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Abstract

Bacterial pathogens employ diverse virulence factors to establish infection, evade host defences and promote disease progression. This review examines the virulence strategies of two clinically significant human pathogens, Staphylococcus aureus and Mycobacterium tuberculosis, which represent contrasting paradigms of bacterial infection. S. aureus utilizes an extensive repertoire of adhesins, exotoxins, immune evasion molecules and biofilm-forming mechanisms to induce rapid tissue destruction and systemic disease. In contrast, M. tuberculosis relies on complex cell wall components, intracellular survival mechanisms, immune modulation and dormancy associated pathways to establish persistent infection. Key virulence determinants include Microbial Surface Components Recognizing Adhesive Matrix Molecules (MSCRAMMs), protein A, α-toxins, quorum sensing systems, mycolic acids, lipoarabinomannan, ESX secretion systems and the DosR regulon. A comparative analysis highlights fundamental differences in acute and chronic infection strategies adopted by these pathogens. Understanding these distinct virulence strategies may facilitate the development of novel anti-virulence therapies and host-directed interventions, particularly in the context of rising antimicrobial-resistant pathogens.
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INTRODUCTION
Bacterial virulence factors comprise specialized structural components, secreted effectors, enzymes, and regulatory networks that enable pathogens to colonize host tissues, evade immune responses, and establish disease[1]. These factors coordinate critical stages of infection, including adhesion, invasion, immune modulation and dissemination.
Among bacterial pathogens, Staphylococcus aureus and Mycobacterium tuberculosis represent two contrasting yet globally important models of infection. Staphylococcus aureus is a Gram-positive opportunistic pathogen responsible for a wide spectrum of diseases ranging from superficial skin and soft tissue infections to life threatening endocarditis, osteomyelitis, necrotizing pneumonia and sepsis[2]. Its success as a pathogen is attributed to its diverse range of virulence factors and its ability to acquire antimicrobial resistance, exemplified by Methicillin-resistant S. aureus (MRSA). Recent studies have demonstrated that S. aureus primarily relies on adhesins, exotoxins, immune evasion molecules and biofilm formation, contributing to persistence, recurrence and treatment failure[3]. 
Conversely, Mycobacterium tuberculosis, the etiological agent of tuberculosis, one of the leading infectious causes of mortality worldwide is a slow-growing intracellular pathogen that primarily infects macrophages. M. tuberculosis’s virulence stems from its ability to survive inside host cells  through a lipid-rich cell envelope, manipulate ESX secretion systems, form granulomas and establish dormancy[4, 5]. 
The selection of Staphylococcus aureus and Mycobacterium tuberculosis for comparison is particularly relevant because they represent two fundamentally different strategies of bacterial pathogenesis. While S. aureus causes predominantly acute, toxin-mediated infections, M. tuberculosis establishes chronic intracellular infection through immune modulation and persistence. Both organisms remain major contributors to global morbidity and antimicrobial resistance, making them important models for studying virulence evolution and therapeutic innovation[6]. 
This review provides valuable insights into conserved and divergent virulence mechanisms and highlights opportunities for anti-virulence and host-directed therapeutic interventions.
Virulence Factors and Pathogenesis of Staphylococcus aureus
Adhesion and Colonization
Successful infection by S. aureus begins with adhesion to host tissues. This process is mediated by a family of surface proteins called Microbial Surface Components Recognizing Adhesive Matrix Molecules (MSCRAMMs)[7]. Important members include fibronectin-binding proteins (FnBPA and FnBPB), clumping factors (ClfA and ClfB) and the collagen-binding protein (Cna). 
These proteins facilitate attachment to extracellular matrix components such as fibronectin, fibrinogen and collagen, promoting colonization and invasion of host tissues. ClfA, for example, binds fibrinogen and plays a crucial role in bloodstream infections by enhancing bacteria aggregation[8]. 
Immune Evasion Mechanism
Following colonization, S. aureus employs sophisticated tactics to evade host immune responses and contribute to chronic infections, emphasizing that S. aureus should no longer be considered as an exclusively extracellular pathogen[9, 10]. These tactics include interfering with complement activation, neutralizing antibodies, and manipulating host cell signaling pathways. 
Protein A binds to the Fc region of immunoglobulin G (IgG), thereby impairing opsonization and phagocytosis[11]. This mechanism effectively disguises bacteria from immune recognition. 
Additional immune evasion factors include the staphylococcal complement inhibitor (SCIN), which inhibits complement activation and the chemotaxis inhibitory protein of staphylococci (CHIPS) which disrupts neutrophil recruitment. Together, these factors reduce the effectiveness of innate immune responses and facilitate bacterial survival[12].
Exotoxins and Tissue Damage
A hallmark of S. aureus pathogenesis is the production of potent exotoxins that directly damage host tissues. Alpha-toxin (α-hemolysin) forms pores in the membranes of host cells, resulting in cell lysis and tissue destruction. This toxin is particularly important in pneumonia and skin infections. 
Panton-Valentine leukocidin (PVL) specifically targets leukocytes, promoting immune cell destruction and enhancing bacterial survival. Toxic shock syndrome toxin-1 (TSST-1) and enterotoxins function as superantigens, triggering non-specific T-cell activation and massive cytokine release leading to systemic inflammation. 
Emerging research suggests that toxin-mediated virulence is often synergistic rather than isolated. Interactions between α-toxins, PVL and other cytotoxins amplify tissue injury and disease severity, particularly in highly virulent MRSA strains[13]. 
Enzymatic Virulence Factors
S. aureus secretes several enzymes that aid in tissue invasion and nutrient acquisition. Coagulase promotes fibrin clot formation, providing a protective niche around bacterial colonies. Hyaluronidase degrades connective tissue matrices, while proteases and lipases digest host macromolecules[14].
Biofilm formation 
Biofilm formation represents a major virulence strategy that contributes to chronic infection and antibiotic tolerance by reducing antibiotic penetration and enhancing bacterial persistence. This process begins with adhesion mediated by MSCRAMMs and progresses through bacterial aggregation and accumulation of polysaccharide intercellular adhesin (PIA)[15, 16]. Biofilms-associated infections are particularly problematic in indwelling medical devices such as catheters, prosthetic joints and cardiac implants. 
Emerging evidence suggests that biofilm architecture is highly dynamic and regulated by environmental stress, quorum sensing, and metabolic adaptation, contributing significantly to antibiotic tolerance and immune evasion. 
Regulation of Virulence
The expression of virulence determinants is tightly controlled through global regulatory systems. The accessory gene regulator (agr) system is a quorum-sensing mechanism that regulates toxin production and biofilm formation[17]. Other regulators, including SarA and sigma factor B (σB), modulate stress responses and coordinate the expression of virulence associated-genes. 
	Virulence factor	Function	Clinical significance
	MSCRAMMs	Adhesion to extracellular matrix	Colonization
	Protein A	Fc-binding protein	Immune evasion
	SCIN	Complement inhibition	Reduced opsonization
	CHIPS	Inhibits neutrophil chemotaxis	Immune escape
	α-toxin	Pore-forming toxin	Tissue destruction
	PVL	Leukocyte destruction	Necrotizing infections
	TSST-1	Superantigen	Toxic shock syndrome
	Coagulase	Fibrin clot formation	Protection from phagocytosis
	Hyaluronidase	Tissue invasion	Spread of infection
	agr system	Quorum sensing	Virulence regulation
	Biofilm (PIA)	Persistence	Device-associated infections

Table 1: Major virulence factors of Staphylococcus aureus 
Virulence Factors and Pathogenesis of Mycobacterium tuberculosis
Cell Wall Components
The unique lipid rich cell wall of M. tuberculosis is a major virulence determinant. Mycolic acid confers resistance to desiccation, disinfectants and many antimicrobial agents.   
Lipoarabinomannan (LAM) modulates host immune responses by inhibiting macrophage activation and cytokine production. Another critical lipid, trehalose dimycolate (cord factor), contributes to granuloma formation and tissue pathology[18-20]. 
These cell wall components not only provide structural protection but also actively participate in host-pathogen interactions. 
Intracellular Survival 
Unlike S. aureus, M. tuberculosis primarily survives within macrophages. After phagocytosis, the pathogen prevents phagosome-lysosome fusion, thereby escaping intracellular destruction. 
The bacteria further resists oxidative and nitrosative stress while manipulating host signaling pathways to create a favorable intracellular environment. Recent studies have demonstrated that M. tuberculosis can alter host cell metabolism and inhibits autophagy, enhancing long-term intracellular persistence[21, 22]. 
ESX-1 Secretion System
The ESX-1 (Type VII) secretion system is among the most important virulence mechanisms for M. tuberculosis. It secretes proteins such as ESAT-6, which disrupts phagosomal membranes and CFP-10, which stabilizes ESAT-6 and boosts virulence[23]. 
Beyond membrane disruption, ESX-1 also modulates host immune signaling and contributes to bacterial spread between cells. Studies have shown that mutations affecting ESX-1 components markedly reduce virulence, highlighting its potential as a therapeutic target.
Granuloma Formation and Immune Modulation
Granulomas are structured immune clusters that develop in response to persistent infection. While granulomas restrict bacterial dissemination, they simultaneously provide a protected niche that facilitates long-term persistence. 
M. tuberculosis manipulates granuloma dynamics by suppressing antigen presentation, promoting anti-inflammatory cytokines such as IL-10 and inhibiting programmed cell death[24]. Through these mechanisms, the pathogen maintains a delicate balance between immune activation and immune suppression, thereby ensuring long term survival within the host. 
Dormancy and Latency 
A defining characteristic of M. tuberculosis is its ability to enter a dormant state during latent infection. 
The DosR regulon becomes activated under hypoxic and stress conditions, inducing a transcriptional program that promotes long term bacterial survival[25]. Dormant bacilli exhibit reduced metabolic activity and increased resistance to both antimicrobial therapy and immune-mediated clearance. Recent investigations into the DosR regulon and resuscitation-promoting factors have improved understanding of latent tuberculosis and identified potential therapeutic targets for preventing disease reactivation[26].
This ability to establish latency distinguishes M. tuberculosis from many other bacterial pathogens and represents a major challenge for tuberculosis control efforts worldwide. Additionally, this global burden is exacerbated by the rise of multidrug-resistant (MDR-TB) and extensively drug-resistant tuberculosis (XDR-TB).
	Virulence factor	Function	Clinical significance
	Mycolic acids	Cell wall integrity	Drug resistance
	Lipoarabinomannan (LAM)	Immune modulation	Macrophage dysfunction
	Cord factor	Granuloma formation	Tissue damage
	ESX-1 secretion system	ESAT-6 secretion	Intracellular survival
	CFP-10	ESAT-6 stabilization	Virulence
	DosR regulon	Dormancy	Latent TB
	Antioxidant enzymes	Oxidative stress resistance	Intracellular persistence
	Lipid metabolism	Nutrient acquisition	Chronic infection

Table 2: Major virulence factors of Mycobacterium tuberculosis 
Emerging Anti-virulence and Host-directed Therapeutic Strategies
Recent therapeutic strategies increasingly target bacterial virulence rather than viability, thereby reducing selective pressure for antimicrobial resistance. For S. aureus, inhibition of the agr quorum-sensing system, neutralization of α-toxin with monoclonal antibodies, anti-biofilm peptides, bacteriophage therapy and vaccines targeting surface adhesins have demonstrated promising preclinical or early clinical results[27, 28]. Similarly, host-directed therapies for tuberculosis seek to augment host immunity instead of directly targeting the bacillus. Agents such as metformin, vitamin D, statins and autophagy-inducing drugs improve macrophage antimicrobial activity and may enhance treatment outcomes[29-32]. Novel inhibitors targeting the ESX-1 secretion system and bacterial dormancy pathways are also under investigation[33, 34]. Integration of host-directed therapies with conventional antimicrobial regimens may shorten treatment duration and reduce emergence of resistance.
Future research should focus on integrating genomic, transcriptomic, and proteomic approaches to better understand host-pathogen interactions and identify novel therapeutic targets. 
	Pathogen	Current targets	Emerging targets
	S. aureus	Antibiotics	agr inhibitors, anti-α toxin antibodies, anti-biofilm peptides, bacteriophage therapy, vaccines
	M. tuberculosis	Standard anti-TB drugs	Host-directed therapy, ESX-1 inhibitors, autophagy enhancers, metformin, statins, vitamin D, immune checkpoint modulation

Table 3: Emerging therapeutic targets 
	Feature	Staphylococcus aureus	Mycobacterium tuberculosis
	Gram stain	Gram-positive coccus	Acid-fast bacillus
	Primary lifestyle	Extracellular (facultative intracellular)	Obligate intracellular pathogen
	Reservoir	Skin and nasal mucosa	Human lungs
	Disease pattern	Acute	Chronic
	Major virulence factors	MSCRAMMs, Protein A, α-toxin, PVL	Mycolic acids, LAM, ESX-1, DosR
	Immune evasion	Protein A, SCIN, CHIPS	Phagosome maturation arrest, immune modulation
	Persistence mechanism	Biofilm, intracellular survival	Granuloma formation, latency
	Tissue damage	Toxin-mediated	Immune-mediated
	Drug resistance	MRSA	MDR-TB, XDR-TB
	Emerging therapies	Anti-toxin antibodies, agr inhibitors	Host-directed therapy, ESX-1 inhibitors
	Vaccine status	No licensed vaccine	BCG available; newer candidates under evaluation
	Clinical challenge	Recurrent device-associated infections	Long treatment duration and latent infection

Table 4: Comparative overview of S. aureus Vs M. tuberculosis  
 
 
Schematic representation of Staphylococcus aureus pathogenesis
Fig. 1: Major virulence mechanisms of Staphylococcus aureus. Infection begins with adhesion mediated by MSCRAMMs, followed by immune evasion through Protein A and complement inhibitors. Production of cytotoxins and biofilm formation facilitate tissue destruction, persistence, and dissemination, resulting in both localized and invasive infections 
DISCUSSION
The two pathogens illustrate distinct evolutionary solutions to host survival. S. aureus adopts an aggressive strategy characterized by rapid adhesion, toxin production and tissue destruction that promotes dissemination before adaptive immunity is fully established. In contrast, M. tuberculosis prioritizes immune modulation, intracellular survival and metabolic adaptation, enabling persistence for decades[35]. These divergent lifestyles explain why therapies that neutralize toxins or disrupt biofilms are particularly attractive for S. aureus, whereas tuberculosis management requires enhancement of host immunity and disruption of bacterial persistence.
Schematic representation of Mycobacterium tuber- culosis pathogenesis
Fig. 2: Major pathogenic mechanisms of Mycobacterium tuberculosis. The organism survives within macrophages by inhibiting phagosome maturation, manipulating host immunity through lipid-rich cell wall components and the ESX-1 secretion system, eventually establishing granulomas and latent infection 
Despite these differences, both pathogens manipulate innate immunity, establish protected niches and display remarkable adaptability under antimicrobial pressure. Increasing antimicrobial resistance, including MRSA and multidrug-resistant tuberculosis, highlights the limitations of conventional antibiotics. Consequently, anti-virulence and host-directed therapeutic strategies have emerged as complementary approaches. Several innovative strategies are currently under investigation, including monoclonal antibodies against α-toxin, agr quorum-sensing inhibitors, bacteriophage therapy and anti-biofilm compounds for S. aureus. For M. tuberculosis, host-directed therapies involving metformin, statins, vitamin D supplementation, autophagy modulation and immune checkpoint regulation have demonstrated encouraging preclinical and early clinical outcomes.
However, translation into clinical practice remains limited because bacterial virulence is multifactorial and varies among strains. Furthermore, advances in genomics, transcriptomics, proteomics and artificial intelligence-assisted drug discovery are expected to accelerate identification of novel virulence determinants and facilitate precision antimicrobial development[36]. Comparative analyses such as this review emphasize that successful antimicrobial strategies must account for pathogen-specific biology rather than relying on a single universal approach.
Collectively, these observations underscore that future antimicrobial strategies should move beyond bactericidal activity alone and increasingly target virulence regulation, host–pathogen interactions, and bacterial persistence.
CONCLUSION
Staphylococcus aureus and Mycobacterium tuberculosis represent contrasting yet highly successful models of bacterial pathogenesis. While S. aureus relies on adhesion, toxin-mediated tissue destruction, and biofilm formation to establish acute infections, M. tuberculosis achieves intracellular persistence through immune modulation, granuloma formation and dormancy. Comparative evaluation of these pathogens demonstrates that distinct virulence strategies require equally distinct therapeutic approaches. Recent advances in anti-virulence therapy, host-directed interventions and precision antimicrobial development provide promising alternatives to conventional antibiotics. Continued multidisciplinary research integrating molecular microbiology, immunology and translational medicine will be essential for combating antimicrobial resistance and improving clinical outcomes.
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