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ABSTRACT 

Ocular infections can be caused by microorganisms that provoke an innate and adaptive immune response, inflammation, 

and tissue damage. Microorganisms recognize pathogen-associated molecular patterns (PAMPs) and activate nuclear 

factor kappa B (NF-κB) and type I interferon (IFN) signaling, with the production of cytokines. Microorganisms can 

activate the complement fractions C3 and C5a, which cause opsonization of the pathogen and cell lysis. In the adaptive 

immune response, CD4+ helper cells and CD8+ cytotoxic cells are activated, which help eliminate the infection caused 

by the pathogen. Microorganisms initiate inflammation in ocular infections that is mediated by the cytokines TNF, IL-6, 

and IL-1β, which cause severe tissue damage. In addition, they activate macrophages and neutrophils to produce reactive 

oxygen species (ROS) and nitrous oxide (NO) to kill the pathogens, which causes damage to tissues. Infection by 

pathogenic microorganisms is fought by immune cells, including mast cells (MCs). These are cells that normally mediate 

allergic reactions through FcεRI receptors, but in the conjunctiva, cornea, and other ocular tissues, they play an important 

role in the pathophysiology of infections. Activation of MCs leads to phosphorylation of Syk kinase, triggering MAPK, 

PI3K, and NF-κB, with production of inflammatory cytokines. Inflammatory mediators released by MCs cause 

vasodilation, increased vascular permeability, and immune cell recruitment. Vascular endothelial growth factor (VEGF) 

contributes to neovascularization and worsens keratitis, while TNF is a cytokine that takes part in the inflammatory 

network. In viral conjunctivitis, viruses use certain receptor proteins, such as integrins, to enter the cell and activate the 

immune system. Activation of receptors triggers the NF-κB, IRF3, and IRF7 pathways, with production of IFNa and g 

and inflammatory cytokines. Super-inflammation leads to epithelial damage and can cause conjunctivitis. Bacterial 

conjunctivitis is mediated by the activation of TLR2 and 4 and inflammatory cytokines. Infectious keratitis is mediated 

by HSV-1, which enters the cell via nectin-1 and activates TLR3 and RIG-I, causing a TH1 immune response. Therapy 

includes NF-κB inhibitors, MAPK inhibitors, and MC stabilizers. The use of anti-inflammatory cytokines can certainly 

be helpful for treatment, although they are still under investigation. 
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INTRODUCTION 

Ocular infections can be caused by bacteria, viruses, fungi or parasites, which provoke an immune and inflammatory 

response (1). These reactions cause damage to ocular tissues that can be more or less severe depending on both the 

virulence of the microorganism and the immune response of the host (2) (Table I). Microorganisms can activate the innate 

and adaptive immune response (3). In the innate immune response, microorganisms recognize pathogen-associated 

molecular patterns (PAMPs), activating nuclear factor kappa B (NF-κB) and type I interferon signaling, which leads to 

the production of cytokines such as IL-1β, IL-6, IL-8, TNF (4). In NOD-like receptor (NLR) activation, inflammasomes 

are activated, promoting the release of IL-1β and IL-18, two potent cytokines that induce inflammation (5).  

 

Table I. Some common infectious eye diseases. 

Viral Infections: Viral Conjunctivitis (Pink Eye) Often caused by Adenovirus. 

 Herpes Simplex Keratitis Caused by Herpes Simplex Virus (HSV-1). 

 Herpes Zoster Ophthalmicus Caused by Varicella-Zoster Virus (shingles in the 

eye). 

 Molluscum Contagiosum Viral skin infection that can affect the eyelid. 

 Cytomegalovirus (CMV) Retinitis A severe infection in immunocompromised 

individuals, such as those with HIV/AIDS. 

Bacterial Infections: Bacterial Conjunctivitis Caused by bacteria like Staphylococcus aureus, 

Streptococcus pneumoniae, or Haemophilus 

influenzae. 

 Blepharitis Inflammation of the eyelids, often due to 

Staphylococcus infection. 

 Keratitis Infection of the cornea, often caused by 

Pseudomonas aeruginosa or Staphylococcus aureus. 

 Endophthalmitis Severe bacterial infection inside the eye, often after 

surgery or trauma. 

Fungal Infections: Fungal Keratitis Often caused by Fusarium, Aspergillus, or Candida 

species. 

 Endophthalmitis (Fungal) Can be caused by Candida or Aspergillus. 

Parasitic & Protozoal 

Infections: 

Acanthamoeba Keratitis Caused by Acanthamoeba, often linked to contact 

lens use. 

 Toxoplasmosis Caused by Toxoplasma gondii, affecting the retina 

(ocular toxoplasmosis). 

 Onchocerciasis (River Blindness) Caused by Onchocerca volvulus, transmitted by 

blackflies. 

Chlamydial & Other 

Infections: 

Trachoma Caused by Chlamydia trachomatis, a leading cause of 

preventable blindness. 

 Ophthalmia Neonatorum Severe neonatal conjunctivitis due to Neisseria 

gonorrhoeae or Chlamydia trachomatis. 

 Syphilitic Uveitis Caused by Treponema pallidum (syphilis). 

 Leprosy-related Eye Disease Caused by Mycobacterium leprae, affecting the 

eyelids and cornea. 

 

Microorganisms activate complement fractions C3 and C5a, which together with membrane attack complexes (MAC), 

contribute to pathogen opsonization and cell lysis (6). In the adaptive immune response, CD4+ helper T cells (Th1, Th2, 

Th17) and CD8+ cytotoxic cells are activated, which help eliminate the infection caused by the microorganism (7). The 

acquired response also involves B cells with the production of IgA, IgG and IgM antibodies that neutralize pathogens and 

prevent adhesion to ocular surfaces (8). Tear antibody load increases in vaccinated patients (9). 

Some pathogens induce specific infectious mechanisms, such as bacterial infections by Pseudomonas aeruginosa, or 

Staphylococcus aureus, where α-haemolysis and exotoxins are used to destroy the corneal epithelium (10). Viral 

infections such as Herpes Simplex Virus and Adenovirus use the host DNA replication machinery and induce apoptosis 

via interferon-stimulated genes (ISG) (11). SARS-Cov-2 enters conjunctival macrophages via the ACE-2 receptor or 

P2X7R (12). and activates the intracellular caspases by cross-talk with the NPL3 inflammasome, inducing the cytokine 

storm in the lung alveoli (13). 
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DISCUSSION 

Microorganisms activate biological mechanisms of inflammation in ocular infections, such as the cytokines TNF, IL-

6, and IL-1β that can cause a cytokine storm, leading to inflammation with severe tissue damage (14) (Fig.1). In addition, 

the production of reactive oxygen species (ROS) and nitric oxide (NO) induced by macrophages and neutrophils to kill 

pathogens can damage host cells (15). Released matrix metalloproteinases (MMPs) also contribute by damaging the 

extracellular matrix, causing corneal ulcers, as evidenced in bacterial keratitis (16). 

 

 
Fig. 1. The biological mechanisms of inflammation in ocular infections induced by bacteria, viruses, fungi, and parasites. 

 

Fungal infections, such as Candida, activate the Dectin-1/Syk/CARD9 pathways, leading to chronic inflammation 

(17). In parasitic infections, particularly in Acanthamoeba, autophagy and excessive immune activation can be induced, 

which leads to serious keratitis (18). Microbial invasion triggers activation of immune cells, including mast cells (MCs) 

(19). 

 

Role of mast cells (MCs) in eye infection 

MCs are activated via FcεRI receptors when allergens cross-link IgE antibodies. MC activation leads to 

phosphorylation of Syk kinase, triggering downstream pathways such as MAPK, PI3K, and NF-κB, which mediate 

inflammatory responses (20). Preformed mediators such as histamine, tryptase, and and prostaglandins are released within 

seconds to minutes, while cytokines and chemokines such as IL-4, IL-5, IL-13, IL-1, IL-33, TNF, and CCL2 (MCP-1) 

promote the recruitment of eosinophils and Th2 cells (21).  

MCs are tissue immune cells located in the conjunctiva, cornea, and other ocular tissues that play an important role in 

the pathophysiology of infections by mediating the inflammatory response (22). They are activated in response to 

pathogenic microorganisms such as bacteria, viruses, fungi, and parasites (23). MCs possess FceRI receptors that bind 

allergens and lead to degranulation with the release of inflammatory mediators. Pathogenic microorganisms bind to Toll-

like receptors (TLRs) on MCs, generating and releasing pro-inflammatory cytokines (24). MCs contribute to the defense 

of the organism but can also cause damage to the body by releasing compounds that are harmful to tissues. Through 

TLRs, MCs recognize pathogens such as viruses and bacteria and become activated. Activation can lead to immediate 

degranulation with the release of inflammatory mediators such as histamine, and proteases, or to a delayed release with 

synthesis of pro-inflammatory cytokines and lipid mediators such as prostaglandins and leukotrienes (25). The 
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arachidonic acid cascade generates prostaglandins (including PGD₂, PGE₂) and leukotrienes (LTC₄, LTD₄, LTE₄), 

amplifying inflammation.  

Inflammatory mediators released immediately after seconds cause vasodilation, increased vascular permeability and 

recruitment of immune cells (26). vascular endothelial growth factor (VEGF) contributes to neovascularization, 

worsening keratitis (27). TNF is a cytokine that can be stored in secretory granules and released immediately but can also 

be generated through protein synthesis and released later (28). All mediators released by MCs amplify the inflammatory 

response. The mitogen-activated protein kinase (MAPK) pathway is activated through TLR and cytokine receptors (29). 

These reactions lead to the production of pro-inflammatory cytokines (TNF, IL-6, IL-1β) and chemokines. The NF-κB 

pathway is activated by TLRs, with transcription of genes encoding inflammatory mediators. 

PI3K-Akt regulates cell survival and inflammatory responses, and influences MC degranulation and cytokine release, 

while the JAK-STAT pathway activates cytokines IL-4 and IL-13 in allergic eye diseases (30). Other cytokine-producing 

cells, such as neutrophils, macrophages, and lymphocytes, are attracted to the site of infection, further amplifying the 

inflammatory state. Persistent inflammation can lead to systemic tissue damage and can also cause corneal damage and 

induce conjunctivitis or keratitis (31). Activated MCs not only mediate allergic conjunctivitis and keratitis, but are also 

involved in molecular and biological pathways, and can aggravate infections by viruses, bacteria and bacterial products, 

and fungi (32). 

Conjunctivitis and keratitis are inflammatory eye diseases that affect the conjunctiva and cornea, respectively. They 

can be triggered by various infectious (bacterial, viral, fungal, parasitic) and non-infectious causes (allergic, autoimmune, 

chemical) (33). These diseases involve complex molecular and biological pathways that regulate inflammation, immune 

responses, and tissue damage. In infectious keratitis, MCs help recruit neutrophils and macrophages via TNF and IL-6, 

while in non-infectious keratitis (e.g., dry eye syndrome, autoimmune conditions), MCs contribute to chronic 

inflammation via the TGF-β and IL-17 pathways, leading to corneal damage (34). In allergic conjunctivitis, MC 

degranulation leads to vasodilation, vascular permeability, and itching, and activation of the histamine H1 receptor on the 

conjunctival epithelium and nerve endings, which also causes redness, swelling, and itching (35). 

In viral conjunctivitis, viruses, including adenovirus, utilize CAR (Coxsackievirus and adenovirus receptor) and 

integrins for cell entry (36). Herpes simplex virus (HSV-1) binds to nectin-1 and heparan sulfate proteoglycans for entry, 

causing an immune and inflammatory response (37). Activation of pattern recognition receptors (PRRs) such as TLR3 

for dsRNA, triggers the NF-κB, IRF3, and IRF7 pathways (11). These reactions induce type I interferons (IFN-α, IFN-β) 

and pro-inflammatory cytokines such as IL-6, IL-8, TNF, IFN-γ, while activation of dendritic cells enhances T cell 

responses (Th1, Th17) (38) (Fig.2). 

 

 
Fig. 2. In viral conjunctivitis, macrophages can be activated through ACE or P2X7R receptors. This activates the NLRP3 

inflammasome and caspase-1, which are precursors for the production of cytokines which cause a cytokine storm in the 

lungs. In addition, macrophage activation produces reactive oxygen species (ROS) and nitric oxide (NO) that kill 

pathogens but also damage the host cell. Metalloproteinases are generated by macrophages and damage the extracellular 

matrix and can cause corneal ulcers and keratitis.  
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Overactive inflammation leads to epithelial damage and can cause pseudomembranous conjunctivitis (39). Bacterial 

conjunctivitis can be caused by several pathogens, including S. aureus, S. pneumoniae, H. influenzae, and C. trachomatis 

(39). These pathogens bind to their receptors via TLR2 and 4 and adhere to and invade tissues. Fimbriae, pili, and adhesins 

mediate bacterial attachment to the conjunctival epithelium, while Chlamydia trachomatis invades epithelial cells and 

forms intracellular inclusions (40).  

In infectious keratitis due, for example, to HSV-1 or VZV enters via nectin-1, which establishes latency in the trigeminal 

ganglion (41). This leads to the activation of TLR3 and RIG-I which detect viral dsRNA (42). The hyperactive immune 

response via Th1 (IFN-γ, TNF) leads to corneal scarring, while type I IFNs (IFN-α, IFN-β) attempt to suppress viral 

replication. In bacterial keratitis due, for example, to Pseudomonas aeruginosa or Staphylococcus aureus, there is cell 

adhesion and biofilm formation (43). The bacteria use fimbriae and adhesins (e.g. type IV pili in Pseudomonas) for corneal 

adhesion. Biofilm formation via quorum sensing (LasR, RhlR) protects the bacteria (44). Bacteria can bind to TLR2 

(Gram+) and TLR4 (Gram−), resulting in activation of the NLRP3 inflammasome (45). 

The immune response is also mediated by Th17 cells that generate IL-17 and IL-22, cytokines that recruit neutrophils 

that fuel inflammation and lead to corneal damage (46). In neurotrophic keratitis, there is loss of corneal nerves, reduction 

of nerve growth factor (NGF), and delayed or failed healing. 

Therapeutic targets may be inhibitors of NF-κB, MAPK, and MC stabilizers such as sodium cromoglicate, which may 

help modulate inflammation (47). Furthermore, anti-inflammatory cytokines including IL-10, TGF-β, IL-37 and IL-38, 

and regulatory pathways and lipid mediators such as lipoxins (products of the arachidonic acid cascade) may help improve 

the inflammatory state (48). Again, targeting MCs by blocking the H1 receptor or inhibiting them with sodium 

cromoglicate, results in a reduction of degranulation and, therefore, inflammation (35). VEGF inhibitors may help prevent 

corneal neovascularization in severe keratitis (49) (Fig.3). Inhibitors of inflammatory cytokines such as IL-37 and IL-38 

are still the subject of clinical trials that need to be confirmed (50). 

 

 

Fig. 3. Mast cells (MCs) can be activated through several receptors including FcRI and Toll-like receptors (TLRs). IgE 

binds FcRI and induces MC degranulation within seconds, while the binding of microorganisms to the TLR causes the 

production of VEGF, which mediates neovascularization and leads to the worsening of keratitis. Following 

phosphorylation, MCs produce inflammatory cytokines that mediate allergic eye, conjunctivitis, and keratitis. 
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CONCLUSIONS 

Infectious ocular diseases involve complex interactions between pathogens, host immune responses, and tissue 

damage pathways. While viral infections are largely driven by IFN, bacterial infections rely on TLR-NF-κB signaling 

and immune cell recruitment. Fungal infections trigger Dectin-1/Th17 pathways, and allergic conjunctivitis follows a 

Th2-IgE-MC axis. These immune and inflammatory reactions can be regulated by cytokine inhibitors and immune 

modulators that can help target novel therapeutics and design new treatments. 
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