optimize the preparation process of the nanoemulsion, with

drug loading capacity and particle size serving as the primary

evaluation criteria (Fig. 1B and Supporting Information Table S1).

The small particle size of inhaled nanoparticles facilitates their

deposition in deep pulmonary regions31. The particle size and zeta

potential of the final RL-NE screened by dynamic light scattering

were 108.1 ± 1.5 nm and ‑8.4 ± 2.03 mV, respectively (Fig. 1C).

Compared with the RL-NE, the mannosylated nanoemulsion RL-

NE@Man had a slightly larger (123.0 ± 2.2 nm) particle size

(Fig. 1D). The appearance of the RL-NE@Man remained clear

without noticeable sedimentation or layering during storage at

4 ◦C for 3 months (Fig. 1E). The hydrodynamic sizes of both

nanoparticles ranged between 100 and 150 nm, with comparable

polydispersity indices (PDI) in the range of 0.1 ∼ 0.2 (Fig. 1F and

G), which fall within an acceptable range and indicate good

storage stability of the nanoemulsion. The in vitro release behavior

of rifampicin and LCL161 was further measured by HPLC in

phosphate buffered saline (PBS) supplemented with 10% serum

and 1% sodium dodecyl sulfate. The results revealed that RL-

NE@Man released 63.2% of rifampicin (Supporting Information

Fig. S1A) and 54.7% of LCL161 (Fig. S1B) within 24 h, and a

sustained-release behavior was observed within 72 h. To achieve

long-term storage of RL-NE@Man, we investigated the optimal

addition ratios of three approved cryoprotectants (sucrose,

mannitol, and trehalose), which can be used as excipients for

inhalable formulations. The results revealed that only the freeze-
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dried formulation containing 10% trehalose in the emulsion

exhibited minimal changes in particle size and PDI upon recon-

stitution (Supporting Information Table S2), thereby enabling the

long-term storage of the RL-NE@Man (Fig. S1C).

3.2. RL-NE@Man exhibits excellent nebulization and inhalation

performance

The nebulization performance of inhalation formulations is

influenced by multiple factors, including the type of nebulizer,

drug concentration in the formulation, viscosity of the liquid, and

physicochemical properties of the formulation. On the basis of

previously published study32, we utilized a next generation

impactor (NGI) to evaluate the size and aerodynamic performance

of the RL-NE@Man before and after nebulization. The NGI is a

commonly used instrument for evaluating the aerodynamic parti-

cle size distribution of aerosol inhalation products33,34. By simu-

lating the human respiratory tract, the deposition of aerosol

particles at different stages of the airways can be measured,

providing critical data for assessing the performance of inhalation

drug delivery systems (Fig. 2A). An atomizing inhaler (PARI

BOY SX, Germany) has been widely used in clinical practice for

atomization (Fig. 2B). To test whether the stability of RL-

NE@Man is affected after nebulization, nebulized RL-NE@Man

was collected separately using a PARI BOY SX and a micro-

spray nebulization device (BJ-PW-R; BioJane, China). The

Figure 1 Preparation and characterization of RL-NE@Man. (A) Schematic diagram of the preparation process of RL-NE and RL-NE@Man.

(B) The formulation of the nanoemulsion was optimized using response surface design via Design-Expert 12 software. (C, D) Physicochemical

characterization of RL-NE (C) and RL-NE@Man (D), showing the hydrodynamic size distribution, zeta potential, and a representative TEM

image for each formulation. (E) Visual observation of RL-NE@Man after 3 months of storage at 4 ◦C. (F, G) The particle size (F) and PDI (G) of

RL-NE and RL-NE@Man during in vitro storage at 4 ◦C (n � 3). The data are presented as the mean ± SD.
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microsprayer is a device designed for the quantitative delivery of

aerosols to small animals and has been employed in numerous

studies35,36 (Fig. 2C). The results shown in Fig. 2D demonstrated

that the morphology (Supporting Information Fig. S2), particle

size, and PDI of RL-NE@Man were not significantly affected

after aerosolization using either a PARI BOY or a microspray

nebulizer. The aerodynamic performance results of RL-NE@Man

indicated that RL-NE@Man exhibits favorable drug deposition in

stages 2 to 6, suggesting that the cutoff diameter of RL-NE@Man

post-inhalation falls within the range of 3 to 5 μm (Fig. 2E and F,

Supporting Information Table S3). The 1—5 μm particle size range

is optimal for pulmonary delivery, minimizing exhalation

(<0.5 μm) and oropharyngeal deposition (>5 μm). Triplicate

experiments demonstrated that RL-NE@Man exhibited excellent

aerosolization performance, with mean fine particle fractions

(FPF) of 42.64% and 32.40% for rifampicin and LCL161,

respectively, and geometric standard deviations (GSD) below 1.5,

indicating favorable characteristics for enhanced pulmonary drug

deposition (Supporting Information Table S3). Furthermore, we

systematically evaluated the cytotoxicity and apoptosis-inducing

Figure 2 Aerosol inhalation performance analysis of RL-NE@Man. (A) The aerosol inhalation performance of RL-NE@Man was evaluated

using the NGI to simulate real breathing. (B) Aerodynamic characterization nebulizer: PARI BOY SX. (C) Precise and quantitative nebulization

administration in mice using a microsprayer aerosolizer. (D) Investigation of the size and PDI of RL-NE@Man after nebulization with two

nebulizers (n � 4). (E, F) Aerial particle size distributions of rifampicin (E) and LCL161 (F) (n � 3). (G) A CCK-8 assay was performed to

evaluate the cytotoxicity of M2-like macrophages following distinct treatment regimens (n � 6). (H, I) Flow cytometric gating strategy and

quantitative analysis (I) of apoptotic cell counts in M2-like macrophages (n � 3). The data are presented as the mean ± SD. Statistical analysis

was performed by one-way ANOVA. *P < 0.05, ****P < 0.0001. ns, not significant. M, mol/L.
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capacity of the nanoemulsion against M2 macrophages. As shown

in Fig. 2G, compared with free LCL161, rifampicin was not

cytotoxic to M2 macrophages at 0—10 μmol/L, whereas RL-

NE@Man achieved a significantly lower IC50 (1.09 μmol/L, half

of that of the RL-NE group). RL-NE@Man had the most potent

apoptotic effect on M2 macrophages (Fig. 2H and I, Supporting

Information Fig. S3).

3.3. The nanoemulsion demonstrates exceptional in vitro

antibacterial activity

We next evaluated the in vitro antibacterial activity of RL-

NE@Man. In resazurin assays, optical density measurements,

and colony formation assays, RL-NE@Man and RL-NE exhibited

comparable antimicrobial activity and consistently outperformed

the other treatments (Fig. 3A and B, Supporting Information

Fig. S4). Notably, all the results indicated that the blank nano-

emulsion (NE, devoid of active drugs) also contributed to anti-

bacterial activity, with its concentration calculated on the basis of

the mass of excipients specified in the formulation. We hypothe-

size that this phenomenon may be attributed to the unsaturated

fatty acids incorporated into our formulation. Extensive studies

have demonstrated that unsaturated fatty acids exhibit antimicro-

bial effects through multiple mechanisms, such as disrupting

bacterial cell wall integrity, inhibiting fatty acid synthesis, and

suppressing biofilm formation37-39. Furthermore, by scanning

electron microscopy, we directly observed that the M. tuberculosis

treated with RL-NE@Man exhibited more disintegration and

breakage than the control bacteria did (Fig. 3C). Since M. tuber-

culosis is a classic intracellular pathogen, we conducted cellular

uptake experiments with a nanoemulsion to validate the intracel-

lular delivery efficiency of the antibiotic-loaded nanoemulsions.

Flow cytometry analysis revealed that compared with the M2

macrophages in the RL-NE group, the M2 macrophages in the

RL-NE@Man group exhibited a 1.74-fold greater uptake intensity

(Fig. 3D). M. tuberculosis infection induced the dual polarization

of BMDMs into both M1 and M2 phenotypes after 72 h of

exposure, and the M2 macrophages markedly decreased in the

RL-NE@Man group, reaching only 43.5% of those in the RL-NE

group and 16.6% of those in the M. tuberculosis group (Fig. 3E).

Notably, compared with M1 BMDMs, H37Ra-infected BMDMs

(Mtb) exhibited more pronounced polarization toward the M2

phenotype. Furthermore, none of the drug treatments significantly

altered the proportion of M1 macrophages (Fig. 3F). These results

demonstrated that RL-NE@Man selectively reduced the propor-

tion of M2 macrophages known to protect tuberculosis growth

while preserving M1 macrophages that possess anti-tuberculosis

activity.

3.4. Investigation of the effects of RL-NE@Man on the

transcriptional profiles and phenotypic alterations in M.

tuberculosis-infected macrophages

To investigate the impact of M. tuberculosis on macrophages, M.

tuberculosis was cocultured with BMDMs for different durations.

Following stimulation with the H37Ra strain, the cells exhibited

cellular swelling, pseudopod formation, and the development of

foamy macrophages (Fig. 4A). After 12 h, the BMDMs were

collected for transcriptomic analysis. Compared with the cell

infection model group, the nanoemulsion intervention group had

significantly upregulated expression of 410 genes and down-

regulated expression of 1525 genes (Fig. 4B and C). A total of

1447 genes were significantly involved in the three different

treatment groups (Fig. 4D). Kyoto Encyclopedia of Genes and

Genomes (KEGG) pathway enrichment analysis revealed that M.

tuberculosis-stimulated BMDMs were enriched in pathways

associated with TB (red), pattern recognition receptors (PRRs;

orange), and inflammation (blue) (Fig. 4E). M. tuberculosis-

infected BMDMs in the Mtb group showed an upregulated

expression of genes associated with proinflammatory cytokines,

chemokines and macrophage polarization, and that intervention

with the drug RL-NE@Man (NM) resulted in a reduction in the

levels of several proinflammatory and chemokine factors and

prevented excessive inflammatory responses (Fig. 4F). In partic-

ular, the expression of M2 macrophage-associated genes such as

Egr2, Arg1, and IL-10 was significantly upregulated. However,

these genes were downregulated following RL-NE@Man inter-

vention (Fig. 4G), while M1 macrophage-associated genes such as

Gpr18 and iNOS remained unaffected (Fig. 4H). These findings

align with the macrophage phenotypic alterations observed in

Fig. 3F.

3.5. RL-NE@Man exhibits significant retention in lung tissue

and achieves targeted delivery to tuberculosis granulomas

To investigate the in vivo distribution of RL-NE@Man after

inhalation in tuberculosis-infected mice, we first established a

mouse model of infection with M. tuberculosis (Fig. 5A). Histo-

logical, immunohistochemical, and acid-fast staining analyses

collectively confirmed the establishment of a well-defined tuber-

culous granuloma mouse model (Fig. 5B, and Supporting Infor-

mation Fig. S5), consistent with established pathological features

reported in the literature23. Mice were administered the fluorescent

dye DID-labeled RL-NE@Man via tail vein injection and a

microsprayer aerosolizer. The fluorescence signals were detected

using a small-animal in vivo imaging system (IVIS). The results

shown in Fig. 5C indicate that direct pulmonary administration via

nebulization significantly reduces drug distribution in other organs

compared with intravenous injection, with the highest drug

exposure observed in lung tissues. To further determine the extent

of the distribution of RL-NE@Man within the pulmonary lobes,

we dissected the lungs into their five constituent lobes and

observed uniform luminescence across all of them (Fig. 5D).

Importantly, compared with that in the intravenous injection

group, the fluorescence retention signal in the RL-NE@Man

group was significantly stronger following inhalation. We moni-

tored the distribution of fluorescent signals in the major organs of

the mice at three time points following the nebulization admin-

istration of RL-NE@Man (Fig. 5E). The semiquantitative results

at 24 h post-administration revealed that RL-NE@Man treatment

significantly increased the intensity of fluorescent signals in the

lung tissues of the mice (Fig. 5F). Immunofluorescence analysis

revealed significantly stronger green fluorescence intensity

(coumarin-6-loaded nanoemulsion) in RL-NE@Man-treated lung

tissues than in RL-NE control lung tissues (Fig. 5G and H). The

signal strongly colocalized with that of CD206+ macrophages,

which are key reservoirs of M. tuberculosis. Furthermore, we

observed that both nanoemulsion groups were able to target the

granuloma structures (Fig. 5I). Compared with the RL-NE group,

the RL-NE@Man group exhibited stronger colocalization with M.

tuberculosis in the lung tissues of the mice (Fig. 5J). These

findings suggest that RL-NE@Man could further increase the

intracellular drug concentration within M. tuberculosis-infected

macrophages. Combined with the in vitro cellular uptake data,
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Figure 3 Multidimensional evaluation of the in vitro antibacterial activity of RL-NE@Man. (A) The resazurin method was used to investigate

the survival rate of H37Ra bacilli treated with different nanoemulsions (n � 6). The x-axis for NE represents the administered volume, which is

based on equivalent rifampicin volumes. (B) Representative images showing the growth of M. tuberculosis colonies following treatment. (C)

Representative SEM images of H37Ra bacilli after 3 days of coincubation with different nanoemulsions. The arrows indicate the shrinkage and

rupture of the bacteria. Scale bars, 2 μm. (D) Flow cytometry was used to analyze the intensity of the uptake of DID-labeled NE@Man by M2

macrophages (n � 3). (E, F) Proportion of M2 (E) and M1 (F) macrophages in M. tuberculosis-infected BMDMs under different treatments, as

determined by flow cytometry (n � 3). The data are shown as the mean ± SD. Statistical analysis was performed by one-way ANOVA.

**P < 0.01, ***P < 0.001, and ****P < 0.0001. ns, not significant.
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Figure 4 Transcriptomic and phenotypic analysis of BMDMs cocultured with H37Ra bacilli under different nanoemulsion interventions. (A)

Changes in the morphology of BMDMs after coculture with M. tuberculosis H37Ra-mCherry at 37 ◦C for different durations. Scale bar, 10 μm.

(B) Analysis of differentially expressed genes (DEGs) between the Mtb and control groups (named C). (C) DEGs between the Mtb + RL-

NE@Man (denoted as NM) group and the Mtb group. (D) Venn analysis of all DEGs in H37Ra bacilli treated with control or Mtb + NM. (E)

KEGG pathway enrichment analysis of transcriptomic data from macrophages treated with Mtb or NM for 12 h, focusing on bacterial infection

and immune responses. (F) Visualization of the corresponding differentially expressed genes in a heatmap (fold change >2 and P < 0.001). (G)

The expression of the M2 macrophage marker genes Egr2, Arg1, and IL-10. (H) The expression of the M1 macrophage marker genes Gpr18,

iNOS, and Cxcl10. The data are presented as the mean ± SD, n � 3. Statistical analysis was performed by one-way ANOVA. **P < 0.01,

***P < 0.001, and ****P < 0.0001. ns, not significant.
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Figure 5 In vivo distribution of RL-NE@Man after inhalation in mice. (A) C57BL/6 mice were aerosol-infected with Mtb H37Ra via a

micronebulizer, and the lungs were harvested 21 days post-infection. (B) Histopathology (H&E, F4-80 immunohistochemistry, acid-fast staining)

of lung tuberculous granulomas in H37Ra-induced TB mice. Scale bar � 50 μm. (C) Comparison of nanoemulsion tissue distribution between

intravenous (IV) and aerosol inhalation (IA) administration in mice. (D) Distribution of nanoemulsions in different lung lobes of mice. (E) IVIS

imaging of the time-dependent biodistribution of RL-NE@Man in mice postinhalation (n � 3). (F) Semiquantification of organ fluorescence in

mice 24 h after aerosol treatment (n � 3). (G) Murine lung immunofluorescence 24 h postinhalation was used to assess the pulmonary distribution

of the coumarin 6-labeled nanoemulsion (green). (H) Semiquantitative analysis of Coumarin 6 in six random fields using Zeiss ZEN software. (I)

Immunofluorescence staining of murine lung tissues was conducted 24 h after aerosol administration. Representative immunofluorescence image

of lung tissues showing a coumarin 6-labeled nanoemulsion (green) with CD206 (purple, M2 macrophage marker), and DAPI (blue, nuclear).

Scale bar � 50 μm. (J) Quantitative analysis of the colocalization of coumarin 6 and H37Ra-mCherry in six random fields using Pearson’s

correlation coefficient (PCC >0.5 considered significant). The data are presented as the mean ± SD. Statistical analysis was performed by one-

way ANOVA. **P < 0.01, ****P < 0.0001.
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these results substantiate our hypothesis that our meticulously

engineered RL-NE@Man can reach pulmonary tuberculous

granuloma sites through inhalation and increase the efficiency of

nanoemulsion cellular internalization via specific interactions with

mannose receptors (CD206) on macrophages.

3.6. In vivo anti-TB effects

To evaluate the antituberculosis therapeutic efficacy of nebulized

RL-NE@Man, we established a mouse model of infection with M.

tuberculosis H37Ra and initiated treatment on the 22nd day after

infection. After two treatment sessions, we collected and analyzed

relevant indicators on the 36th day (Fig. 6A). H&E staining

revealed marked infiltration of granulocytes, lymphocytes, and

macrophages within the alveolar walls, along with disrupted

alveolar architecture, in the PBS group. These pathological fea-

tures were moderately alleviated in both the free RFP and

RFP + LCL161 treatment groups (Fig. 6B). Compared with the

RL-NE-treated mice, the RL-NE@Man-treated mice exhibited

significantly attenuated inflammatory infiltration, reduced granu-

lomatous lesions, and a well-preserved bronchial architecture with

an intact structural hierarchy in pulmonary tissues (Fig. 6B). The

acid-fast staining results for the mouse lung tissues revealed that

the antibacterial effect of RL-NE@Man was significantly superior

to that of the other treatment groups (Fig. 6C). Furthermore,

compared with the other groups, the RL-NE@Man group pre-

sented the lowest number of F4/80-positive macrophages in the

lung tissues (Fig. 6D).

Flow cytometry demonstrated that compared with control

mice, mice treated with RL-NE@Man exhibited the highest de-

gree of dendritic cell maturation and expression of MHC class II

molecules in the mediastinal lymph nodes (Fig. 6E and F, Sup-

porting Information Fig. S6). Moreover, in the mediastinal lymph

nodes, the RL-NE@Man treatment resulted in the lowest per-

centage of M2 macrophages. Concurrently, it promoted M1

macrophage polarization, achieving percentages that were 1.49-

fold and 3.47-fold greater than those in the RL-NE and RFP

groups, respectively (Supporting Information Figs. S7 and S8).

RL-NE@Man treatment induced the most significant reduction in

the M2 macrophage population in the BALF (Fig. 6G). In contrast,

no significant difference in the number of M1 macrophages was

detected among the groups (Fig. 6H). This phenotypic shift in

macrophages is consistent with the results observed in vitro

(Fig. 3E and F). Concurrently, the population of immunosup-

pressive M2-like macrophages and their associated protein

markers (e.g., CD206 and SPP1) were significantly reduced

(Supporting Information Fig. S9). RL-NE@Man treatment

significantly reduced the numbers of neutrophils (Fig. 6I) and

myeloid-derived suppressor cells (MDSCs) (Fig. 6J and Sup-

porting Information Fig. S10) in the BALF of mice. Similarly, the

RL-NE@Man group exhibited the most substantial expansion of

both CD4+ and CD8+ T-cell populations in the lymph nodes

(Supporting Information Fig. S11), suggesting that the elimination

of immunosuppressive M2 macrophages and MDSCs enhanced

antibacterial immunity. Notably, compared with those in the

control group, the bacterial clearance efficacy in the RL-NE@Man

inhalation therapy group was 94.5% lower in pulmonary M.

tuberculosis Ag85b expression (qPCR), with the bacterial clear-

ance efficacy surpassing that in the RL-NE treatment group

(Fig. 6K). Moreover, at the molecular level, the levels of TNF-α,

IL-6, and IFN-γ in the bronchoalveolar lavage fluid in the RL-

NE@Man group were reduced by 51.22%, 60.49%, and 67.1%,

respectively, compared with those in the control group (Fig. 6L

and Supporting Information Fig. S12). The levels of these in-

flammatory cytokines are closely associated with the prognosis of

pulmonary tuberculosis. Immunohistochemical analysis of TNF-

α, IL-6, and IL-1ß expression in murine lung tissues yielded

concordant results (Supporting Information Fig. S13), further

validating the enhanced therapeutic efficacy of RL-NE@Man over

RL-NE and free drug controls in attenuating granulomatous

pathology.

3.7. Biotoxicity evaluation

Finally, we evaluated the biotoxicity of RL-NE@Man in vitro and

in vivo. The evaluation commenced at the cellular level, where the

potential for direct cytotoxicity was assessed using BEAS-2B

normal human lung epithelial cells. This cell line was selected

as it represents the primary physiological barrier that an inhaled

therapeutic would encounter. Cells were exposed to a broad

spectrum of RL-NE@Man concentrations for a prolonged dura-

tion of 48 h, a timeframe designed to uncover any latent or

delayed cytotoxic effects. Reassuringly, subsequent cell prolifer-

ation assays revealed only a minimal, concentration-independent

suppression of growth. Even at the highest concentrations tested,

the viability of BEAS-2B cells remained largely unaffected,

indicating a negligible cytotoxic footprint and underscoring the

innate biocompatibility of the nanoemulsion formulation

(Fig. 7A). Building upon these promising in vitro results, we

proceeded to evaluate systemic tolerance in a living organism.

Mice were subjected to repeated nebulization of RL-NE@Man,

mimicking the intended route of administration. Systemic health

was meticulously monitored, with body weight serving as a pri-

mary and sensitive indicator of overall well-being and acute

toxicity. Over the course of the observation period, all animal

cohorts maintained stable and normal growth trajectories, with no

group exhibiting any significant weight loss compared to the

vehicle-control group. This absence of gross physiological

disturbance strongly suggests that the nanoemulsion is well-

tolerated and does not induce acute systemic toxicity (Fig. 7B).

To obtain a deeper, histopathological perspective, a comprehen-

sive analysis was performed on the third day after administration.

At this timepoint, blood samples were collected for hematological

and biochemical profiling, and major organs-including the heart,

liver, spleen, lungs, and kidneys-were harvested for detailed ex-

amination. Histological evaluation of tissue sections via H&E

staining provided a microscopic view of organ integrity. Critically,

this analysis uncovered no evidence of pathological alterations

across any of the organs inspected. The tissue architecture

remained pristine, with no signs of necrosis, apoptosis, cellular

vacuolization, or abnormal inflammatory cell infiltration

(Fig. 7C). The nanoemulsion left no discernible mark on the vital

organ structures. Finally, the collected blood samples were sub-

jected to detailed analysis. Routine blood index analysis, which

assesses the health of the hematopoietic system, showed that all

key parameters-including red blood cells, white blood cells, and

platelets-remained within normal physiological ranges following

RL-NE@Man treatment (Supporting Information Fig. S14A).

Concurrently, plasma biochemistry panels, which are critical for

evaluating liver function and kidney function, confirmed the

absence of organ damage. All measured indicators were unaltered

compared to control groups (Fig. S14B). Together, these data

provide compelling evidence that RL-NE@Man induces no acute

damage to the vital hematopoietic, hepatic, or renal systems. In
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Figure 6 Evaluation of the antibacterial and anti-inflammatory therapeutic efficacy of RL-NE@Man against H37Ra-induced pulmonary

tuberculosis in mice. (A) Schematic timeline of H37Ra-induced murine tuberculosis model development, therapeutic intervention, and experi-

mental sampling procedures. (B) H&E staining of lung tissues sections after different treatments. (C) Acid-fast staining of murine lung tissues

across different treatment groups. Red triangles indicate M. tuberculosis. (D) Immunohistochemistry for F4/80 (macrophage marker). Scale

bar � 50 μm. Representative images from three independent experiments with consistent results are shown. (E) Dendritic cell maturation in the

mediastinal lymph nodes (n � 4). (F) Expression levels of MHC class II molecules on dendritic cells from the mediastinal lymph nodes (n � 4).

(G) The proportion of M2 macrophages in the BALF (n � 4). (H) The proportion of M1 macrophages in the BALF (n � 4). (I) The proportion of

neutrophils in the BALF as detected by flow cytometry (n � 4). (J) The percentage of MDSCs in the BALF, quantified by flow cytometry (n � 4).

(K) qPCR detection of M. tuberculosis Ag85b DNA in lung homogenates (n � 3). (L) Comparison of the levels of the pro-inflammatory cytokine

TNF-α in the BALF of tuberculosis-infected mice following the designated treatment (n � 4). For panels E-L, data are presented as the

mean ± SD. Statistical analysis was performed by one-way ANOVA. *P < 0.05, **P < 0.01, ***P < 0.001. ns, not significant.
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summary, through a coordinated series of experiments from the

cellular to the whole-organism level, we have robustly established

that RL-NE@Man exhibits an outstanding safety profile. Its

minimal cytotoxicity, excellent in vivo tolerance, and absence of

histopathological or hematological abnormalities strongly advo-

cate for its further development as a promising and safe inhaled

therapeutic agent against pulmonary infections.

4. Discussion

The treatment of tuberculosis caused by M. tuberculosis infection

remains a formidable challenge, as conventional antibiotics suffer

from low bioavailability, inadequate targeting, and limited thera-

peutic efficacy. Prolonged antibiotic use further leads to poor

patient compliance and may even contribute to the development of

multidrug-resistant tuberculosis. The host immune response serves

as a critical determinant of tuberculosis containment; however, the

pathogen M. tuberculosis demonstrates persistent survival under

active immune surveillance.

Previous studies have reported that following phagocytosis by

macrophages via the respiratory tract, M. tuberculosis employs

lipid constituents of its cell wall to suppress

phagosome—lysosome fusion and modulate host immune re-

sponses, thereby facilitating its long-term intracellular survival

within macrophages40,41. Given the host infection characteristics

Figure 7 Safety evaluation of RL-NE@Man following aerosol inhalation. (A) CCK-8 assay-based evaluation of proliferative activity in BEAS-

2B cells in different groups treated for 48 h (n � 5). (B) Time-course body weight curve of mice following two aerosol administrations (n � 3).

(C) H&E staining of major organs. Scale bar � 100 μm. Data are expressed as mean ± SD.
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of M. tuberculosis and the histopathological features of tubercu-

lous granulomas, conventional antibiotics struggle to achieve

effective therapeutic concentrations at the lesion site through

intravenous or oral administration. The advancement of nano-

materials offers a novel perspective for addressing the limitations

of conventional antibiotics and improving tuberculosis treatment

efficacy.

Study has identified immunomodulatory nanoparticles that

mitigate pulmonary M. tuberculosis burden in murine models

through the induction of macrophage autophagy42, which creates a

therapeutic opportunity to recalibrate antimicrobial responses in

the tuberculous niche through targeted orchestration of macro-

phage polarization toward a microbiocidal phenotype43. A recent

study demonstrated that intravenously administered nanoparticles

capable of dual targeting tuberculous granulomas and intracellular

M. tuberculosis could eradicate the pathogen through photo-

thermal effects. This nanotherapeutic approach outperformed first-

line antibiotic regimens by simultaneously mitigating pulmonary

pathology and excessive inflammation23. However, these nano-

particles face significant translational challenges, including com-

plex fabrication processes, high production costs, and limited

scalability for industrial manufacturing. Previous study has

demonstrated that clinical-stage compounds can antagonize in-

hibitor of apoptosis proteins to target apoptotic pathways, thereby

enhancing M. tuberculosis clearance in murine models19. How-

ever, significant challenges remain exist, including high dosage

requirements, severe toxicity risks, and a lack of comprehensive

evaluation regarding their therapeutic efficacy when combined

with first-line antibiotics.

In this study, we report a rationally integrated, host-directed

therapeutic platform that utilizes an inhalable biomimetic nano-

emulsion co-loaded with rifampicin and LCL161, synergizing the

strengths of existing modalities while incorporating systematic

engineering to overcome their inherent limitations. This system

has demonstrated the ability to induce apoptosis in infected

macrophages, promote clearance of M. tuberculosis, and modulate

immune responses within the tuberculous microenvironment in

murine models. RL-NE@Man demonstrates superior anti-

tuberculosis efficacy through multiple mechanisms. First, the

RL-NE@Man system exhibits optimal aerodynamic properties for

pulmonary delivery, enabling enhanced penetration and retention

in tuberculosis-infected murine models. It achieves mannose

receptor-mediated targeting of M. tuberculosis-infected macro-

phages while demonstrating precise co-localization with intra-

cellular pathogens (Fig. 5G and I). Second, in vitro antibacterial

efficacy evaluations revealed that free LCL161 alone did not

exhibit significant antimycobacterial activity (Fig. 3B and

Fig. S4); notably, the blank nanoemulsion formulation displayed

measurable antibacterial activity, which may have arisen from the

inherent antimicrobial properties of the unsaturated fatty acids

present in its excipient composition (Fig. 3A—C and Fig. S4).

Furthermore, in murine tuberculosis models, RL-NE@Man inha-

lation therapy significantly modulated adaptive immunity by

enhancing M1 macrophage polarization while suppressing M2

phenotype in mediastinal lymph nodes of mice (Fig. S7),

concurrently expanding both CD4+ and CD8+ T cell populations

(Fig. S11). These findings align with established reports demon-

strating that apoptosis of M. tuberculosis-infected macrophages

contributes to the generation of antigen-specific T cell re-

sponses44,45. Moreover, the reduced bacterial burden in lung

tissues (Fig. 6K) contributed to the concomitant attenuation of

pro-inflammatory cytokines (IL-6, TNF-α, and IFN-γ), which are

established biomarkers of disease severity and mycobacterial

burden46,47. This anti-inflammatory effect aligns with clinical

observations of decreased plasma cytokine levels during thera-

peutic interventions46,48. Notably, we developed a lyophilization-

stable nanoemulsion formulation using scalable emulsification

techniques. The formulation parameters were systematically

optimized through a Box—Behnken experimental design to ensure

long-term storage stability. Critical inhalation quality parameters

were systematically optimized through both formulation compo-

sition refinement and aerodynamic performance enhancement.

Our study has several limitations. While our study successfully

demonstrated effective modulation of the tuberculous microenvi-

ronment in murine models, with significant reductions in pulmo-

nary bacterial burden and enhanced safety profiles, these findings

remain to be validated in non-human primates. Although

nanotechnology-enhanced antibiotics and immunomodulators

have demonstrated remarkable therapeutic efficacy in overcoming

bacterial resistance, the effectiveness of our strategy against

complex tuberculosis cases (particularly drug-resistant strains)

requires further validation. Addressing these challenges will

significantly accelerate the clinical translation of our findings.

5. Conclusions

We developed mannose-modified nebulizable nanoemulsions for

the treatment of tuberculosis. These nanoemulsions exhibit

excellent inhalation properties, enabling targeted penetration into

tuberculous granulomas and demonstrating good co-localization

with M. tuberculosis. They possess significant antibacterial effi-

cacy in vivo along with anti-inflammatory activity. We contend

that the programmed diversity within pulmonary macrophages is

currently underappreciated in existing drug and vaccine develop-

ment pipelines. The strategic harnessing of macrophage hetero-

geneity through targeted remodeling holds significant potential to

boost the efficacy of novel anti-tuberculosis therapies. Our ratio-

nally designed co-delivery platform coordinates temporal-spatial

control of two therapeutic actions: apoptosis-initiated immuno-

modulation that dismantles the protective granuloma architecture,

and antibiotic-triggered bactericidal activity against now-

vulnerable mycobacteria. This ‘niche disruption—pathogen clear-

ance’ strategy marks a fundamental shift in therapeutic design,

effectively overcoming the physiological barriers that have long

limited conventional tuberculosis treatment. More broadly, this

targeted approach establishes a novel treatment paradigm and may

offer a new conceptual framework and experimental basis for the

treatment of other refractory pulmonary infections.
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