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ABSTRACT 

Postoperative infections remain a critical concern following lens extraction procedures, often linked to the presence of 

Staphylococcus aureus. Conventional antibiotic treatments are increasingly challenged by the rise of resistant bacterial 

strains. This literature review explores the therapeutic potential of Staphylococcus aureus-specific bacteriophages in 

modulating immune response—particularly the expression of Tumor Necrosis Factor-α (TNF-α)—and reducing bacterial 

viability in ocular surgical contexts. Drawing from a range of peer-reviewed sources, the review examines the dual role of 

bacteriophages as antimicrobial agents and as modulators of inflammation. Evidence suggests that phage therapy may 

suppress Staphylococcus aureus viability while attenuating pro-inflammatory cytokine production, potentially improving 

clinical outcomes and minimizing reliance on antibiotics. These findings underscore the need for further in vivo studies and 

clinical trials to validate phage application as a safe and effective adjunct in ophthalmic surgery. 

 

Keywords: bacteriophage therapy, Staphylococcus aureus, TNF-α, bacterial viability, lens extraction 

1. INTRODUCTION 

Infections occurring after lens extraction represent a serious ocular complication that threatens vision and can lead to 

permanent damage if not treated promptly and effectively. These infections generally result from microbial contamination 

by bacteria or fungi and are frequently linked to intraocular surgical procedures, such as cataract surgery. Post-lens extraction 

infections can develop into endophthalmitis, specifically referred to as postoperative endophthalmitis. This condition is 

categorized into acute and chronic forms, with chronic cases usually emerging more than six weeks after the surgical 

intervention. The reported incidence of postoperative endophthalmitis following cataract surgery varies internationally, 

ranging from 0.025% to 0.136%, with consistent documentation from countries including the United States, France, South 

Korea, Poland, and Indonesia (Table 1).1,2 
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Table 1. Incidence of Postoperative Endophthalmitis Following Cataract Surgery: Global Data 

Source Incidence  

Global Incidence Range 0.025% – 0.136% after cataract surgery 

US IRIS Registry (2013–2017) 0.04% within 30 days post-cataract surgery 

France / South Korea / Poland ~0.05% incidence 

 

The majority of endophthalmitis cases are caused by gram-positive bacteria, accounting for over 85% of infections, with 

gram-negative bacteria and fungi comprising smaller proportions. Coagulase-negative Staphylococci are the most frequently 

isolated pathogens in postoperative cases, followed by Staphylococcus aureus, Streptococcus species, Staphylococcus 

epidermidis, and Enterococcus species. Staphylococcus aureus is particularly virulent due to its ability to trigger strong 

inflammatory responses through its cell wall components and secreted toxins, including toxic shock syndrome toxin-1 

(TSST-1) and alpha-toxin. These bacterial factors interact with retinal toll-like receptors (TLRs), promoting cytokine release, 

immune cell recruitment, and tissue damage, which exacerbate disease severity.3,4,5 

Cytokines are critical mediators of the immune response in endophthalmitis, acting as signaling molecules that regulate 

inflammation and immune cell trafficking. Among these, Tumor Necrosis Factor-alpha (TNF-α) plays a central role by 

enhancing vascular endothelial adhesion and stimulating the production of other proinflammatory cytokines such as 

interleukin-1 (IL-1) and interleukin-6 (IL-6). Elevated TNF-α levels correlate with disruption of the blood-retina barrier and 

neutrophil infiltration, leading to increased inflammation and tissue injury. Experimental studies have shown that 

bacteriophage therapy, specifically with EF24C-P2 phage, can reduce TNF-α expression in bacterial lipopolysaccharide-

stimulated cells, demonstrating therapeutic effects comparable to vancomycin.6 

Assessing bacterial viability is essential for monitoring infection progression and the efficacy of treatments in 

endophthalmitis. Conventional culture techniques remain standard; however, bacteriophage therapy has emerged as a 

promising alternative. Bacteriophages are viruses that selectively infect and lyse bacterial cells, and their intracameral 

administration has shown potential in animal models by suppressing bacterial growth, reducing immune cell infiltration, and 

preserving retinal function. Additionally, phage therapy has been successfully applied in ocular surface infections, such as 

corneal abscesses caused by Staphylococcus aureus, supporting its expanding role in ophthalmic infections. This literature 

review aims to explore the impact of intracameral bacteriophage administration on TNF-α expression and bacterial viability, 

highlighting its potential as a novel therapeutic strategy for managing endophthalmitis.6 

2. LENS EXTRACTION SURGERY  

Lens extraction surgery, particularly extracapsular cataract extraction (ECCE), remains one of the most commonly performed 

ophthalmic procedures worldwide to treat cataracts. Despite advances in surgical techniques and postoperative care, 

postoperative infections, especially endophthalmitis, continue to pose significant challenges. ECCE involves removing the 

lens while leaving the posterior capsule intact, but the procedure still carries a risk of bacterial contamination, primarily from 

the ocular surface flora, which can lead to severe intraocular infections. Studies have shown that the anterior chamber 

contamination rates during ECCE are comparable to those in phacoemulsification, though some data suggest a slightly higher 

contamination risk with ECCE due to the larger incision and more extensive manipulation involved.7,8,9 

The likelihood of bacteria causing infection during extracapsular cataract extraction (ECCE) depends on several factors, 

including the condition of the posterior lens capsule and the pathogenicity of the introduced microbes. Research using 

experimental models has shown that an intact posterior capsule serves as a crucial defense, preventing the infection from 

reaching the vitreous chamber and thereby greatly lowering the chances of developing bacterial endophthalmitis. Conversely, 

a compromised posterior capsule can allow even minimal bacterial contamination to result in serious intraocular infections. 

Frequent bacterial culprits include coagulase-negative staphylococci and species of Propionibacterium, both of which are 

capable of triggering acute or persistent postoperative inflammation. In particular, infections caused by Propionibacterium 

acnes may not become apparent until months after surgery and often necessitate both antibiotic treatment and additional 

surgical procedures.10 

Although phacoemulsification has largely replaced extracapsular cataract extraction (ECCE), the risk of postoperative 

endophthalmitis persists. Factors such as the intraocular lens (IOL) material and structural design significantly affect the 

likelihood of bacterial colonization. Research indicates that IOLs with polypropylene haptics exhibit greater susceptibility 

to microbial contamination compared to those made with polymethylmethacrylate haptics. The patient’s own ocular surface 

flora continues to be the predominant source of infectious agents, and contamination during surgery may still occur despite 

strict adherence to sterile protocols. Furthermore, the emergence of antibiotic-resistant organisms—such as Escherichia coli 

strains that produce extended-spectrum beta-lactamases (ESBLs)—poses additional treatment challenges and can negatively 



Dhanang Hadi Pradipta, Evelyn Komaratih, Susy Fatmariyanti, Sauli Ari Widjaja, Djoko Legowo, 

Annise Proboningrat, Firman Setyawan, Soenarnatalina Melaniani 
 

pg. 931 

Journal of Neonatal Surgery | Year: 2025 | Volume: 14 | Issue: 32s 

 

impact patient outcomes. These observations underscore the importance of stringent infection prevention strategies, precise 

surgical execution, and thoughtful selection of IOL materials to reduce the incidence of postoperative infections.7,9,11 

The incidence of S. aureus infections following surgery remains substantial. A retrospective study analyzing elective 

surgeries in the United States reported a 180-day cumulative incidence of S. aureus infections of approximately 1.2–1.35%, 

including bloodstream infections and surgical site infections, with nearly half of these infections exhibiting methicillin 

resistance. This high burden of S. aureus infections after elective procedures highlights ongoing challenges in infection 

control and the critical need for enhanced surveillance and novel preventive measures in surgical settings, including 

ophthalmic surgeries like lens extraction.13 

Staphylococcus aureus poses a serious threat in postoperative infections following lens extraction due to its ability to trigger 

severe systemic conditions such as bacteremia and secondary metastatic infections. The occurrence of Staphylococcus aureus 

bacteremia after surgery is associated with considerable rates of illness and death, often advancing to critical complications 

like infective endocarditis and mediastinitis, especially in surgical patients. Managing these outcomes requires thorough 

diagnostic efforts and prompt, intensive treatment strategies. The aggressive and invasive behavior of Staphylococcus aureus 

in post-surgical contexts highlights the need for a comprehensive understanding of its epidemiology and virulence to enhance 

clinical outcomes and patient care.7,12 

Effective prevention of postoperative Staphylococcus aureus infections relies heavily on early identification and prompt 

intervention. Strategies such as thorough preoperative screening, nasal decolonization using topical agents like mupirocin, 

and strict adherence to perioperative infection control protocols have proven successful in decreasing infection rates. 

Nonetheless, S. aureus continues to pose a significant clinical burden, highlighting the need for continuous monitoring and 

the innovation of new preventive and therapeutic methods aimed at enhancing surgical outcomes and minimizing 

postoperative mortality.12,13,14 

3. POSTOPERATIVE ENDOPHTHALMITIS 

Postoperative endophthalmitis is a severe infection inside the eye that typically arises within a few days to weeks after ocular 

surgeries, particularly cataract removal. This condition is mainly the result of microbial contamination during surgery, with 

common culprits including Staphylococcus epidermidis and various gram-negative bacteria originating from the ocular 

surface or surrounding environment. Patients often present with symptoms such as blurred vision, eye pain, redness, 

sensitivity to light, and occasionally discharge. A characteristic clinical finding is hypopyon—an accumulation of 

inflammatory cells in the anterior chamber—seen in roughly 70–80% of cases. Clinical examination may reveal conjunctival 

redness, inflammation within the anterior chamber (cells and flare), vitreous opacities that hinder the view of the retina, and 

sometimes retinal bleeding or vessel inflammation. The infection can advance quickly within the vitreous body, making early 

diagnosis and treatment vital to prevent lasting vision damage. It is important to distinguish this condition from other 

postoperative issues like toxic anterior segment syndrome, as the treatment approaches differ.17-21 

The standard approach to treating acute postoperative endophthalmitis involves administering broad-spectrum antibiotics 

directly into the vitreous cavity, with pars plana vitrectomy (PPV) typically reserved for more advanced or severe 

presentations. Findings from the pivotal Endophthalmitis Vitrectomy Study (EVS) revealed that performing an early 

vitrectomy can lead to better visual recovery in patients whose vision is limited to light perception at the time of diagnosis, 

primarily by decreasing the burden of infection and intraocular inflammation. In contrast, individuals presenting with higher 

baseline visual acuity may not benefit from immediate surgical intervention.22 Nonetheless, emerging clinical concerns 

involve the increasing prevalence of bacterial strains resistant to multiple antibiotics, along with pathogens that can form 

biofilms or survive within host cells. These characteristics reduce the effectiveness of antimicrobial agents by limiting their 

penetration, thereby increasing the risk of therapeutic failure.23 Recent improvements in vitrectomy methods and the 

availability of supportive therapies have made it possible to adopt a more proactive surgical approach early in the disease 

course for certain patients, aiming to enhance outcomes even in the face of these ongoing challenges.24,25  

Bacteriophage therapy has gained renewed attention as a viable alternative to conventional antibiotics, particularly in 

addressing infections caused by multidrug-resistant (MDR) bacteria. These viruses, known as bacteriophages or phages, 

selectively target and destroy bacterial cells while sparing human tissues and beneficial microbial communities, making them 

a precise tool for eliminating pathogenic bacteria, including resistant strains. Due to their specificity, phages minimize 

unintended effects and preserve the normal microbiota, in contrast to the broad activity of traditional antibiotics. Notably, 

phages are capable of penetrating biofilms and intracellular environments—areas where bacteria often evade antibiotics—

making them effective against chronic and refractory infections. Additionally, phages can work in tandem with antibiotics 

by enhancing bacterial susceptibility and reducing the required antibiotic dose, thereby improving therapeutic outcomes. 

Although obstacles such as phage resistance and regulatory complexities remain, progress in phage customization and 

individualized treatment strategies offers considerable promise for tackling antibiotic resistance and advancing infection 

control.26-28 
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Staphylococcus aureus 

Staphylococcus aureus is a Gram-positive microorganism and a major contributor to a wide range of human infections, from 

superficial skin conditions to life-threatening illnesses such as septicemia, pneumonia, and infective endocarditis. It is a 

common component of the human microbiota, colonizing sites like the skin, nasal cavity, and gastrointestinal tract in roughly 

30% of individuals without causing symptoms. However, when physical or immune barriers are compromised—as can occur 

during invasive medical procedures such as lens extraction surgery— Staphylococcus aureus may transition from a harmless 

colonizer to a pathogenic agent. In the context of ocular procedures, this bacterium can enter the eye intraoperatively or 

postoperatively, leading to severe complications like acute postoperative endophthalmitis.29-33 

The virulence of Staphylococcus aureus stems from its production of various pathogenic factors, including coagulases, 

cytotoxins such as alpha-hemolysin and Panton-Valentine leukocidin, and surface proteins that enhance its ability to adhere 

to host tissues and evade immune detection. These mechanisms are especially problematic in surgical settings. During lens 

extraction procedures, such as cataract surgery, if Staphylococcus aureus contaminates the surgical field or intraocular lens, 

it can quickly establish infection due to its capacity to resist immune clearance and form biofilms on artificial surfaces. 

Biofilms are particularly concerning in ophthalmology because they can form on intraocular lenses or surgical instruments, 

making the infection more difficult to eradicate with standard antibiotic therapy. 29,30,32 

The emergence of methicillin-resistant Staphylococcus aureus (MRSA) has significantly complicated infection control in 

both community and hospital settings, particularly impacting ocular surgeries such as lens extraction. MRSA can cause 

aggressive endophthalmitis, a severe intraocular infection resistant to conventional antibiotics, leading to poor visual 

outcomes or permanent vision loss. Despite improvements in surgical techniques and sterilization, MRSA remains a notable 

cause of postoperative morbidity, with bloodstream infections serving as a source for endogenous endophthalmitis. Early 

diagnosis and prompt treatment with systemic and intravitreal antibiotics are critical to preserving vision, although outcomes 

remain guarded due to the organism’s virulence and resistance profile. Current research is investigating alternative strategies 

including bacteriophage therapy, nanotechnology-based drug delivery, and vaccine development to better manage resistant 

MRSA strains and improve treatment efficacy following intraocular procedures. Tailored antimicrobial approaches and early 

intervention are essential to prevent serious complications in patients undergoing lens extraction surgery.  34-37  

TNF-α 

Tumor necrosis factor-alpha (TNF-α) is a multifunctional pro-inflammatory cytokine that plays a pivotal role in immune 

modulation and the inflammatory response under both normal and pathological conditions. This cytokine is predominantly 

synthesized by activated macrophages, T-cells, and natural killer cells and exists in two biologically active forms: a 

membrane-bound version and a soluble variant produced through enzymatic cleavage by TNF-α-converting enzyme (TACE). 

Upon binding to its primary receptors, TNFR1 and TNFR2, TNF-α initiates a broad spectrum of intracellular pathways that 

influence key cellular functions, including survival, proliferation, differentiation, programmed cell death, and necrosis. In 

ocular surgery, particularly lens extraction procedures, the presence and activity of TNF-α become critically relevant due to 

its ability to influence intraocular inflammation and postoperative tissue responses.38-40 

Although TNF-α is essential for maintaining immune defense and tissue equilibrium, dysregulated production or sustained 

activation can contribute to the pathophysiology of numerous inflammatory and autoimmune diseases, such as rheumatoid 

arthritis and inflammatory bowel disease. In the context of ophthalmic surgery, excessive TNF-α activity can exacerbate 

postoperative inflammation and potentially compromise visual recovery. 38,41 During lens extraction surgery, surgical trauma 

and microbial contamination, such as from Staphylococcus aureus, may trigger a local increase in TNF-α levels, intensifying 

the inflammatory response. This heightened cytokine activity is particularly problematic in cases of postoperative 

endophthalmitis, where an exaggerated immune reaction can damage ocular tissues, highlighting the importance of 

modulating TNF-α to preserve visual function and reduce complications.40 

TNF-α, a key molecule in the inflammatory response, has been identified as a pathological component of autoimmune 

diseases, leading to the development of TNF-α inhibitors for therapeutic use.38,42 In the eye, TNF-α is secreted by activated 

macrophages, astrocytes, and microglial cells in response to intraocular stress and can cause retinal cell apoptosis.43,44 Studies 

suggest that inhibiting TNF-α could protect against blood vessel formation after ocular trauma and may have a beneficial 

effect on non-infectious ocular inflammation.42,45  

Role of Staphylococcus aureus in Endophthalmitis Pathogenesis 

Staphylococcus aureus plays a critical role in the pathogenesis of endophthalmitis, a severe intraocular infection that can 

lead to rapid vision loss or even blindness if not promptly treated. Staphylococcus aureus possesses a variety of virulence 

factors, including toxins and surface proteins, that enable it to invade ocular tissues, evade host defenses, and induce 

significant inflammation. The infection can occur exogenously, often following ocular surgery or trauma, or endogenously 

via hematogenous spread from distant infection sites, such as in cases of bacteremia or mastitis.46-48  Once inside the eye, 

Staphylococcus aureus triggers a robust immune response characterized by the recruitment of neutrophils and the release of 

pro-inflammatory cytokines, including tumor necrosis factor alpha (TNF-α). TNF-α is a key mediator in the inflammatory 
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cascade, orchestrating leukocyte infiltration and amplifying the local immune response to contain the infection. However, 

excessive or dysregulated TNF-α production can exacerbate tissue damage, contributing to the destruction of retinal cells 

and loss of visual function.46,49,50  Experimental models have shown that the inflammatory response, driven in part by TNF-

α and chemokines such as CCL2 and CCL3, is a double-edged sword: while it helps reduce bacterial load, it also leads to 

collateral damage of ocular tissues, influencing the severity of visual impairment. Clinical outcomes in Staphylococcus 

aureus endophthalmitis are closely linked to the balance between effective pathogen clearance and the containment of 

damaging inflammation, with therapeutic strategies often combining antibiotics, corticosteroids, and sometimes surgical 

intervention to optimize this balance.49,50  

Staphylococcus aureus is recognized as a major etiological agent of endophthalmitis, a severe intraocular infection that can 

rapidly progress to vision loss or permanent blindness if not managed promptly. The bacterium’s involvement in 

endophthalmitis is well-documented in both clinical and experimental studies, with Staphylococcus aureus being frequently 

isolated from culture-positive cases, particularly following ocular surgery or trauma.51,52,54 In a retrospective study, S. aureus 

accounted for over half of endogenous bacterial endophthalmitis cases, with methicillin-resistant strains (MRSA) 

representing a significant proportion, underscoring the clinical challenge posed by antimicrobial resistance.54 The rapid onset 

and aggressive progression of S. aureus endophthalmitis highlight the importance of early diagnosis and intervention to 

prevent irreversible ocular damage and optimize visual outcomes.51,52 

The pathogenesis of S. aureus endophthalmitis is driven by the bacterium’s arsenal of virulence factors, including surface 

adhesins and exotoxins, which enable it to adhere to and penetrate ocular tissues, evade immune responses, and incite robust 

inflammation. Surface adhesins facilitate attachment to host extracellular matrix components, while secreted toxins such as 

hemolysins and leukocidins disrupt cellular barriers and promote tissue destruction. Experimental models have demonstrated 

that both live and heat-inactivated S. aureus can induce intraocular inflammation, but the severity and nature of the host 

response are modulated by specific virulence determinants, indicating a complex interplay between bacterial factors and host 

immunity. This complexity suggests that neutralizing a single virulence factor may not suffice for effective prevention or 

treatment, necessitating multifaceted therapeutic strategies.56 

The host’s innate immune response to Staphylococcus aureus within the eye is characterized by the rapid recruitment of 

neutrophils and the production of pro-inflammatory cytokines and chemokines, such as CXCL1, CXCL2, and 

CXCL10.53,57 Recent studies using mouse models have shown that CXCL1, in particular, contributes to the early 

inflammatory response, although its inhibition did not significantly reduce inflammation or improve retinal function in the 

acute phase.53 Transcriptomic analyses of infected retinas reveal widespread changes in gene expression, with key 

inflammatory pathways-including JAK/STAT and IL-17A signaling-being highly activated. These findings underscore the 

dual-edged nature of the immune response: while essential for bacterial clearance, excessive or dysregulated inflammation 

can exacerbate retinal damage and worsen visual prognosis.57 

Staphylococcus aureus endophthalmitis can arise through both exogenous and endogenous routes. Exogenous infections 

typically follow intraocular procedures, such as cataract surgery or intravitreal injections, or result from penetrating ocular 

trauma.51,52 In contrast, endogenous endophthalmitis occurs via hematogenous dissemination from distant infection sites, 

such as skin abscesses, mastitis, or bacteremia, particularly in immunocompromised individuals or those with underlying 

systemic illness.52,54 The clinical presentation and prognosis may vary depending on the route of infection, with endogenous 

cases often presenting later and being associated with poorer visual outcomes due to delayed diagnosis and more extensive 

intraocular involvement.54 

Treatment of Staphylococcus aureus endophthalmitis involves a combination of intravitreal antibiotics-commonly 

vancomycin or daptomycin for MRSA-and, in many cases, surgical intervention such as vitrectomy to remove infectious 

material and inflammatory debris.51,55 Adjunctive use of intraocular corticosteroids has been associated with improved visual 

outcomes in some studies, likely due to their ability to modulate damaging inflammation without compromising bacterial 

clearance.51 Despite advances in antimicrobial therapy, the emergence of resistant strains and the potential for rapid, 

irreversible retinal injury make Staphylococcus aureus endophthalmitis a persistent clinical challenge, emphasizing the need 

for continued research into both preventive strategies and novel therapeutic approaches targeting the intricate host-pathogen 

interactions within the eye.54,55,57 

Bacteriophage Therapy: Mechanism and Advantages 

Bacteriophage therapy harnesses viruses known as bacteriophages that specifically infect and lyse bacterial cells, offering a 

targeted approach to combat bacterial infections. The primary mechanism involves phages attaching to specific receptors on 

the bacterial surface, injecting their genetic material, and commandeering the bacterial machinery to produce progeny phages. 

This process culminates in bacterial cell lysis, releasing new phages to infect adjacent bacteria. Unlike antibiotics, phages 

have a unique mode of action that can effectively kill bacteria regardless of their antibiotic resistance status, making them 

particularly valuable against multidrug-resistant (MDR) pathogens.58,59 

One significant advantage of bacteriophage therapy is its high specificity. Phages typically target a narrow range of bacterial 
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species or even specific strains, which minimizes collateral damage to the host's beneficial microbiota. This contrasts with 

broad-spectrum antibiotics that often disrupt the entire microbial community, potentially leading to dysbiosis and secondary 

infections. Studies have shown that phage therapy preserves the gut microbiome integrity while effectively reducing 

pathogenic bacteria, thereby maintaining overall microbial balance and reducing side effects.60 

Another key benefit is the ability of phages to penetrate and disrupt bacterial biofilms, which are complex communities of 

bacteria embedded in a protective extracellular matrix. Biofilms are notoriously resistant to antibiotics and immune clearance, 

contributing to chronic and recurrent infections. Phages can produce enzymes that degrade biofilm components and infect 

bacteria within these structures, enhancing bacterial eradication where antibiotics often fail. Furthermore, genetic engineering 

techniques allow modification of phages to express biofilm-degrading enzymes or other antibacterial molecules, broadening 

their therapeutic potential and overcoming bacterial defense mechanisms.26 

Phage therapy also offers adaptability through the use of phage cocktails and personalized treatments. Combining multiple 

phages targeting different bacterial receptors reduces the likelihood of bacterial resistance development. Personalized phage 

therapy involves isolating the causative bacterial strain from a patient and selecting or engineering phages specifically active 

against it, optimizing treatment efficacy. This tailored approach, although more costly and complex, has shown promising 

results in difficult-to-treat infections and can be combined synergistically with antibiotics to improve outcomes.26,59 

TNF-α, Bacterial Viability, and Inflammation Control 

TNF-α, bacterial viability and inflammation control are tightly interconnected processes that significantly influence the 

outcome of infections. Recent studies have elucidated how immune cells, particularly B-cells and macrophages, modulate 

bacterial survival through inflammatory signaling. For instance, Salmonella can persist within B-cells by evading 

inflammasome activation, which prevents pyroptotic cell death and allows chronic infection. However, when B-cells are 

primed with pro-inflammatory cytokines such as TNF-α, IL-1β, or IFN-γ, they enhance their bactericidal capacity by 

increasing reactive oxygen and nitrogen species production, thereby reducing intracellular bacterial load. This highlights the 

critical role of a pro-inflammatory microenvironment in controlling bacterial viability within immune cells.61 

The balance between pro-inflammatory and anti-inflammatory responses is crucial for effective infection control without 

excessive tissue damage. While pro-inflammatory cytokines activate antimicrobial mechanisms, concurrent production of 

anti-inflammatory cytokines like IL-10 can modulate and potentially dampen the immune response. This dual cytokine milieu 

may prevent hyperinflammation but also risks allowing bacterial persistence. Therefore, understanding the regulatory 

dynamics between these opposing cytokine signals is essential for developing strategies that optimize bacterial clearance 

while minimizing immunopathology.61 

Antibiotic treatment further complicates inflammation control due to differential immune responses elicited by bactericidal 

versus bacteriostatic drugs. Recent research demonstrates that bactericidal antibiotics, which kill bacteria outright, induce 

higher levels of pro-inflammatory cytokines such as TNFα compared to bacteriostatic agents that inhibit bacterial growth 

without killing. This heightened inflammatory response is linked to the release of bacterial DNA upon cell lysis, which 

activates Toll-like receptor 9 (TLR9) signaling in macrophages, exacerbating inflammation. In contrast, bacteriostatic 

treatments provoke a more controlled immune response, which may improve survival outcomes by preventing excessive 

inflammation-driven tissue damage.62 

The inflammatory response to bacterial viability also involves biofilm formation and bacterial metabolic states that influence 

immune recognition and clearance. Biofilms protect bacteria from immune effectors and antibiotics, contributing to chronic 

infections. Immune cells must therefore overcome biofilm-mediated tolerance through both direct antimicrobial activity and 

modulation of inflammation. Immunometabolic pathways are increasingly recognized as key regulators in this context, where 

metabolic shifts in immune cells influence their capacity to produce inflammatory mediators and reactive species that affect 

bacterial viability and biofilm disruption.63 

Probiotics and gut microbiota modulation represent additional avenues to control bacterial viability and inflammation. 

Beneficial bacteria can enhance mucosal immunity and restore immune homeostasis by producing anti-inflammatory 

metabolites and competing with pathogenic bacteria. This approach has shown promise in inflammatory bowel disease and 

other conditions characterized by dysregulated inflammation and bacterial overgrowth. The interplay between probiotics, 

bacterial viability, and host inflammation underscores the potential of microbiome-based therapies to fine-tune immune 

responses and promote infection resolution without excessive inflammation.64,65 

4. CONCLUSION 

This literature review indicates that the potential of intracameral bacteriophage administration as an emerging prophylactic 

approach to prevent Staphylococcus aureus-induced endophthalmitis following lens extraction surgery. The reviewed studies 

suggest that bacteriophage therapy may reduce bacterial viability within the intraocular environment, potentially mitigating 

the severity of infection. Additionally, evidence from the literature suggests that bacteriophage administration may modulate 

host immune responses, including levels of Tumor Necrosis Factor-α (TNF-α), a key cytokine involved in ocular 
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inflammation. While preliminary findings are encouraging, further standardized in vivo and clinical studies are required to 

establish the optimal dosage, safety profile, and immunological impact of intracameral bacteriophage use in ophthalmic 

surgery. 

REFERENCES 

[1] Nowak, M. S., Grzybowski, A., Michalska-Małecka, K., Szaflik, J. P., Kozioł, M., Niemczyk, W., & Grabska-

Liberek, I. (2019). Incidence and characteristics of endophthalmitis after cataract surgery in Poland, during 

2010–2015. International Journal of Environmental Research and Public Health, 16(12), 1–10. 

https://doi.org/10.3390/ijerph16122188 

[2] Siahaan, & Christina, N. (2014). Karakteristik klinis pasien endoftalmitis pasca bedah katarak di Pusat Mata 

Nasional Rumah Sakit Mata Cicendo. 

[3] Gentile, R. C., Shukla, S., Shah, M., Ritterband, D. C., Engelbert, M., Davis, A., & Hu, D. N. (2014). 

Microbiological spectrum and antibiotic sensitivity in endophthalmitis: A 25-year review. Ophthalmology, 

121(8), 1634–1642. https://doi.org/10.1016/j.ophtha.2014.02.001 

[4] Kishimoto, T., Ishida, W., Nakajima, I., Ujihara, T., Suzuki, T., Uchiyama, J., Matsuzaki, S., & Fukuda, K. 

(2022). Intracameral bacteriophage injection as postoperative prophylaxis for Enterococcus faecalis–induced 

endophthalmitis after cataract surgery in rabbits. Translational Vision Science and Technology, 11(4), 1–8. 

https://doi.org/10.1167/tvst.11.4.2 

[5] McChanel, C. A., Berrocal, A. M., Holder, G. E., Kim, S. J., Leonard, B. C., Rosen, R. B., Spaide, R. F., & 

Sun, J. K. (2022). Retina and Vitreous BCSC 2021–2022 (2021st–2022nd ed.). American Academy of 

Ophthalmology. 

[6] Kishimoto, T., Ishida, W., Fukuda, K., Nakajima, I., Suzuki, T., Uchiyama, J., Matsuzaki, S., Todokoro, D., 

Daibata, M., & Fukushimaa, A. (2019). Therapeutic effects of intravitreously administered bacteriophage in a 

mouse model of endophthalmitis caused by vancomycin-sensitive or -resistant Enterococcus faecalis. 

Antimicrobial Agents and Chemotherapy, 63(11), 1–12. https://doi.org/10.1128/AAC.01088-19 

[7] Zhang, S., & Xu, J. (2025). Impact of patient characteristics and surgery-related risk factors on endophthalmitis 

after cataract surgery: A meta-analysis. Ophthalmic Research, 68(1), 117–136. 

https://doi.org/10.1159/000543353 

[8] Beigi, B., Westlake, W., Mangelschots, E., Chang, B., Rich, W., & Riordan, T. (1997). Peroperative microbial 

contamination of anterior chamber aspirates during extracapsular cataract extraction and phacoemulsification. 

British Journal of Ophthalmology, 81(11), 953–955. https://doi.org/10.1136/bjo.81.11.953 

[9] Feys, J., Emond, J. P., Salvanet-Bouccara, A., & Dublanchet, A. (2003). Épidémiologie de la contamination 

bactérienne oculaire en chirurgie de la cataracte [Bacterial contamination: Epidemiology in cataract surgery]. 

Journal Français d’Ophtalmologie, 26(3), 255–258. 

[10] Meisler, D. M., & Mandelbaum, S. (1989). Propionibacterium-associated endophthalmitis after extracapsular 

cataract extraction: Review of reported cases. Ophthalmology, 96(1), 54–61. https://doi.org/10.1016/s0161-

6420(89)32939-3 

[11] Kim, Y. C., & Kim, K. S. (2012). A case of postoperative endophthalmitis by extended-spectrum beta-

lactamase-producing Escherichia coli. Korean Journal of Ophthalmology, 26(4), 306–308. 

https://doi.org/10.3341/kjo.2012.26.4.306 

[12] Grady, M., & Cullen, J. J. (2003). Preventing postoperative Staphylococcus infections: An update. Surgical 

Technology International, 11, 57–60. 

[13] Dreyfus, J., Yu, H., Begier, E., Gayle, J., & Olsen, M. A. (2021). Incidence of Staphylococcus aureus infections 

after elective surgeries in US hospitals. Clinical Infectious Diseases, 73(9), e2635–e2646. 

https://doi.org/10.1093/cid/ciaa913 

[14] Troeman, D. P. R., Hazard, D., Timbermont, L., Malhotra-Kumar, S., van Werkhoven, C. H., Wolkewitz, M., 

Ruzin, A., Goossens, H., Bonten, M. J. M., Harbarth, S., Sifakis, F., Kluytmans, J. A. J. W., … Van den Abeele, 

A. M. (2023). Postoperative Staphylococcus aureus infections in patients with and without preoperative 

colonization. JAMA Network Open, 6(10), e2339793. https://doi.org/10.1001/jamanetworkopen.2023.39793 

[15] Allen, K. B., Fowler, V. G., Jr., Gammie, J. S., Hartzel, J. S., Onorato, M. T., DiNubile, M. J., & Sobanjo-Ter 

Meulen, A. (2014). Staphylococcus aureus infections after elective cardiothoracic surgery: Observations from 

an international randomized placebo-controlled trial of an investigational S. aureus vaccine. Open Forum 

Infectious Diseases, 1(2), ofu071. https://doi.org/10.1093/ofid/ofu071 

[16] O'Brien, W. J., Gupta, K., & Itani, K. M. F. (2019). A longitudinal study of S. aureus infection in a national 

https://doi.org/10.3390/ijerph16122188
https://doi.org/10.1016/j.ophtha.2014.02.001
https://doi.org/10.1167/tvst.11.4.2
https://doi.org/10.1128/AAC.01088-19
https://doi.org/10.1159/000543353
https://doi.org/10.1136/bjo.81.11.953
https://doi.org/10.1016/s0161-6420(89)32939-3
https://doi.org/10.1016/s0161-6420(89)32939-3
https://doi.org/10.3341/kjo.2012.26.4.306
https://doi.org/10.1093/cid/ciaa913
https://doi.org/10.1001/jamanetworkopen.2023.39793
https://doi.org/10.1093/ofid/ofu071


Dhanang Hadi Pradipta, Evelyn Komaratih, Susy Fatmariyanti, Sauli Ari Widjaja, Djoko Legowo, 

Annise Proboningrat, Firman Setyawan, Soenarnatalina Melaniani 
 

pg. 936 

Journal of Neonatal Surgery | Year: 2025 | Volume: 14 | Issue: 32s 

 

cohort of surgical patients. Open Forum Infectious Diseases, 6(10), ofz350. https://doi.org/10.1093/ofid/ofz350 

[17] Althiabi, S., Aljbreen, A. J., Alshutily, A., & Althwiny, F. A. (2022). Postoperative endophthalmitis after 

cataract surgery: An update. Cureus, 14(2), e22003. https://doi.org/10.7759/cureus.22003 

[18] Wadbudhe, A. M., Tidke, S. C., & Tidake, P. K. (2022). Endophthalmitis after cataract surgery: A postoperative 

complication. Cureus, 14(10), e30110. https://doi.org/10.7759/cureus.30110 

[19] Verma, L., & Chakravarti, A. (2017). Prevention and management of postoperative endophthalmitis: A case-

based approach. Indian Journal of Ophthalmology, 65(12), 1396–1402. 

https://doi.org/10.4103/ijo.IJO_1058_17 

[20] Kernt, M., & Kampik, A. (2010). Endophthalmitis: Pathogenesis, clinical presentation, management, and 

perspectives. Clinical Ophthalmology, 4, 121–135. https://doi.org/10.2147/opth.s6461 

[21] Maalouf, F., Abdulaal, M., & Hamam, R. N. (2012). Chronic postoperative endophthalmitis: A review of 

clinical characteristics, microbiology, treatment strategies, and outcomes. International Journal of 

Inflammation, 2012, 313248. https://doi.org/10.1155/2012/313248 

[22] Doft, B. H., & Barza, M. (1996). Optimal management of postoperative endophthalmitis and results of the 

Endophthalmitis Vitrectomy Study. Current Opinion in Ophthalmology, 7(3), 84–94. 

https://doi.org/10.1097/00055735-199606000-00015 

[23] Panahi, P., Mirzakouchaki-Borujeni, N., Pourdakan, O., & Arévalo, J. F. (2023). Early vitrectomy for 

endophthalmitis: Are EVS guidelines still valid? Ophthalmic Research, 66(1), 1318–1326. 

https://doi.org/10.1159/000534650 

[24] Loh, G. K., Mishra, A. V., Seamone, M., & Tennant, M. (2024). Unified approach to treating exogenous 

endophthalmitis with immediate vitrectomy. Journal of Vitreoretinal Diseases. Advance online publication. 

https://doi.org/10.1177/24741264241275246 

[25] Negretti, G. S., Chan, W., Pavesio, C., & Muqit, M. M. K. (2020). Vitrectomy for endophthalmitis: 5-year study 

of outcomes and complications. BMJ Open Ophthalmology, 5(1), e000423. https://doi.org/10.1136/bmjophth-

2019-000423 

[26] Hibstu, Z., Belew, H., Akelew, Y., & Mengist, H. M. (2022). Phage therapy: A different approach to fight 

bacterial infections. Biologics: Targets & Therapy, 16, 173–186. https://doi.org/10.2147/BTT.S381237 

[27] Subramanian, A. (2024). Emerging roles of bacteriophage-based therapeutics in combating antibiotic resistance. 

Frontiers in Microbiology, 15, 1384164. https://doi.org/10.3389/fmicb.2024.1384164 

[28] Olawade, D. B., Fapohunda, O., Egbon, E., Ebiesuwa, O. A., Usman, S. O., Faronbi, A. O., & Fidelis, S. C. 

(2024). Phage therapy: A targeted approach to overcoming antibiotic resistance. Microbial Pathogenesis, 197, 

107088. https://doi.org/10.1016/j.micpath.2024.107088 

[29] Bashabsheh, R. H. F., Al-Fawares, O., Natsheh, I., Bdeir, R., Al-Khreshieh, R. O., & Bashabsheh, H. H. F. 

(2024). Staphylococcus aureus epidemiology, pathophysiology, clinical manifestations and application of nano-

therapeutics as a promising approach to combat methicillin resistant Staphylococcus aureus. Pathogens and 

Global Health, 118(3), 209–231. https://doi.org/10.1080/20477724.2023.2285187 

[30] Tong, S. Y., Davis, J. S., Eichenberger, E., Holland, T. L., & Fowler, V. G., Jr. (2015). Staphylococcus aureus 

infections: Epidemiology, pathophysiology, clinical manifestations, and management. Clinical Microbiology 

Reviews, 28(3), 603–661. https://doi.org/10.1128/CMR.00134-14 

[31] Kwiecinski, J. M., & Horswill, A. R. (2020). Staphylococcus aureus bloodstream infections: Pathogenesis and 

regulatory mechanisms. Current Opinion in Microbiology, 53, 51–60. 

https://doi.org/10.1016/j.mib.2020.02.005 

[32] Thomer, L., Schneewind, O., & Missiakas, D. (2016). Pathogenesis of Staphylococcus aureus bloodstream 

infections. Annual Review of Pathology, 11, 343–364. https://doi.org/10.1146/annurev-pathol-012615-044351 

[33] Foster, T. (1996). Staphylococcus. In S. Baron (Ed.), Medical Microbiology (4th ed., Chap. 12). University of 

Texas Medical Branch at Galveston. https://www.ncbi.nlm.nih.gov/books/NBK8448/ 

[34] Ho, D., Clayton, N. A., Silverstein, B., & Koff, A. (2022). Endogenous endophthalmitis from methicillin-

resistant Staphylococcus aureus bacteremia treated with ceftaroline. Cureus, 14(2), e22216. 

https://doi.org/10.7759/cureus.22216 

[35] Shenoy, S. B., Thotakura, M., Kamath, Y., & Bekur, R. (2016). Endogenous endophthalmitis in patients with 

MRSA septicemia: A case series and review of literature. Ocular Immunology and Inflammation, 24(5), 515–

520. https://doi.org/10.3109/09273948.2015.1020173 

[36] Flynn, E., Lesche, S., Ittoop, S., Mansour, T., Barak, S., & Wroblewski, K. J. (2023). MRSA panophthalmitis 

https://doi.org/10.1093/ofid/ofz350
https://doi.org/10.7759/cureus.22003
https://doi.org/10.7759/cureus.30110
https://doi.org/10.4103/ijo.IJO_1058_17
https://doi.org/10.2147/opth.s6461
https://doi.org/10.1155/2012/313248
https://doi.org/10.1097/00055735-199606000-00015
https://doi.org/10.1159/000534650
https://doi.org/10.1177/24741264241275246
https://doi.org/10.1136/bmjophth-2019-000423
https://doi.org/10.1136/bmjophth-2019-000423
https://doi.org/10.2147/BTT.S381237
https://doi.org/10.3389/fmicb.2024.1384164
https://doi.org/10.1016/j.micpath.2024.107088
https://doi.org/10.1080/20477724.2023.2285187
https://doi.org/10.1128/CMR.00134-14
https://doi.org/10.1016/j.mib.2020.02.005
https://doi.org/10.1146/annurev-pathol-012615-044351
https://www.ncbi.nlm.nih.gov/books/NBK8448/
https://doi.org/10.7759/cureus.22216
https://doi.org/10.3109/09273948.2015.1020173


Dhanang Hadi Pradipta, Evelyn Komaratih, Susy Fatmariyanti, Sauli Ari Widjaja, Djoko Legowo, 

Annise Proboningrat, Firman Setyawan, Soenarnatalina Melaniani 
 

pg. 937 

Journal of Neonatal Surgery | Year: 2025 | Volume: 14 | Issue: 32s 

 

in a brittle diabetic. Journal of Ophthalmic Inflammation and Infection, 13(1), 19. 

https://doi.org/10.1186/s12348-023-00344-3 

[37] Blomquist, P. H. (2006). Methicillin-resistant Staphylococcus aureus infections of the eye and orbit (An 

American Ophthalmological Society thesis). Transactions of the American Ophthalmological Society, 104, 

322–345. 

[38] Jang, D. I., Lee, A. H., Shin, H. Y., Song, H. R., Park, J. H., Kang, T. B., Lee, S. R., & Yang, S. H. (2021). The 

role of tumor necrosis factor alpha (TNF-α) in autoimmune disease and current TNF-α inhibitors in therapeutics. 

International Journal of Molecular Sciences, 22(5), 2719. https://doi.org/10.3390/ijms22052719 

[39] Idriss, H. T., & Naismith, J. H. (2000). TNF alpha and the TNF receptor superfamily: Structure-function 

relationship(s). Microscopy Research and Technique, 50(3), 184–195. https://doi.org/10.1002/1097-

0029(20000801)50:3<184::AID-JEMT2>3.0.CO;2-H 

[40] Chu, W. M. (2013). Tumor necrosis factor. Cancer Letters, 328(2), 222–225. 

https://doi.org/10.1016/j.canlet.2012.10.014 

[41] Ghorbaninezhad, F., Leone, P., Alemohammad, H., Najafzadeh, B., Nourbakhsh, N. S., Prete, M., Malerba, E., 

Saeedi, H., Tabrizi, N. J., Racanelli, V., & Baradaran, B. (2022). Tumor necrosis factor α in systemic lupus 

erythematosus: Structure, function and therapeutic implications (Review). International Journal of Molecular 

Medicine, 49(4), 43. https://doi.org/10.3892/ijmm.2022.5098 

[42] Karampetsou, M. P., Liossis, S. N., & Sfikakis, P. P. (2010). TNF-α antagonists beyond approved indications: 

Stories of success and prospects for the future. QJM: Monthly Journal of the Association of Physicians, 103(12), 

917–928. https://doi.org/10.1093/qjmed/hcq152 

[43] Jung, Y., Ohn, K., Shin, H., Oh, S. E., Park, C. K., & Park, H. L. (2022). Factors associated with elevated tumor 

necrosis factor-α in aqueous humor of patients with open-angle glaucoma. Journal of Clinical Medicine, 11(17), 

5232. https://doi.org/10.3390/jcm11175232 

[44] Paschalis, E. I., Zhou, C., Sharma, J., Dohlman, T. H., Kim, S., Lei, F., Chodosh, J., Vavvas, D., Urtti, A., 

Papaliodis, G., & Dohlman, C. H. (2024). The prophylactic value of TNF-α inhibitors against retinal cell 

apoptosis and optic nerve axon loss after corneal surgery or trauma. Acta Ophthalmologica, 102(3), e381–e394. 

https://doi.org/10.1111/aos.15786 

[45] Zhou, C., Lei, F., Sharma, J., Hui, P. C., Wolkow, N., Dohlman, C. H., Vavvas, D. G., Chodosh, J., & Paschalis, 

E. I. (2023). Sustained inhibition of VEGF and TNF-α achieves multi-ocular protection and prevents formation 

of blood vessels after severe ocular trauma. Pharmaceutics, 15(8), 2059. 

https://doi.org/10.3390/pharmaceutics15082059 

[46] O'Callaghan, R. J. (2018). The pathogenesis of Staphylococcus aureus eye infections. Pathogens, 7(1), 9. 

https://doi.org/10.3390/pathogens7010009 

[47] Singh, S. R., Bhattacharyya, A., Dogra, M. R., Singh, R., & Dogra, M. (2020). Endogenous endophthalmitis 

due to Staphylococcus aureus in a lactating woman. Indian Journal of Ophthalmology, 68(11), 2595–2597. 

https://doi.org/10.4103/ijo.IJO_740_20 

[48] Ho, D., Clayton, N. A., Silverstein, B., & Koff, A. (2022). Endogenous endophthalmitis from methicillin-

resistant Staphylococcus aureus bacteremia treated with ceftaroline. Cureus, 14(2), e22216. 

https://doi.org/10.7759/cureus.22216 

[49] Sugi, N., Whiston, E. A., Ksander, B. R., & Gregory, M. S. (2013). Increased resistance to Staphylococcus 

aureus endophthalmitis in BALB/c mice: Fas ligand is required for resolution of inflammation but not for 

bacterial clearance. Infection and Immunity, 81(6), 2217–2225. https://doi.org/10.1128/IAI.00405-12 

[50] Parrott, A. C., Coburn, P. S., Miller, F. C., LaGrow, A. L., Mursalin, M. H., & Callegan, M. C. (2024). The role 

of CCL chemokines in experimental Staphylococcus aureus endophthalmitis. Investigative Ophthalmology & 

Visual Science, 65(6), 12. https://doi.org/10.1167/iovs.65.6.12 

[51] Mao, L. K., Flynn, H. W., Jr., Miller, D., & Pflugfelder, S. C. (1993). Endophthalmitis caused by 

Staphylococcus aureus. American Journal of Ophthalmology, 116(5), 584–589. https://doi.org/10.1016/s0002-

9394(14)73200-3 

[52] Simakurthy, S., & Tripathy, K. (2023). Endophthalmitis. In StatPearls [Internet]. StatPearls Publishing. 

https://www.ncbi.nlm.nih.gov/books/NBK559079/ 

[53] Coburn, P. S., Parrott, A. C., Miller, F. C., LaGrow, A. L., Mursalin, M. H., & Callegan, M. C. (2023). The role 

of CXC chemokines in Staphylococcus aureus endophthalmitis. Investigative Ophthalmology & Visual Science, 

64(3), 10. https://doi.org/10.1167/iovs.64.3.10 

https://doi.org/10.1186/s12348-023-00344-3
https://doi.org/10.3390/ijms22052719
https://doi.org/10.1002/1097-0029(20000801)50:3
https://doi.org/10.1002/1097-0029(20000801)50:3
https://doi.org/10.1016/j.canlet.2012.10.014
https://doi.org/10.3892/ijmm.2022.5098
https://doi.org/10.1093/qjmed/hcq152
https://doi.org/10.3390/jcm11175232
https://doi.org/10.1111/aos.15786
https://doi.org/10.3390/pharmaceutics15082059
https://doi.org/10.3390/pathogens7010009
https://doi.org/10.4103/ijo.IJO_740_20
https://doi.org/10.7759/cureus.22216
https://doi.org/10.1128/IAI.00405-12
https://doi.org/10.1167/iovs.65.6.12
https://doi.org/10.1016/s0002-9394(14)73200-3
https://doi.org/10.1016/s0002-9394(14)73200-3
https://www.ncbi.nlm.nih.gov/books/NBK559079/


Dhanang Hadi Pradipta, Evelyn Komaratih, Susy Fatmariyanti, Sauli Ari Widjaja, Djoko Legowo, 

Annise Proboningrat, Firman Setyawan, Soenarnatalina Melaniani 
 

pg. 938 

Journal of Neonatal Surgery | Year: 2025 | Volume: 14 | Issue: 32s 

 

[54] Nishida, T., Ishida, K., Niwa, Y., Kawakami, H., Mochizuki, K., & Ohkusu, K. (2015). An eleven‐year 

retrospective study of endogenous bacterial endophthalmitis. Journal of Ophthalmology, 2015, 261310. 

https://doi.org/10.1155/2015/261310 

[55] Lefèvre, S., Saleh, M., Marcellin, L., Subilia, A., Bourcier, T., Prévost, G., & Jehl, F. (2012). Daptomycin 

versus vancomycin in a methicillin-resistant Staphylococcus aureus endophthalmitis rabbit model: Bactericidal 

effect, safety, and ocular pharmacokinetics. Antimicrobial Agents and Chemotherapy, 56(5), 2485–2492. 

https://doi.org/10.1128/AAC.05745-11 

[56] Kumar, A., & Kumar, A. (2015). Role of Staphylococcus aureus virulence factors in inducing inflammation 

and vascular permeability in a mouse model of bacterial endophthalmitis. PLOS ONE, 10(6), e0128423. 

https://doi.org/10.1371/journal.pone.0128423 

[57] Rajamani, D., Singh, P. K., Rottmann, B. G., Singh, N., Bhasin, M. K., & Kumar, A. (2016). Temporal retinal 

transcriptome and systems biology analysis identifies key pathways and hub genes in Staphylococcus aureus 

endophthalmitis. Scientific Reports, 6, 21502. https://doi.org/10.1038/srep21502 

[58] Strathdee, S. A., Hatfull, G. F., Mutalik, V. K., & Schooley, R. T. (2023). Phage therapy: From biological 

mechanisms to future directions. Cell, 186(1), 17–31. https://doi.org/10.1016/j.cell.2022.11.017 

[59] Ibrahim, R., Aranjani, J. M., Kalikot Valappil, V., & Nair, G. (2025). Unveiling the potential of bacteriophage 

therapy: A systematic review. Future Science OA, 11(1), 2468114. 

https://doi.org/10.1080/20565623.2025.2468114 

[60] Wittebole, X., De Roock, S., & Opal, S. M. (2014). A historical overview of bacteriophage therapy as an 

alternative to antibiotics for the treatment of bacterial pathogens. Virulence, 5(1), 226–235. 

https://doi.org/10.4161/viru.25991 

[61] Perez-Lopez, A., Hernandez-Galicia, G., Lopez-Bailon, L. U., Gonzalez-Telona, A. D., Rosales-Reyes, R., 

Alpuche-Aranda, C. M., Santos-Preciado, J. I., & Ortiz-Navarrete, V. (2025). Pro-inflammatory and anti-

inflammatory responses in B cells during Salmonella infection. European Journal of Microbiology & 

Immunology, 15(1), 32–41. https://doi.org/10.1556/1886.2024.00088 

[62] Gross, J. L., Basu, R., Bradfield, C. J., et al. (2024). Bactericidal antibiotic treatment induces damaging 

inflammation via TLR9 sensing of bacterial DNA. Nature Communications, 15, 10359. 

https://doi.org/10.1038/s41467-024-54497-3 

[63] Chen, Y. T., Lohia, G. K., Chen, S., & Riquelme, S. A. (2024). Immunometabolic regulation of bacterial 

infection, biofilms, and antibiotic susceptibility. Journal of Innate Immunity, 16(1), 143–158. 

https://doi.org/10.1159/000536649 

[64] Hao, H., Nie, Z., Wu, Y., Liu, Z., Luo, F., Deng, F., & Zhao, L. (2024). Probiotic characteristics and anti-

inflammatory effects of Limosilactobacillus fermentum 664 isolated from Chinese fermented pickles. 

Antioxidants, 13(6), 703. https://doi.org/10.3390/antiox13060703 

[65] Amoroso, C., Perillo, F., Strati, F., Fantini, M. C., Caprioli, F., & Facciotti, F. (2020). The role of gut microbiota 

biomodulators on mucosal immunity and intestinal inflammation. Cells, 9(5), 1234. 

https://doi.org/10.3390/cells9051234 

 
 

https://doi.org/10.1128/AAC.05745-11
https://doi.org/10.1371/journal.pone.0128423
https://doi.org/10.1038/srep21502
https://doi.org/10.1016/j.cell.2022.11.017
https://doi.org/10.1080/20565623.2025.2468114
https://doi.org/10.4161/viru.25991
https://doi.org/10.1556/1886.2024.00088
https://doi.org/10.1038/s41467-024-54497-3
https://doi.org/10.1159/000536649
https://doi.org/10.3390/antiox13060703
https://doi.org/10.3390/cells9051234

