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Abstract

Despite the availability of antibiotics, pulmonary tuberculosis (TB) remains a leading infectious cause
of mortality globally. Treatment failure and the emergence of drug-resistant strains are largely driven
by the heterogeneous architecture of caseating granulomas and the complex biophysical mechanisms
by which Mycobacterium tuberculosis (Mtb) evades host immunity. Highly lipophilic frontline drugs,

such as bedaquiline and clofazimine, exhibit severe sequestration within the lipid-rich necrotic
caseum, preventing them from reaching the dormant persister bacilli at the lesion's core.*
Furthermore, recent biophysical discoveries reveal that Mtb utilizes extracellular vesicles and
specialized lipids to mechanically stiffen host macrophage membranes, thereby arresting
phagosome-lysosome fusion.® This review proposes an Al-optimized, "Trojan Horse" hybrid
nanocarrier strategy —comprising a lipidic core, a mucoadhesive chitosan shell, mannose-targeted

ligands, and pH-responsive release mechanisms—to bypass these dual barriers.® By bridging lesion-

(f u_casewn eff) novel bioorthogonal diagnostic probes, and machine

centric pharmacokinetics
learning formulation designs, we present a translational roadmap aimed at achieving complete

sterilization of caseous cavities.*

Keywords: tuberculosis; caseous lesions; nanomedicine; macrophage targeting; lipid nanoparticles;
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1. Introduction: Historical Context and the Drug Resistance Crisis

Tuberculosis has afflicted humanity since antiquity, with genomic and phylogenetic evidence
suggesting that the Mycobacterium tuberculosis complex co-evolved with early human migrations from
Africa tens of thousands of years ago.! Paleopathological analyses of Egyptian mummies and ancient
texts from Greece, India, and China document the historical devastation of the disease, historically
termed "Phthisis" or the "White Plague".2

A monumental shift in the medical understanding of TB occurred on March 24, 1882, when
Robert Koch isolated the tubercle bacillus, definitively proving its infectious etiology and establishing
the foundation for modern bacteriology.? Early treatments were confined to sanatoria and surgical
interventions until the dawn of the antibiotic era, heralded by the discovery of streptomycin in 1943
by Selman Waksman and his team.? This breakthrough was rapidly followed by the introduction of
isoniazid, pyrazinamide, ethambutol, and rifampicin, which transformed TB into a curable
condition.?

However, this therapeutic triumph has been severely undermined by the emergence of
multidrug-resistant (MDR-TB) and extensively drug-resistant (XDR-TB) strains, exacerbated by
lengthy treatment regimens and patient non-compliance.’? While recent approvals of novel agents
like bedaquiline, pretomanid, and repurposed clofazimine offer new hope, their in vivo efficacy is
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frequently hindered by profound physiological barriers.* Overcoming these obstacles requires a
paradigm shift from traditional plasma-centric pharmacology to targeted nanomedicine designed
specifically for the granuloma microenvironment.8

2. Spatial Localization: The Caseum as a Pharmacological Sanctuary

The hallmark of pulmonary TB is the formation of the granuloma, a highly organized immune
structure. In cavitary TB, the center of the granuloma undergoes necrosis, forming a cheese-like
substance known as caseum.* This caseous core is a biologically extreme environment: it is completely
avascular, highly hypoxic, and densely packed with lipid-rich debris derived from necrotic foamy
macrophages.>

Subjected to this nutrient-starved and acidic milieu, Mtb undergoes a metabolic shift,
transitioning into non-replicating, dormant persister cells.!®> These persisters do not rely on genetic
mutations for survival; rather, they exhibit extreme "phenotypic tolerance" to standard bactericidal
antibiotics designed to target rapidly dividing cells.’® Eradicating these subpopulations requires
drugs that can physically penetrate the dense, lipid-rich caseum matrix —a challenge that dictates the
success or failure of current therapeutic regimens.’

3. Biophysical Mechanisms of Immune Evasion

Beyond the physical barrier of the caseum, Mtb employs highly sophisticated, physically driven
mechanisms to hijack host macrophages and evade intracellular destruction.

3.1. Extracellular Vesicles and Membrane Stiffening

Groundbreaking biophysical research elucidated a mechanical evasion strategy: Mtb actively
secretes nanoscale extracellular vesicles (EVs) laden with pathogenic lipids that fuse with host
macrophage membranes.® This fusion induces a drastic physical alteration, significantly increasing
the surface tension and rigidity of the host's cellular and phagosomal membranes.¢ Because
phagosome-lysosome fusion requires membrane flexibility to form intermediate structures like pores
and stalks, the pathogen-induced membrane stiffening physically arrests phagosome maturation.®
Consequently, the Mtb bacilli are shielded within a protective intracellular bunker, avoiding the
lethal acidic and enzymatic environment of the lysosome.6

3.2. Lipid-Mediated Disruption of Phagocytosis and Maturation

Mtb's unique cell envelope lipids act as powerful virulence factors:

L Lipoarabinomannan (LAM): LAM inserts into the host membrane, altering the molecular
packing of sphingomyelin-cholesterol microdomains. This rigidifies the domains in a stable 3D
conformation, effectively preventing the vesicle association required for lysosomal fusion.™

L Phthiocerol dimycocerosates (DIM): Exhibiting a conical geometry, DIM promotes the
formation of inverted hexagonal non-bilayer phases in the host membrane. This reduces the energy
required for membrane curvature, facilitating smooth phagocytosis without triggering robust
immune signaling.1>

] Trehalose dimycolate (TDM): TDM disrupts membrane fusion molecularly by forcing
host SNARE proteins into non-canonical complexes (e.g., complexing with VAMP2 instead of
VAMPS), paralyzing the phagosomal maturation pathway.

4. Lesion Pharmacokinetics: The Lipophilic Drug Paradox

Traditional drug development relies heavily on plasma pharmacokinetics. However, studies
have definitively proven that plasma exposure correlates poorly with drug distribution inside the
granuloma.’
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By adapting the Rapid Equilibrium Dialysis (RED) assay to measure drug binding to caseum
homogenates, researchers uncovered a critical paradox regarding modern anti-TB drugs.’® Highly
lipophilic drugs, which form the backbone of modern MDR-TB regimens (e.g., bedaquiline and
clofazimine), exhibit massive non-specific binding to the lipid debris in the necrotic core.> The

unbound, freely diffusing fraction (f U_ERSEUR ) of these drugs is often < 0.01%.5 Matrix-assisted laser
desorption/ionization mass spectrometry imaging (MALDI-MSI) visually confirms this phenomenon,
showing clofazimine intensely accumulated in the cellular rim but entirely absent from the central
caseum where persisters reside.”” Conversely, smaller, less lipophilic drugs like pyrazinamide

demonstrate high free fractions (f U-CASEWT > 99.9%) and diffuse readily throughout the lesion.>

5. The "Trojan Horse" Strategy: AI-Optimized Hybrid Nanocarriers

To bypass both the biophysical immune evasion of Mtb and the severe caseum binding of
lipophilic drugs, we propose a rational, targeted "Irojan Horse" nanocarrier system designed
specifically for the TB microenvironment.*

5.1. Nanocarrier Architecture

1. Lipidic Core: The core utilizes solid-lipid nanoparticles (SLNs) or nanostructured lipid
carriers (NLCs) to encapsulate highly lipophilic drugs (bedaquiline, clofazimine) at high payloads.?
This physically shields the drug from premature binding to caseum debris, artificially circumventing

the low Fu_caseum limitation.*

2. Chitosan Shell: A polymeric coating of chitosan provides colloidal stability and
mucoadhesive properties, making the formulation highly suitable for localized pulmonary delivery
via dry powder inhalation.?!

3. Active Macrophage Targeting: The surface is functionalized with mannose ligands.
Because infected alveolar macrophages overexpress mannose receptors (CD206), the nanocarriers are
selectively phagocytosed.® The infected macrophage then acts as a Trojan horse, migrating deep into
the inflamed granuloma tissue carrying the protected drug payload.*

4. pH-Responsive Release Trigger: To prevent systemic toxicity, the nanocarrier utilizes
stimuli-responsive linkages (e.g., hydrazone bonds). These bonds remain intact in the blood (pH 7.4)
but rapidly degrade in the acidic microenvironment of the phagolysosome and caseum (pH 5.5-6.5),
releasing a massive, localized dose of bactericidal agents directly upon the intracellular bacilli.??

5.2. AI-Driven Formulation and Synergy

Designing this multi-component nanoparticle is an intrinsically high-dimensional problem.
Utilizing Artificial Intelligence (AI), specifically Bayesian Optimization and Machine Learning
algorithms like XGBoost, allows researchers to navigate complex design spaces efficiently.?® These
algorithms can predict critical quality attributes (size, zeta potential, encapsulation efficiency) with
over 94% accuracy, significantly accelerating the path to scalable manufacturing.?* Furthermore, Al
chemo-genomics platforms have successfully predicted unprecedented synergistic combinations
(e.g., bedaquiline, clofazimine, pretomanid, and thioridazine) that, when co-encapsulated into
nanocarriers, could overwhelm Mtb resistance mechanisms.25

6. Diagnostic Innovations: Bioorthogonal Targeting of Rare Glycans

The effectiveness of advanced nanomedicines relies on equally advanced diagnostic capabilities.
A 2025 breakthrough by Kiessling and colleagues at MIT provides a novel method for identifying
Mtb.26 The virulent Mtb glycan ManLAM 1is capped with a rare, unique sugar called
methylthioxylofuranose (MTX), which contains a highly specific thioether bond.2¢
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By utilizing a small-molecule oxaziridine probe, the team achieved highly selective,
bioorthogonal labeling of MTX on live mycobacteria without genetic modification.? This innovation
allows for the real-time spatial imaging of ManLAM dynamics during macrophage infection and
paves the way for rapid, ultrasensitive diagnostic tests that detect pathogen-specific glycans in urine
or sputum long before traditional cultures yield results.2

7. Experimental Roadmap and Conclusion

Translating these nanotechnologies to clinical practice requires abandoning generic
pharmacokinetic testing in favor of lesion-mimetic criteria.* Future investigations must prioritize:

fu_::aseum

1. Quantifying and effective diffusion (Def f ) of nanocarriers using RED

assays.!8

2. Demonstrating intracellular localization and pH-triggered release in primary human
macrophages.??

3. Validating spatial drug penetration gradients in caseous animal models using MALDI-
MSL.Y7

Conclusion: The persistence of cavitary TB is dictated by the spatial pharmacology of the caseum and the
biophysical manipulation of host membranes by Mtb. By integrating Al-optimized, macrophage-targeted lipid
nanoparticles with novel bioorthogonal diagnostics, modern medicine can bypass these formidable barriers.!
This multidisciplinary framework offers a viable path toward shortening treatment regimens, rescuing modern
lipophilic drugs from caseum sequestration, and ultimately achieving sterilizing cures in drug-resistant

tuberculosis.
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