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Abstract

Mycobacterium tuberculosis (Mtb) remains one of the most successful and lethal human pathogens
in evolutionary history. Its persistence is rooted in an intricate, dual-phase lifecycle that alternates
between active replication and clinical latency. Rather than remaining a passive bystander within
the host immune system, Mtb actively reprograms host macrophages, subverts innate immune
signaling, and exploits host tissue architecture to construct its own protective niche: the granuloma.
This review provides a comprehensive analysis of the molecular mechanisms driving Mtb
pathogenesis. We delineate the early stages of infection, specifically focusing on the inhibition of
phagosome-lysosome fusion and the arrest of phagosomal maturation driven by bacterial effectors
like PknG, PtpA, and SapM. Furthermore, we examine the Type VII secretion system (ESX-1) and
its role in mediating cytosolic escape, alongside host-pathogen metabolic cross-talk where Mtb
transitions to utilizing host cholesterol and fatty acids within lipid-loaded "foamy" macrophages.
Finally, we analyze the structural and immunological dynamics of the tuberculous granuloma,
detailing how this architecture acts as both a host defense mechanism and a bacterial sanctuary,
culminating in caseation, cavitation, and transmission. Understanding these host-pathogen
interactions is paramount for the development of targeted, host-directed therapeutics (HDTS)
designed to overcome antibiotic resistance.
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1. Introduction

Tuberculosis (TB), caused by the acid-fast bacillus Mycobacterium tuberculosis, represents a
monumental challenge to global public health. Despite the availability of curative multi-drug
regimens, Mtb continues to cause millions of infections annually, compounded by the alarming rise
of multi-drug-resistant (MDR) and extensively drug-resistant (XDR) strains . The evolutionary
success of Mtb relies entirely on its sophisticated capacity to survive, replicate, and persist within
the hostile intracellular environment of the human macrophage.

When infectious droplets containing Mtb are inhaled into the alveolar spaces of a naive host, they
are immediately encountered by alveolar macrophages and dendritic cells. In a standard bacterial
infection, these professional phagocytes engulf the pathogen, initiating a cascade of lysosomal
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fusion, vacuolar acidification, and oxidative stress that rapidly destroys the invader . However, Mtb
has evolved a suite of virulence factors that dismantle this innate immune response from within.

Rather than succumbing to intracellular destruction, Mtb halts phagosomal maturation, breaches
vacuolar membranes to access the nutrient-rich cytosol, and actively manipulates host transcription
profiles via altered cytokine pathways . As the adaptive immune response is recruited, the host
attempts to wall off the infection, creating organized cellular aggregates known as granulomas .
While historically viewed as a successful host-driven containment mechanism, contemporary
research demonstrates that the granuloma is a highly dynamic battleground. Mtb actively exploits
this structure, utilizing it as an immunologically privileged sanctuary to enter metabolic latency,
resist antimicrobial penetration, and eventually drive tissue necrosis to facilitate onward
transmission .

This review explores the basic science of the host-pathogen interface in TB. By mapping the
molecular pathways of cellular evasion, metabolic adaptation, and granuloma dynamics, we provide
a structured overview of Mtb pathogenesis and highlight how these pathways inform the next
generation of host-directed therapies.

2. Phase | : Entry and Phagosome Maturation Arrest

The primary intracellular home of Mtb is the macrophage. Entry into the host cell is mediated by an
array of pattern recognition receptors (PRRS) on the macrophage surface, including complement
receptors (CR1, CR3, CR4), mannose receptors (MR), and scavenger receptors . This receptor-
mediated phagocytosis internalizes the bacillus into a specialized membrane-bound vacuole termed
the phagosome.

In a canonical phagocytic event, the early phagosome sequentially interacts with endocytic vesicles,
migrating from an early endosome status to a late endosome, and finally fusing with a lysosome to
form a highly acidic, hydrolytic phagolysosome. This maturation process is orchestrated by small
Rab GTPases (such as Rab5 and Rab7) and the recruitment of the vacuolar $H"+$-ATPase (v-
ATPase) pump, which drops the internal pH to below 5.0. Mtb completely paralyzes this maturation
cascade, maintaining the phagosome at a hospitable pH of approximately 6.2-6.4 .

2.1  PknG ( Protein Kinase G)

PknG is a soluble eukaryotic-like serine/threonine protein kinase secreted by Mtb within the host
macrophage cytoplasm. Once inside the cytosol, PknG interrupts host intracellular trafficking. It
prevents the recruitment and activation of Rab7, the specific GTPase required for transitioning a
late phagosome into a phagolysosome (Walburger et al., 2004). By maintaining the phagosome in a
permanent Rab5-positive, early endosomal state, Mtb avoids exposure to the toxic lysosomal
hydrolases and proteases that would otherwise digest the bacterium.

2,2 PtpA (Protein Tyrosine Phosphatase A)

Upon internalization, Mtb secretes PtpA into the macrophage cytoplasm, where it targets two
distinct host proteins to eliminate vacuolar acidification and vesicle fusion :

¢ VPS33B Inhibition: PtpA binds to and dephosphorylates the host protein VPS33B, a core
component of the HOPS (homotypic fusion and vacuole protein sorting) complex. This
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dephosphorylation disrupts the HOPS complex's ability to drive vesicle fusion between the late
endosome and the lysosome.

e Vv-ATPase Subversion: PtpA physically binds to subunit H of the host macrophage v-ATPase
proton pump. By binding directly to this machinery, PtpA blocks the pump's assembly on the
phagosomal membrane, preventing the translocation of hydrogen ions ($H"+$) into the vacuole.
Consequently, the phagosome cannot acidify, stripping the macrophage of its primary mechanism
of microbial inhibition.

2.3 SapM (Secreted Acid Phosphatase M)

The recruitment of key endosomal tethering proteins, such as Early Endosome Antigen 1 (EEA1),
requires the presence of a specific signaling lipid on the phagosomal membrane:
phosphatidylinositol 3-phosphate (P13P). EEAL acts as a bridge, allowing the phagosome to dock
and fuse with late endocytic compartments.

Mtb secretes SapM, a highly specialized lipid phosphatase that hydrolyzes PI3P directly from the
cytosolic face of the phagosomal membrane . By depleting the phagosome of PI3P, SapM
eliminates the binding sites for EEAL. Deprived of its tethering molecules, the Mtb-containing
phagosome becomes structurally isolated, completely stalling the endocytic maturation pathway.
The direct divergence between standard phagolysosomal routing and this arrested state is illustrated
in Figure 1.
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Figure 1. Molecular mechanisms of Mtb-driven phagosome maturation arrest.

Schematic comparison between canonical phagolysosome formation and the halted pathway inside
an Mtb-infected macrophage. Secreted bacterial effectors PknG, PtpA, and SapM disrupt specific
host trafficking elements (Rab7, HOPS, v-ATPase, and PI3P), blocking acidification and structural
fusion with the host lysosome.

3. Phase 11: Cytosolic Escape and Host Cell Reprogramming

While halting phagosome maturation provides a temporary refuge, remaining indefinitely inside a
stagnant vacuole exposes the pathogen to eventual autophagic clearance or nutrient deprivation. To
secure long-term survival, Mtb initiates a coordinated breakout into the host cell's nutrient-dense
cytosol and begins actively altering host signaling networks.

3.1 The ESX-1 Type VII Secretion System
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The capability of virulent Mtb strains to breach the phagosomal membrane is entirely dependent on
the ESX-1 (Early Secreted Antigen Target 6 kDa secretion system 1), a complex Type VII secretion
system embedded within the dense, mycolic acid-rich mycobacterial cell envelope .

ESX-1 mediates the transport and secretion of two core virulence factors: ESAT-6 (Early Secreted
Antigen Target 6 kDa) and CFP-10 (Culture Filtrate Protein 10 kDa). Inside the bacterial
cytoplasm, these two proteins are synthesized as a tight, helical heterodimer. Following secretion
into the confined lumen of the phagosome, the acidic microenvironment triggers a structural shift,
inducing the dissociation of the heterodimer .

Free ESAT-6 exhibits unique lipophilic and membrane-inserting properties. It acts as a molecular
drill, inserting directly into the host phagosomal lipid bilayer and forming pore structures that
destabilize membrane integrity. This localized lysis triggers a complete rupture of the phagosomal
membrane, allowing Mtb to physically exit the damaged vacuole and escape into the host
macrophage cytosol (Figure 2). In the cytosol, Mth accesses rich stores of host nutrients, free amino
acids, and iron, laying the groundwork for replication.
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Figure 2. Structural architecture of the Type VII ESX-1 secretion machine and
cytosolic escape
Close-up model of the mycobacterial cell envelope displaying the core ESX-1 complex. Secreted
ESAT-6/CFP-10 heterodimers dissociate under low pH, releasing lipophilic ESAT-6 monomers that
disrupt the host phagosomal bilayer to permit bacterial transition into the host nutrient-rich cytosol.
3.2 Epigenetic and miRNA Manipulation of Host Immune Signaling

Beyond physical escape, Mtb alters the host's cellular defense programs through epigenetic
modifications and the induction of specific host microRNAs (mIRNAs). Mtb infection triggers a
highly tailored transcription program within the macrophage to suppress pro-inflammatory
pathways while upregulating anti-inflammatory circuits.

« Suppression of TNF-$\alpha$ via miR-125a: Mtb selectively upregulates host miR-125a, which

targets and degrades the mRNA transcripts of critical signaling adaptors in the Toll-like Receptor
(TLR) pathway. This effectively blunts the production of Tumor Necrosis Factor-alpha (TNF-
$\alpha$), a cytokine vital for macrophage activation and the maintenance of granuloma structural
integrity .

« Inhibition of Autophagy via miR-17-5p: To prevent the host cell from capturing cytosolic Mtb
via selective macroautophagy (xenophagy), the pathogen drives the over-expression of miR-17-5p.

This specific miRNA silences host targets like Mcl-1 and Stat3, which are essential up-stream
regulators of autophagosome formation.

Additionally, Mtb releases proteins that cross into the host nucleus. For example, Rv1988 is a
mycobacterial secretory protein that functions as a histone methyltransferase. Rv1988 localizes
directly to the host chromosome, inducing histone H3 methylation at specific gene loci responsible
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for generating reactive oxygen species (ROS). By structurally locking these host genes in an
inactive heterochromatin state, Mtb dampens the macrophage's oxidative burst capacity.
3.5 Host —Pathogen Metabolic Cross-Talk :”Foamy” Macrophage

As Mtb establishes its intracellular niche, it shifts its core metabolic requirements. Instead of relying
on standard carbohydrates or glycolysis for energy, Mtb shifts to a highly specialized lipid-centric
diet, rewiring the host cell's lipid processing pathways to create *foamy" macrophages .

3.5 Induction of Lipid Droplet Accumulation

Mtb forces the host macrophage to accumulate massive internal stores of neutral lipids, primarily
triacylglycerols (TAGs) and cholesteryl esters, giving the cells a characteristic foamy appearance
under microscopic evaluation. This is achieved via two parallel bacterial strategies:

1. Activation of PPAR-$\gamma$: Mtb cell wall components, such as lipoarabinomannan
(LAM), strongly trigger host Peroxisome Proliferator-Activated Receptor Gamma (PPAR-
$\gamma$). Activation of this nuclear receptor drives the transcription of host lipid-storage
proteins, specifically ADRP (Adipose Differentiation-Related Protein) and perilipin, which
physically coat and stabilize intracellular lipid droplets, preventing their metabolic breakdown by
host lipases .

2. Disruption of Efflux: Simultaneously, Mth suppresses host cholesterol efflux transporters, such
as ABCAL. This prevents the macrophage from pumping excess cholesterol out of the cell, locking
the host in a permanent state of hyperlipidemia.

3.6  Bacterial Exploitation of Host Cholesterol

For Mtb, these accumulated host lipid droplets are not just storage waste; they represent a primary
energy matrix and carbon source required for long-term survival and clinical latency. Mtb expresses
an exceptionally large number of lipid-metabolizing enzymes within its genome, including the
specialized mce4 (mammalian cell entry 4) transport system .

The Mced complex acts as an active, high-affinity cholesterol importer embedded in the
mycobacterial membrane. Once cholesterol is brought inside the bacterial cell wall, Mtb breaks it
down via its internal $\beta$-oxidation machinery, feeding the resulting carbon fragments directly
into the glyoxylate shunt—an alternate metabolic pathway driven by the bacterial enzymes
isocitrate lyase 1 and 2 (Icll and Icl2) .

The glyoxylate shunt bypasses the carbon-degrading steps of the canonical tricarboxylic acid (TCA)
cycle, allowing Mtb to synthesize essential carbohydrates from lipid sources without losing carbon
as $CO_2%. This metabolic adaptation allows Mtb to sustain itself during extended periods of
dormancy when glucose and oxygen are restricted.

4. Phase 111 :The Tuberculous Granuloma
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The definitive hallmark of tuberculosis pathogenesis is the formation of the granuloma.
Traditionally defined as a defensive host mechanism designed to restrict bacterial dissemination,
current molecular evidence reveals that the granuloma is a highly dynamic, highly contested
structure that Mtb actively molds to serve its lifecycle requirements .

4.1 Cellular Architecture and Structural Zones

The mature tuberculous granuloma is a highly organized, spherical cellular aggregate comprising
distinct immunological micro-environments. Its layout can be categorized into three distinct layers:

1. The Necrotic Core: Located at the literal center of the structure, this zone contains infected
macrophages that have undergone necrotic cell death, mixing with extracellular bacteria, cellular
debris, and a thick, lipid-rich, semi-solid matrix known as caseum.

2. The Epithelioid and Giant Cell Ring: Encircling the core is a dense layer of highly
differentiated macrophages. Under the continuous influence of localized cytokines, these
macrophages undergo structural changes:

o Epithelioid Macrophages: Cells that develop interlocked cell-to-cell junctions, forming a
tightly sealed barrier to isolate the core.

o Multinucleated Giant Cells (Langhans Giant Cells): Formed via the cytokine-driven fusion of
multiple macrophages, resulting in a large cell with a horseshoe-like arrangement of nuclei. These
cells exhibit altered phagocytic capability.

o Foamy Macrophages: Packed with lipid droplets, residing primarily on the boundary of the
necrotic core, feeding the extracellular bacilli .

3. The Lymphocytic Periphery: The outermost layer forms a fibrotic capsule laced with CD4+
and CD8+ T lymphocytes, B cells, natural Killer (NK) cells, and dendritic cells. This peripheral ring
provides continuous immunological oversight, tracking the core via chemical gradients. The precise
concentric arrangement of these specific sub-populations is detailed in Figure 3.

¥
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Figure 3. Concentric cellular layout and tissue microenvironments of the mature tuberculous
granuloma.
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A cross-sectional view of cellular organization showing the central, lipid-dense caseous core
enveloped sequentially by differentiated epithelioid macrophages, Langhans giant cells, lipid-
loaded foamy macrophages, and an outer lymphoid cuff bounded by a peripheral collagen capsule.

4.2 The Granuloma as a bacterial Sanctuary

While the host uses the granuloma to limit systemic bacterial spread, Mtb utilizes this precise
architecture as a protective shield.

The outer fibrotic wall and dense cellular layers create an extensive physical barrier that
dramatically impedes the penetration of modern antibiotics, contributing to the prolonged treatment
times required for clinical eradication. Furthermore, as the center of the granuloma becomes
progressively avascular, a steep oxygen gradient develops, plunging the necrotic core into profound
hypoxia .

Rather than dying, Mtb senses this hypoxia via its two-component DosR/DosS/DosT regulatory
network. The activation of the DosR regulon down-regulates standard replication machinery and
turns on a latency program, shifting the bacterium into a non-replicating, metabolically dormant
state. In this state, Mtb becomes highly resistant to traditional, replication-targeting antibiotics like
Isoniazid, ensuring its survival for decades.

5.Comperhensive Overview of Virulence Factors

To synthesize the diverse pathways discussed, Table 1 details the major virulence factors utilized
by Mycobacterium tuberculosis, their specific host targets, and their functional outcomes during
infection.

Table 1. Primary Virulence Factors of Mycobacterium tuberculosis and Host Pathways
Subverted

Virulence  Bacterial Primary Host Target Biological and Pathological  Citation
Factor Location / Pathway Outcome Reference
Secretion Mode

Secreted soluble  Host Rab7 GTPase Blocks late endosome Walburger et
Kinase activation pathway transformation; arrests al., 2004
phagosome-lysosome fusion.

Secreted soluble  HOPS complex Prevents vacuolar membrane ~ Wong et al.,
phosphatase (VPS33B) & v-ATPase fusion and blocks proton 2013
Subunit H accumulation, stopping
acidification.

Page27 LIMST | www.ljmst.com.ly


http://www.ijamred.com/

LIBYAN JOURNAL OF MEDICAL SCIENCES AND TECHNOLOGIES (LJIMST) G

Volume 1, Issue 1 | April - June 2026 | www.ijamred.com |;
Peer-Reviewed Open Access Journal g

DOI: https://doi.org/10.77777/]jmst.v1i1.004 e ﬁ

Libyan Journal of
Medical Sciences and Technologies
An International Peer-Reviewed Journal

Secreted lipid Phosphatidylinositol 3- Depletes membrane PI3P, Walburger et
phosphatase phosphate (P13P) preventing the recruitment of  al., 2004
EEA1 and halting maturation.

ESAT-6/ | Secreted via Host phagosomal lipid Induces pore formation and Houben et
CFP-10 ESX-1 (Type bilayer membranes membrane lysis, driving Mtb al., 2012
VII system) escape into the host cytosol.

Rv1988 Secreted nuclear Host Chromosome Induces epigenetic Stutz et al.,
protein Histone H3 methylation, silencing genes 2022
responsible for the oxidative
burst.

Outer cell wall Host intracellular Serves as a high-affinity Pandey &

transport system  cholesterol stores importer, supplying carbon Sassetti,
molecules directly to the 2008
glyoxylate shunt.

Icll/ Icl2 Intra-bacterial Glyoxylate Shunt bypass  Bypasses standard TCA cycle Pandey &
metabolic pathway carbon loss, allowing survival — Sassetti,
enzyme during lipid-driven latency. 2008

6.Phase 1V: Caseation, Cavitation, and Transmission

The final stage of Mtb pathogenesis represents a complete breakdown of host containment, shifting
the disease from a silent, latent state to an active, infectious clinical presentation. This phase is
characterized by a transition from a stable, cellular granuloma to an unstable, destructive tissue
lesion .

6.1 Caseation and Liquefaction

As the structural balance inside the granuloma tips—often driven by changes in host immune status
or an over-activation of localized inflammatory signals—infected macrophages undergo
coordinated necrosis rather than immunologically silent apoptosis . Mtb actively drives necrosis
because it breaks open the host cell without damaging the bacteria, allowing them to accumulate
extracellularly.

The center of the granuloma transforms into a cheese-like, semi-solid substance termed caseum.
This process, known as caseation, is accelerated by the excessive production of host Matrix
Metalloproteinases (MMPs), particularly MMP-1 and MMP-9, which are secreted by surrounding
neutrophils and macrophages . These enzymes degrade the structural collagen and extracellular
matrix frameworks that support lung architecture.
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6.2 Cavitation and Bronchial Erosion

Over time, the solid caseous core undergoes physical liquefaction. Driven by altered lipid
composition and tissue hydrases, the core softens into a liquid fluid. This expanding fluid-filled
mass exerts pressure on surrounding pulmonary tissues, eventually eroding directly through the
walls of adjacent bronchial airways.

Once the liquefied granuloma breaches a bronchiole, the fluid drains out, leaving behind a
permanent, air-filled void within the lung parenchyma known as a pulmonary cavity. The structural
breach introduces a sudden, massive influx of atmospheric oxygen (O_2) into what was previously
a hypoxic core. Exposed to high oxygen levels, the dormant Mtb bacilli reactivate their aerobic
respiratory pathways, initiating a phase of rapid extracellular replication. Countless millions of Mtb
bacilli accumulate within the unprotected walls of the cavity.

6.3 Aerosolization and Transmission

The physical connection between the pulmonary cavity and the bronchial tree provides Mtb with a
direct exit route from the host. When the patient coughs, speaks, or sneezes, the forceful expelling
of air over the liquid, bacteria-rich secretions inside the cavity shears the fluid into fine aerosol
droplets. Droplets smaller than 5 mm in diameter, each carrying a payload of viable, infectious Mtb
bacilli, remain suspended in ambient air currents for extended periods. When these droplets are
inhaled by a new, susceptible host, the entire transmission cycle begins anew .

7.Discussion and Future Therapeutic Outlook: Host- Directed Therapies (HDTs)

For over half a century, the global medical consensus for treating tuberculosis has focused
exclusively on targeting the pathogen directly through complex combinations of small-molecule
antibiotics. However, the rise of multi-drug resistant strains, combined with the metabolic
dormancy adopted by Mtb within the granuloma, highlights the limitations of traditional antibiotic
approaches.

These challenges have led to the development of Host-Directed Therapies (HDTs) . Rather than
targeting the rapidly evolving bacterial genome, HDTs focus on modulating or boosting the stable
genetic pathways of the human host, reinforcing the macrophage's native defense systems or
modifying granuloma architecture to enhance drug delivery.

7.1 Statins As Autophagy Boosters

One of the most promising avenues of HDT research involves repurposing common cholesterol-
lowering medications: HMG-CoA reductase inhibitors (statins).

As established previously, Mtb relies heavily on the accumulation of host cholesterol and lipid
droplets within foamy macrophages to feed its glyoxylate shunt and maintain latency . By
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administering statins (such as Atorvastatin), clinicians can inhibit the host's intra-cellular
mevalonate pathway, reducing cholesterol availability within the macrophage.

Beyond depriving the pathogen of its preferred nutrient source, the disruption of the mevalonate
pathway triggers an integrated cellular stress response that upregulates AMPK (AMP-activated
protein kinase) signaling. AMPK is a key driver of host cell autophagy. The activation of this
pathway forces the macrophage to bypass the blocked phagosome maturation checkpoints,
enclosing cytosolic Mtb inside autophagosomes and delivering the bacteria directly to
autophagolysosomes for degradation .

7.2 Modulation of Inflammation via MMP Inhibitors

Another strategic focus of HDTs centers on protecting lung tissue from the destructive cavitation
processes that drive transmission. Because tissue cavitation is driven by host Matrix
Metalloproteinases (specifically MMP-1, MMP-3, and MMP-9) degrading the pulmonary matrix,
utilizing targeted MMP inhibitors (such as Doxycycline at sub-antimicrobial doses) can preserve
lung parenchyma . By stabilizing the structural matrix around the granuloma periphery, these
inhibitors prevent lesion rupture and cavity formation, restricting bacterial reactivation and reducing
tissue damage.

7.3 The Immunotherapy Crossroads: Lessons from Oncology

The delicate immune balance within the granuloma is highlighted by clinical observations in
oncology, specifically regarding the use of immune checkpoint inhibitors (e.g., anti-PD-1 or anti-
PD-L1 therapies). These cancer immunotherapies work by blocking inhibitory pathways, allowing
T cells to attack malignant tumors.

However, in patients with undiagnosed latent tuberculosis, checkpoint inhibition can inadvertently
cause severe, acute reactivation of TB. This occurs because sudden, uncontrolled T-cell activation
disrupts the balanced, low-level inflammation required to maintain the granuloma’s structural
integrity. The resulting hyper-inflammatory response causes rapid caseation and necrosis of the
granulomatous wall, releasing latent bacilli. This clinical cross-talk underlines the complexity of
host-pathogen dynamics: therapeutic interventions must carefully balance the immune response,
avoiding both immunosuppressive failure and hyper-inflammatory tissue destruction.

9. Conclusion

Mycobacterium tuberculosis is a highly adapted pathogen capable of subverting the human
immune system. Its survival strategy relies on a sequence of molecular maneuvers: arresting
phagosomal maturation via secreted effectors like PknG and PtpA, executing a Type VII secretion-
dependent cytosolic breakout, and metabolically hijacking host lipid pathways to establish long-
term residency within foamy macrophages.
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The tuberculous granuloma represents the climax of this host-pathogen interaction. It stands as a
complex structure where host containment and bacterial survival are deeply intertwined, ultimately
leading to tissue liquefaction, pulmonary cavitation, and aerosol transmission.

Conquering tuberculosis requires looking beyond the bacterial cell wall. Future therapeutic
strategies must look past standard antibiotic models and focus on the molecular cross-talk at the
host-pathogen interface. By combining traditional antimicrobial agents with host-directed therapies
that restore phagosomal pathways, optimize autophagy, and preserve lung tissue integrity, modern
medicine can disrupt Mtb's survival strategies and pave the way toward global eradication.
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