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1.1 Human Eye 
 

Eye is the most important sense organ for sight that receives visual images and relays the 

visual signal to the brain. The human eye is shaped like an asymmetrical sphere and hence 

also termed as the eyeball. The eye is supported by extraocular muscles and bony socket 

(Kierstan Boyd, 2018) and is made up of many layers and compartments. Cornea is the 

anterior-most part of the eye which is in contact with the environment. It is over 0.5 mm 

thick and its diameter is 11-12 mm (Figure 1.1). Cornea is devoid of any blood vessels and 

maintains its hydration state with the help of the endothelium layer. The cornea is made up 

of cells and collagen fibers arranged orderly in the stroma. All these factors together makes 

the cornea tough and transparent (Maurice, 1957; McCaa, 1982). The transparent nature 

and dome shape of cornea aids in clear vision. Stromal structure of the cornea also governs 

the spherical shape of cornea. The cornea is one of the essential parts of the eye for focusing 

light onto the retina, the posterior layer of the eye, where the light is further relayed to the 

brain via optic nerve for image processing. 

The cornea consists of five different layers: 

1. Epithelium 

2. Bowman’s membrane 

3. Stroma- constitutes 90% thickness of cornea 

4. Descemet’s membrane 

5. Endothelium- Innermost part of cornea consisting of hexagonal monolayer cells. 

The tear film layer is anterior to the corneal epithelium and essentially contains secretions 

from the goblet cells, lacrimal glands, meibomian glands and the glands of Moll and Zeis 

(McCaa, 1982).  

Corneal epithelium is the anterior-most layer of the cornea that protects it from the invading 

pathogens and the outside environment, while maintaining its transparency for vision. It is 

made up of 5-6 layers of squamous non-keratinized epithelial cells and is 30-50μm thick. 

The tight junction between the epithelial cells prevents the penetration of microbes and 

fluids in the stroma. The anterior 2-3 layers of epithelium are made up of flat and polygonal 

cells with multiple microvilli and microplicae (ridges) coated with glycocalyx that interacts 

with and stabilizes the tear film. The next 2-3 layers of epithelium has wing or suprabasal 

cells with tight junction complexes between them. The posterior-most layer of the corneal 

epithelium is made up of perilimbal basal epithelial cells that differentiate and migrate 
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towards the anterior layers to replace the old cells (P. Asbell & Brocks, 2010; Eghrari et 

al., 2015; Forrester et al., 2016). 

 

Figure 1.1 Representative images of cornea and bacterial keratitis A) Cartoon of corneal layers; B) Tissue 

section of cornea. Redrawn from (Urwin et al., 2020).  

 

Posterior to the corneal epithelium is an acellular, non-regenerating layer, approximately 

12μm in thickness, called Bowman’s layer which is made up of randomly placed collagen 

fibrils within an extracellular matrix. It helps in maintaining the shape of cornea. The 

posterior surface of the bowman’s layer merges with stromal collagen lamellae (Sridhar, 

2018; Wilson, 2020). The corneal stroma comprises of dense, regularly arranged collagen 

fibrils. This layer helps provide mechanical strength to the cornea and maintain its 

transparency. The stroma helps in refraction of light onto the lens. The descemet’s 

membrane comprises of resting endothelial cells and the corneal endothelium helps in 

maintaining hydration and clarity of cornea via various molecular transporters and channels 

(Sridhar, 2018) (Figure 1.1). 

1.2 Corneal Infection (Keratitis) 

Corneal infections, also known as keratitis, is an inflammatory disease of the cornea and 

may lead to the development of corneal ulcers and opacification due to neovascularization 

and scarring eventually resulting in loss of vision. Cornea normally remains intact and can 

repair minor abrasions. However, sometimes because of corneal abrasions, bacteria can 

breach the cornea and cause ocular trauma (Keay et al., 2006) or infections (Figure 1.2).In 

a study on cases published between 2010-2020 from India and western world, it was found 

that about 23.4 to 100% of the cases of infectious keratitis had bacterial etiology (Ting, Ho, 

Deshmukh, et al., 2021).  
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Figure 1.2 Representative images of bacterial keratitis. A) P. aeruginosa keratitis; B) S. pneumoniae keratitis 

 

The most common predisposing factor for keratitis in developed countries is contact lens 

wear (Bourcier et al., 2003; Keay et al., 2006; Sagerfors et al.; Sauer et al., 2020), whereas 

in developing countries it is ocular trauma (Ting, Ho, Deshmukh, et al., 2021). Other risk 

factors include corneal graft failure (Okonkwo et al., 2018), and chemical or ultraviolet 

light exposure (Estimated Burden of Keratitis — United States, 2010, n.d.). Known risk 

factors for infective keratitis are given in Table 1.1. 

Out of the many pathogens that are responsible for infectious keratitis, fungus and bacteria 

are the most common ones. Bacterial keratitis is one of the leading cause of corneal 

opacification and is the major cause of blindness burden both in India and worldwide (Ung 

et al., 2019). 

 

Table 1.1 Risk factors for infectious keratitis (Acharya, Farooqui, Jain, et al., 2019) 

LOCAL SYSTEMIC 

Trauma to intact epithelium Immunodeficient states- HIV AIDS, Malignancy, 

Drug induced 

Contact lens wear Connective tissue disorder-Like rheumatic arthritis 

Eyelid-Entropion, extropion, adnexal infection Diabetes 

Neurotrophic disease Measles 

Bullous keratopathy Malnutrition 

Ocular surface disease Diarrhea 

Topical medications- eg. steroids  

 

The most common pathogens causing bacterial keratitis are Staphylococcus aureus, 

Pseudomonas aeruginosa, coagulase-negative Staphylococcus and Streptococcus spp. The 

most prevalent bacteria in the cases of bacterial keratitis are given in Table 1.2. 
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Table 1.2 Bacterial keratitis causative organisms 

 

Area/ Country % Bacterial 

keratitis 

Gram 

positive/ 

negative  

Gram positive Gram negative Reported by 

Tertiary care 

Centre, Eastern 

India 

60% Gram 

positive 

Streptococcus 

pneumoniae 

Pseudomonas 

spp. 

(Das et al., 

2019) 

Aravind Eye 

Hospital, South 

India 

7.5% Gram 

positive 

Streptococcus 

pneumoniae 

- (Chidambaram 

et al., 2018) 

North India 1169 cases Gram 

positive 

coagulase 

negative 

Staphylococcus 

Pseudomonas 

spp. 

(Acharya, 

Farooqui, 

Singh, et al., 

2019) 

South Texas 95.1% Gram 

positive 

coagulase 

negative 

Staphylococcus 

Pseudomonas 

spp. 

(Puig et al., 

2020) 

Nottingham, 

UK 

92.8% (4.5% 

polymicrobial) 

Gram 

positive 

S. aureus P. aeruginosa (Ting, Ho, 

Cairns, et al., 

2021) 

Sydney, 

Australia 

65% (2.3% 

polymicrobial) 

Gram 

positive 

Staphylococcus 

epidermidis 

- (Khoo et al., 

2020) 

North India 54.2% Gram 

positive 

Staphylococcus 

spp. 

Pseudomonas 

spp. 

(Singh et al., 

2020) 

Nepal 43.4%, mixed 

2.7% 

95% Gram 

positive 

Streptococcus 

pneumoniae 

45.5% 

 (Bajracharya 

et al., 2020) 

San Francisco 23.7% 65.3% 

Gram 

positive 

Methicillin-

sensitive 

Staphylococcus 

aureus 20.1% 

34.7% Gram 

negative of 

which P. 

aeruginosa 

10.9% 

 

(Peng et al., 

2018) 
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At present, the treatment of bacterial keratitis is done mainly by using conventional 

antibiotics (Mah & Baum, 2015), alone or in combination with few other adjunctive 

therapies like bacteriophage therapy (Ibrahim et al., 2020; O’Brien, 2003). Some of the 

antibiotics currently used for management of bacterial keratitis are cefazolin, vancomycin, 

bacitracin, fluoroquinolones, tobramycin, gentamicin, ceftazidime etc. (Lin et al., 2019). 

1.3 Pathogenesis of causative agents of bacterial keratitis  
 

 1.3.1 Pseudomonas aeruginosa  
 

P. aeruginosa is a gram-negative opportunistic pathogen and is responsible for many 

diseases (Lyczak et al., 2000). It is one of the main causes of nosocomial infections and 

infections in immunocompromised individuals. It is also one of the leading causes of 

contact lens wear-related infectious keratitis (Lap-Ki Ng et al., 2015). P. aeruginosa is 

known for causing more severe ulcers at presentation that are often difficult to cure, leading 

to a worse visual outcome. 

P. aeruginosa harbors several virulence factors that is controlled by a complicated 

regulatory network (Balasubramanian et al., 2013). These virulence factors can also act 

together and play a crucial role in infection (D. G. Lee et al., 2006). The major virulence 

factors of P. aeruginosa includes lipopolysaccharide, alginate, flagella, hydrogen cyanide, 

pyocyanin, pyoverdine, rhamnolipid, type IV pili, various exotoxins and secretion systems 

(Fleiszig & Evans, 2002; Hilliam et al., 2020) (Figure 1.3). Till now six different classes 

of secretion systems (Type-I to VI) have been described that are present in P. aeruginosa  

(Bleves et al., 2010; Juhas, 2015). Amongst all, Type-3 secretion system (T3SS) is the most 

studied one and has been shown to play a critical role in the virulence of P. aeruginosa 

(Filloux, 2011). Additionally, pili of P. aeruginosa aids in the invasion of the corneal 

epithelial cells in vitro and helps in the colonization of the cornea in vivo (Zolfaghar et al., 

2003). Secreted bacterial proteases like P. aeruginosa small protease (PASP) also play an 

important role in development of keratitis (Tang et al., 2018).   
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Figure 1.3 Different virulent factors and systems of P. aeruginosa. (A) Biofilm (B) Quorum sensing (C) 

Flagella (D) Pyoverdine iron uptake siderophore (E) Type 4 pili (F) Lipopolysaccharide and outer membrane 

proteins (G) T3SS (H) Type VI secretion system (J) Type II secretion system. Redrawn from (Jurado-Martín 

et al., 2021) 

 

Pathogenesis of P. aeruginosa is facilitated by various virulent factors that help in adhesion, 

modulation or inhibition of host cell pathways and extracellular matrix. A brief flowchart 

about pathogenesis of P. aeruginosa is given in Table 1.3. 
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Table 1.3 Pathogenesis of P. aeruginosa  

 

1.3.1.1 P. aeruginosa Type-3 Secretion System (T3SS) 

 

The cell envelope of P. aeruginosa has an inner membrane and an outer membrane, 

separated by a hydrophilic space called periplasm. To facilitate the transport of large 

hydrophilic molecules via the hydrophobic parts of the membrane, the bacteria harbor 

several secretion systems. These secretion systems either follow one step mechanism 

(T1SS, T3SS, T6SS), where the molecules are transported directly to the cell surface, or 

two step secretion mechanism (T2SS, T5SS), where the molecules have a stopover at the 

periplasm (Filloux, 2011). T4SS subunits forms a channel in bacterial cell membrane that 

is often a pilus or pilus-like structure which facilitates horizontal gene transfer (Juhas, 

2015). 

T3SS or injectisome is a needle-like injection system that enable the translocation 

of bacterial exotoxins and enzymes into the host cells. T3SS is a virulence apparatus found 

in many pathogens and is specially conserved in gram-negative bacteria. It has evolved 

from flagella (Cornelis, 2006), a bacterial motility enabler. P. aeruginosa type III secretion 

system is made up of five major parts- first, the components that make up the secretion 

machine, second, the components that help in the translocation of secreted proteins into 

host cells, third, the components that helps in regulation of secretion process, fourth, the 

components that hold the secreted proteins to enable the secretion, known as chaperone 

proteins, and fifth, the effector proteins that are translocated into host cells (Figure 1.4). P. 

Adhesion

•mediated by bacterial 
adhesins, glycocalyx

Invasion and 
cytotoxic effect

•Elastase A and B, 
modified elastase, 
alkaline protease, 
protease IV, PA small 
protease (PASP)- cleaves 
collagen and large 
exoprotease. MucD 
protease supress 1L1B, 
KC and MIP2 and 
neutrophil recruitment.

•Metalloproteases-elastase 
B and alkaline protease

•Protease IV cleaves host 
defense proteins like Igs, 
complement parts, AMPs 
and surfactants.

•T3SS

Stromal necrosis and 
ring infiltrate 

formation

•Bacterial exotoxins and 
proteases over a period of 
time causes stromal 
destruction.

•LPS, an endotoxin on cell 
wall results in production 
of stromal rings which 
consists of 
polymorphonuclear 
leucocytes.
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aeruginosa type III secretion system secretes four effector proteins namely, ExoS, ExoU, 

ExoT and ExoY (Frank, 1997).  

 

Figure 1.4 Representation of Pseudomonas aeruginosa T3SS. Redrawn from (Naito et al., 2017) 

 

ExoS shows GTPase-activating and ADP ribosyl transferase activities that causes actin 

cytoskeleton disruption and cell death. ExoT, like ExoS also exhibit GTPase-activating and 

ADP ribosyl transferase activities, but, unlike ExoS it is directed against different substrates 

(Barbieri & Sun, 2004). ExoU shows phospholipase A2 activity and leads to prompt lysis 

of several mammalian cells (Sato & Frank, 2004). ExoY, an adenylyl cyclase (Yahr et al., 

1998) and has been shown to weaken early innate immune response, activate apoptosis, 

microtubule breakdown and endothelial cell proliferation (Balczon et al., 2013; Kloth et 

al., 2018; T. C. Stevens et al., 2014). ExoS and ExoT ADP ribosyltransferase activities 

promote neutrophil apoptosis and bacterial survival and has been shown to mediate 

Pseudomonas aeruginosa keratitis (Sun et al., 2012). ExoS also negatively regulates mTOR 

and autophagy in epithelial cells. ExoS‐mediated ADP ribosylation of RAS leads to 

inhibition of mTOR. It also leads to an inhibition of autophagy by suppression of 

autophagic Vps34 kinase activity (Rao et al., 2021). Majority of invasive strains of P. 

aeruginosa were found to be ExoS and ExoT positive but ExoU negative (Karthikeyan et 

al., 2013). ExoU expressing strains are cytotoxic whereas ExoS expressing strains are 
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invasive in nature. Among all the P. aeruginosa strains the most common virulence genes 

were found to be exoA and exoS, followed by exoU and lasB (Heidari et al., 2018). Apart 

from effector protein-mediated pathogenicity, T3SS also shows independent pathogenicity. 

FliC, a protein secreted by T3SS of bacteria can trigger NLRC4-inflammation activation 

and consequently induce cell death by pyroptosis (Anantharajah et al., 2016). 

ADP-ribosyltransferase (ADP-r) activity of P. aeruginosa T3SS exotoxin ExoS (Angus et 

al., 2010), allows it to survive within epithelial cells by forming bleb-niches in the plasma 

membrane (Fleiszig et al., 1996) that helps it evade acidic intracellular vacuoles and 

promotes its replication by suppression of vacuolar acidification (Heimer et al., 2013). 

Thus, T3SS mutants migrate to perinuclear vacuoles. P. aeruginosa ExoY adenylate 

cyclase activity can also help in the formation of bleb-niche in epithelial cells, similar to 

the ExoS ADP-r activity. However, the formation of bleb-niche mediated by ExoY does 

not help in intracellular replication in vitro but it enhances the bacterial virulence in vivo in 

susceptible mice (Hritonenko et al., 2011).  

 

1.3.2 Streptococcus pneumoniae 

 

S. pneumoniae is a gram-positive opportunistic pathogen that exists as a single coccus, a 

pair (diplococci) or forms lancet shaped chain. It’s an aerotolerant anaerobic bacteria, 

catalase negative with the capsulated strains being pathogenic (Dion & Ashurst, 2021). 

Colonies on blood agar are α- hemolytic and often difficult to grow because of their ability 

to autolyze (Peter & Klein, 2008). S. pneumoniae is one of the major causes of corneal 

ulcers in the developing countries, comprising of about 13% to 44% of the bacterial cases 

(Deorukhkar et al., 2012; Kunimoto et al., 2000; Srinivasan et al., 1997; Suwal et al., 2016). 

Since S. pneumoniae lacks enzymes like catalase and produces hydrogen peroxide 

as a by-product of its metabolism, they have certain oxidative stress proteins involved in 

enzyme detoxification, cation homeostasis and gene regulation (Figure 1.5)  that protects 

the bacteria from reactive oxygen species (ROS) and nitric oxide stress (Yesilkaya et al., 

2013). S. pneumoniae produces hydrogen peroxide due to the activity of the enzyme 

pyruvate oxidase, SpxB leading to DNA damage and induction of apoptosis in the host (Rai 

et al., 2015). SpxB is also involved in counteracting the oxidative stress. 
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Figure 1.5 Proteins involved in oxidative stress defense in S. pneumoniae. TpxD* indicates that TpxD does 

not contain a known signal sequence or localization signals and it is predicted to be extracellular. Redrawn 

from (Yesilkaya et al., 2013).  
 

S. pneumoniae harbor various virulent factors that help bacterial adherence and invasion to 

host cells, and evade host’s immune system. For example, the cytoplasmic toxin, 

pneumolysin (Ply), helps in binding of bacteria to the host membranes and causes cell lysis 

by creating pores, induces inflammation and activation of complement (Brooks & Mias, 

2018). Most of the damage caused by pneumococcal keratitis, in vitro and in vivo, is 

associated with Ply (Norcross et al., 2011). A brief flowchart about pathogenesis of S. 

pneumoniae is given in the Table 1.4. 
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Table 1.4 Pathogenesis of S. pneumoniae (Lakhundi et al., 2017)

 

1.4 Antimicrobial Resistance (AMR) 
 

“Antimicrobial resistance is a phenomenon when bacteria, viruses, fungi and parasites 

change over time and no longer respond to antimicrobials including antibiotics, making 

infections harder to treat and increasing the risk of disease spread, severe illness and death 

(Antimicrobial Resistance, n.d.).” The microorganisms that show AMR are often referred 

to as “superbugs” (Antimicrobial Resistance, n.d.). According to the World Health 

Organization, AMR is one of the top ten health-threats faced by the world currently and the 

infections caused by antibiotic resistant bacteria has become a burden to healthcare system. 

The term “antibiotic” was coined in 1942. Antibiotics are produced by microorganisms or 

chemically synthesized and is known to be antagonistic to the growth of other 

microorganisms. The antibiotics can act as bactericidal or bacteriostatic medicines to cure 

a number of microbial infections. Penicillin, the first antibiotic discovered in 1928 by 

Alexander Fleming in the “pre-antibiotic” era, set the stage for the discovery of many others 

(Erdem et al., 2011; Tan & Tatsumura, 2015). The onset of an era of antibiotic discovery 

(Aminov, 2010) was marked with an enthusiasm in researchers all over the world to 

discover other novel naturally occurring antibiotics. Very soon the synthetic antibiotics 
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were made that were more efficient. Within a decade of the discovery of the first antibiotic, 

it was believed that humans have triumphed over bacterial diseases. But this sense of 

victory over the bacterial diseases did not last very long. The antibiotics began to fail, in 

curing some bacterial diseases, especially the ones acquired in hospitals, or nosocomial 

diseases. Today we are entering a “post-antibiotic” era where there is no stopping the 

antibiotic-resistant bacteria (Kwon & Powderly, 2021). It has been shown that antibiotic 

resistance commonly occurs in nature and dates back to times even before the antibiotics 

were used clinically (Dcosta et al., 2011).Therefore, WHO has identified AMR as “a 

serious threat to global public health.” Additionally, the cost and feasibility of health care 

have risen due to AMR. WHO has put out new recommendations to fight the AMR, and 

one of the objectives is to “increase investment in new medicines, diagnostic tools, vaccines 

and other interventions.” Global Antimicrobial Resistance and Use Surveillance System 

(GLASS),  is the first initiative by WHO to integrate official national observation data of 

AMR in human, food chain, and environment (Organización Mundial de la Salud, 2015). 

A report by WHO -GLASS on emerging AMR during the year 2019, shows a list of 

confirmed events of AMR in Pseudomonas aeruginosa, Staphylococcus aureus, 

Escherichia coli, to name a few. In the recent GLASS report, high rates of resistance were 

recorded among antimicrobials commonly used to treat (World Health Organization 

(WHO), 2020).  

In a report by WHO published in 2017, P. aeruginosa was identified as one of the 

top three priority-1 pathogens and S. pneumoniae was as one of the priority-3 pathogens 

needing urgent attention in research and development of antibiotics against them, due to 

emergence and re-emergence of AMR. Parallelly, the WHO, India branch along with the 

Department of Biotechnology (DBT) has also developed a list of drug resistant microbial 

pathogens of national relevance which will help the prioritization of research and 

development of new and effective antibiotics from Indian perspective (Sharma, 2021). 

According to this list P. aeruginosa comes under critical priority and S. pneumoniae under 

medium priority category. Infectious Diseases Society of America has identified some 

antibiotic-resistant bacteria (Enterococcus faecium, Staphylococcus aureus, Klebsiella 

pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter spp.) 

that has been given an acronym “the ESKAPE pathogens” – signifying their ability to 

“escape” the killing effect of antibiotics and exhibiting new models in pathogenesis, spread 

and resistance (Pendleton et al., 2013). The earliest reports of resistance towards 
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fluoroquinolones are found in bacterial keratitis causing strains (Goldstein et al., 1999; 

Schaefer et al., 2001). There have been reports of several multidrug-resistant (MDR) 

bacterial keratitis in recent years (Schubert et al., 2020). In one study Pseudomonas spp. 

was found to be the most common pathogen showing resistance to chloramphenicol (A. E. 

Lee et al., 2019). In other studies it was found that 100% percent of the ocular isolates of 

P. aeruginosa showed resistance to cefalotin/cephazolin and chloramphenicol 

(Mohammadpour et al., 2011; Watson et al., 2020). An rise in resistance to penicillin was 

also reported in both gram negative and gram positive ocular isolates (Ting, Ho, Cairns, et 

al., 2021). Keratitis caused by antibiotic-resistant bacteria shows worse clinical outcomes, 

prolonged disease and treatment regimen (Charani et al., 2021; Dimatatac et al., 2003).  

 

1.4.1 Development of antibiotic resistance 
 

Antibiotic resistance has been attributed to certain genes, that are known to cluster together 

at certain sites of the bacterial chromosome. Such clusters have been made possible by the 

transportation of AMR genes by transposons, integrons and plasmids. That means these 

genes are often foreign to the host bacteria and most possible sources can be mutation in 

housekeeping genes as an adaptation to new substrates, antibiotic production by microbes 

for self-protection, and natural resistance genes in soil (Mazel & Davies, 1999). Bacteria 

can develop resistance by either gene mutation (vertical evolution) or by incorporating 

genes involved in antibiotic resistance from other strains or species (horizontal gene 

transfer). A vast diversity of antibiotic resistance genes in the human microbiome was 

identified and it is highly possible that human pathogens could be developing antibiotic 

resistance by acquiring those genes by horizontal gene transfer (HGT) (Sommer et al., 

2009). In one study it was concluded that there is a multitude of mechanisms and processes 

that leads to the persistence of chromosomal and plasmid-borne resistance factors and how 

we can target them to curb AMR. It was shown that a very low antibiotic concentration can 

enrich resistant bacteria and that its release into the environment could cause selection for 

resistance (Andersson & Hughes, 2011). The development of antibiotic resistance can thus 

be either because of natural selection, mutation or gene transfer in bacteria (Figure 1.6). 
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Figure 1.6 Development of antibiotic resistance in bacteria. Picture courtesy (Causes of Antimicrobial (Drug) 

Resistance | NIH: National Institute of Allergy and Infectious Diseases, n.d.) 

 

1.4.2 Mechanism of antibiotic resistance 
 

Bacteria employ four different mechanisms for exhibiting resistance to antibiotics (Blair et 

al., 2015; Mazel & Davies, 1999; P. K. Mukherjee, 2019): 

1. The inactivation or modification of antibiotics. (E.g., Antifolates, Aminoglycosides, 

Glycopeptides, Amphenicols, β lactams, Rifamycins) 

2. Alteration of antibiotic’s target site & hence reducing its binding capacity. (E.g., β 

Lactams, Aminoglycosides, Glycopeptides, Fluoroquinolones, Rifamycins, 

Macrolides, Tetracyclines) 

3. Alteration of metabolic pathways to inhibit the antibiotic effect. (E.g., 

Sulfonamides, Trimethoprim) 

4. Reduction in intracellular accumulation of antibiotic by decreasing permeability 

(E.g., aminoglycosides, β Lactams) and/or increasing the active removal of 

antibiotics from the bacterial cell. (E.g., Aminoglycosides, β Lactam, Macrolides, 

Quinolones, Tetracyclines) 

P. aeruginosa is known to show multidrug resistance to various antibiotics and this has 

been attributed to low permeability of its cell wall, expression of numerous resistance 
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mechanisms like biofilm formation, mutation in resistance regulatory genes and its ability 

to incorporate genes conferring resistance from other organisms via plasmids, transposons 

and bacteriophage  (Lambert, 2002). Inherent presence of certain resistance genes like catB 

and ampC makes P. aeruginosa resistant to chloramphenicol and β-lactams, respectively 

(Livermore, 1995). P. aeruginosa also expresses efflux pumps like MexAB-OprM and 

MexXY-OprM that makes it resistant to certain other antibiotics (Poole, 2011). In one study 

it was found that Indian isolates of P. aeruginosa were more resistant to the antibiotics 

ciprofloxacin, levofloxacin, tobramycin, ceftazidime, piperacillin, imipenem, gentamycin 

and polymyxin than the Australian isolates (Poole, 2011). Additionally, Indian isolates also 

have additional resistance genes, in comparison to Australian isolates, that conferred 

resistance to fluoroquinolones, aminoglycosides. 

 

1.4.3 Spread of antimicrobial resistance 
 

Antibiotic resistance in bacteria is spread by misuse, overuse of antibiotics, unhygienic 

environment and poor infection control, misuse of antibiotics in agriculture, farms and 

dairies. Rampant usage and improper disposal of antibiotics in the environment facilitates 

the spread of antibiotic resistance (Figure 1.7). The misuse of antibiotics has been reported 

as a ‘global crisis’ (Bell, 2014). Recently, in a study conducted on AMR in companion 

birds, it was found that they are an important reservoir of antimicrobial resistance genes, 

and can transfer the resistance directly or indirectly to humans (Varriale et al., 2020).  
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Figure 1.7 Spread of AMR. Image from World Health Organization (WHO) 

 

1.5 Host Innate Immune Response to Pathogens 
 

Innate immune responses against pathogens is induced when evolutionarily conserved 

pathogen associated molecular patterns (PAMPs), bind to germline-encoded pattern 

recognition receptors (PRRs) like TLRs, Triggering Receptor Expressed on Myeloid cells‐ 

1 (Hommes et al., 2014) and Nod-like receptors (Alhazmi, 2018) on host cell surfaces and 

triggers the intracellular signaling that leads to the activation of signaling pathways like 

MAPK, inflammasomes and transcription factors like nuclear factor- κβ (NF-κβ) and AP-

1. These activated transcription factors consequently lead to the production of antimicrobial 

peptides (AMPs), inducible nitric oxide synthase, pro-inflammatory cytokines like IL-1, 

IL-2, TNF-α and chemokines. These cytokines may then induce various other signaling 

pathways leading to the expression of additional pro-inflammatory cytokines and activation 

of other innate and adaptive immune responses (Figure 1.8).  
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Figure 1.8 TLR signaling in humans. Image adapted from (J. Yang et al., 2020) 

 

TLR2 and TLR4 are shown to be activated during S. pneumoniae keratitis. TLR2 putatively 

helps in bacterial clearance by recruiting neutrophils to the cornea and TLR4 is speculated 

to be essential to modulate the immune response for preventing cellular damage (Tullos et 

al., 2013). S. pneumoniae lipoproteins are major inducers of the macrophage TLR2 and 

NF-κβ–mediated inflammatory response via IL-1R–associated kinase (IRAK-4) 

(Tomlinson et al., 2014). The earliest upregulation of cytokines like IL-1α, IL-1β, TNF-α, 

KC and MIP-2 was shown to be dependent on transcription by NF-κβ RelA in myeloid 

cells during S. pneumoniae infection (Pittet et al., 2011). In another study it was found that 

the expression of TLR2, TLR4, TLR5 and TLR9 was upregulated in P. aeruginosa and S. 

pneumoniae infected patient corneas (Karthikeyan et al., 2013). It has been shown that 

TLR4 plays an important role in the activation of innate immune responses in response to 

P. aeruginosa infection (Skerrett et al., 2007). In addition to TLRs, Nod receptors also play 

a role in initiation and amplification of host innate immune response. Nod1, a cytosolic 

receptor that is activated by diaminopimelate-containing muropeptides from Gram-

negative bacteria peptidoglycan, has been shown to detect the P. aeruginosa peptidoglycan 

causing NF-κβ activation and chemokine expression in epithelial cells (Travassos et al., 

2005). MAP-kinase or MAPK pathway controls major cellular processes that includes 

growth, differentiation, apoptosis, stress response and immune defense. MAPK pathway is 
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present ubiquitously and is highly conserved in eukaryotes. There are three MAPK 

pathways identified in mammals: 

1. ERK- activated by growth factors, hormones and pro-inflammatory cytokines 

2. JNK- triggered by stress and pro-inflammatory cytokines 

3. P38- triggered by stress and pro-inflammatory cytokines 

P. aeruginosa has been shown to regulate gene expression by activating p38 MAPK 

signaling via TLR5 in human airway epithelial cells (HAECs) which further activates NF-

κβ (Zhang et al., 2007). Glycosyl hydrolase 25 relating to invasion protein (GHIP), a 

virulent factor of S. pneumoniae, was shown to induce the expression of IL-6 via TLR2 

mediated activation of JNK and p38 (Dong et al., 2014). 

Another intracellular signaling pathway that plays an important role in host innate 

immune response during infection is phosphatidylinositol-3 kinases/Akt/mammalian target 

of the rapamycin pathway. This pathway plays a part in cell growth, differentiation, 

metabolism, proliferation, motility, and survival. It is also responsible for regulation of 

inflammation and is usually accompanied by the initiation of TLRs/NF-κβ, cytokine 

receptors and tyrosine kinase receptor signaling (B. Li et al., 2018; Saxton & Sabatini, 

2017; Weichhart et al., 2015). It has been shown that the inhibition of this pathway 

increases the risk of infection significantly in tumor patients undergoing chemotherapy 

(Rafii et al., 2015). JAK-STAT pathway is an intracellular cell signaling pathway that also 

takes part in innate immune response of the host during infection. It is activated by 

cytokines that includes type-1 interferons like IFN-α/β, type-2 interferon like IFN-γ and 

IL-10 family of type II cytokines. The JAK or Janus family tyrosine is a family of kinases 

which are of four types: JAK1, JAK2, TYK2 and JAK3, out of which JAK1, JAK2 and 

TYK2 are expressed widely in a constitutive manner and JAK3 is inducible. In one study 

it was shown that S. pneumoniae, early on during the infection, induced the expression of 

Type I Interferons that consequently lead to the initiation of the JAK/STAT signaling 

pathway that regulated the expression of Interferon Stimulated Genes products having anti-

tumor, anti-viral, immunomodulatory, and pro-apoptotic functions (Joyce et al., 2009). 

Autophagy is yet another innate immune response of the host, that triggers upon bacterial 

infection. One such example is the autophagy induced in mast cells during P. aeruginosa 

infection in lungs, where it helps in effective clearing of the bacteria both in vitro and in 

vivo. Hence, autophagy inducers like mTOR inhibitors (rapamycin), modulators of calcium 

dependent signaling and IP3 inhibitors can be used as a therapeutic for alleviating infection 
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(Junkins et al., 2013). Autophagy is also known to be activated during S. pneumoniae 

infection in human alveolar epithelial cells (P. Li et al., 2015), osteoblasts (J. Kim et al., 

2017), microglia (Guan Wang et al., 2020) etc. One of the virulent factors of S. pneumoniae, 

PLY was found to induce autophagy by ROS mediated activation of  AMPK and 

consequent inhibition of mTOR (J. Kim et al., 2017). ROS mediated downregulation of 

PI3K/AKT/mTOR pathway was also found to activate autophagy in S. pneumoniae 

infected cells in vitro (P. Li et al., 2015). All these findings show that there is an interplay 

of various signaling pathways and processes within the host during infection. ROS 

production is one of the early defenses of the host against the pathogen and plays an 

important role in inflammation. ROS is usually generated by NADPH oxidase complex 

(phagocyte oxidase (phox) complex), which is stimulated via various intracellular signaling 

pathways like PI3K upon interaction of PAMPs with PRRs including TLRs (Nguyen et al., 

2017). Several pro-apoptotic signals also induce autophagy. Various virulent factors of P. 

aeruginosa like pyocyanin, exotoxin A, protease, T3SS etc., are known to induce apoptosis 

in the host via mitochondrial pathway, caspase 3, Bak pathway, cAMP, reactive oxygen 

intermediates etc. (Du et al., 2010; Kaufman et al., 2000; Usher et al., 2002). 

P. aeruginosa is also shown to activate NF-κβ pathway in respiratory epithelial cells 

(DiMango et al., 1998) and it was found to be induced by ExoU (C. D. M. de Lima et al., 

2012). Pyocyanin, a virulent factor of P. aeruginosa was found activate MAPK and NF-κβ 

pathways in differentiated human promonocytic cell line (U937) (Chai et al., 2014).  

 

1.5.1 Antimicrobial Peptides (AMPs) 
 

1.5.1.1 Background  

 

The first AMP, lysozyme, was discovered by Alexander Fleming from the human nasal 

mucus. At that time, these peptides were not classified as AMPs and their major role in 

innate immunity was not identified.  It was not until the 1970s, when Hans Boman group 

identified a non-specific humoral immune response in Drosophila and went on to figure 

out, for the first time, the structure an AMP, cecropin, from silk moth, which was published 

in Nature in 1981 (Boman et al., 2020; Steiner et al., 1981). He is recognized as a ‘pioneer 

in peptide-mediated innate immune defense’ (Pütsep & Faye, 2009). The Antimicrobial 

Peptide Database (APD) has a repository of 3283 antimicrobial peptides from six kingdoms 

(371 bacteriocins/peptide antibiotics from bacteria, 5 from archaea, 8 from protists, 22 from 
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fungi, 361 from plants, and 2431 from animals, including some synthetic peptides 

(https://aps.unmc.edu/AP/).  

AMPs are produced by all the kingdoms of life (Ageitos et al., 2017) (Figure 1.9). 

plays a significant function in the host defense system, dating back to times when the 

immune system was not evolutionarily developed in the organisms. It’s still one of the 

potent armors in protecting the organisms against any infiltration. 

 

Figure 1.9 Sources of AMPs. Picture courtesy https://aps.unmc.edu/facts  

 

AMPs are widely studied as an alternative to or complementary to the antibiotics that are 

already been used for treating bacterial infections. The advantage of AMPs over antibiotics 

are that AMPs have a broad spectrum of action, have immunomodulatory and wound 

healing actions on the host, and most importantly bacteria rarely develops resistance against 

it (Spohn et al., 2019). AMPs are expressed by neutrophils and epithelial cells (Gallo & 

Hooper, 2012; S. Mukherjee & Hooper, 2015; Prasad et al., 2019; Turner et al., 1998). 

Human corneal epithelium constitutively expresses human beta-defensins like hBD-1, 

hBD-2, hBD-3 and hBD-4 (O. J. Lehmann et al., 2000; McNamara et al., 1999). hBD-9 was 

also found to be constitutively expressed on ocular surface epithelia with a high level of 

expression in conjunctival epithelium (Mohammed et al., 2010; Otri et al., 2012). Other 

constitutively expressed AMPs by human corneal epithelium are S100A8, S100A9, 

S100A12, LL-37/cathelicidin, Rnase-7, liver expressed antimicrobial peptide-1 and -2, and 

S100A7/psoriasin (Garreis et al., 2011; Gordon, Huang, et al., 2005; McIntosh et al., 2005; 

https://aps.unmc.edu/AP/
https://aps.unmc.edu/facts
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Mohammed et al., 2011). During infection, various components of the bacteria like flagella, 

lipopolysaccharides and nucleic acids, upregulates the expression of the AMPs (Garreis et 

al., 2011; Kumar et al., 2006; G. Li et al., 2009; Q. Li et al., 2008), mediated by TLRs (Dua 

et al., 2014; Kumar et al., 2006). Activation of TLRs expressed on ocular surface has been 

shown to be responsible for the induction of LL-37 and hBD-2 (Redfern et al., 2011). Some 

intracellular signaling pathways are found to be involved in TLR mediated expression of 

AMPs. For example, hBD-2 expression can be switched on by proinflammatory cytokines 

like IL1β and TNF-α, via MAPK and NF-κβ pathways. Since IL-1 increases on ocular 

surface post-injury, hBD-2 expression is increased in regenerating corneal epithelium and 

is implicated in wound healing. IL-1β stimulates hBD-2 expression via two pathways- one 

pathway involves the “direct” activation of NF-κβ through IκB kinase β whereas the other 

pathway is mediated by upstream signaling of p38 MAP kinase and JNK (McDermott et 

al., 2003). 

 

1.5.1.2 Structure and properties of AMPs 

 

AMPs are short peptides, contains cationic amino acids in the majority, and can hence adopt 

amphipathic conformation due to which it shows affinity to the negatively charged bacterial 

membranes. A higher negative transmembrane potential inside the bacteria increases 

electrostatic attraction even more. Unlike bacteria, the outer layers of eukaryotic 

membranes comprise zwitterionic (neutral) lipids. That’s why AMPs act selectively on 

bacteria (Manrique-Moreno et al., 2020).   

Even though AMPs are mostly cationic, various different groups have also been identified 

and they are classified as follows (Brogden, 2005): 
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Structural conformation of different AMPs is represented in Figure 1.10. 

 
Figure 1.10 Structural conformations of different AMPs. (A) LL-37 (Guangshun Wang et al., 2012); (B) 

Human beta defensin-1 (Hoover et al., 2001); (C) Lipocalin-1 (Breustedt et al., 2005); (D) S100A12 ((Hung 

et al., 2013). 

 

There are certain attributes of AMPs that influences its activity and specificity. These are 

listed as follows (Brogden, 2005):  

 

1. Size: Short. 10-60 amino acids long. 

2. Sequence: Mostly basic amino acids. Also contains hydrophobic and repetitive 

amino acids. The ratio of hydrophobic: charged amino acids ranges from 1:1 to 2:1. 

Different classes 
of AMPs

Anionic peptides- E.g., Human dermicidin

Linear cationic α-helical peptides- E.g., human LL37

Cationic peptides enriched with specific amino acids- E.g., Human
histatins

Anionic and cationic peptides that has cysteine and forms disulphide
bonds-E.g., Human β defensins (hBD-1)

Anionic and cationic peptide fragments of largetr proteins- E.g.,
antimicrobial domains from human haemoglobin.
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3. Charge: Zinc complexed anionic peptides or the highly cationic peptides are more 

active compared to the neutral or lower-charged peptides. 

4. Shape and structure: Amphipathic α-helical peptides are more active compared to 

the peptides with indistinct secondary structures. 

5. Hydrophobicity: This property helps water soluble AMPs to intercalate within the 

lipid bilayer. 

6. Amphipathicity: AMPs have hydrophilic amino acids on one side and hydrophobic 

amino acids on the other side of a helix. 

 

1.5.1.3 Mechanism of action of AMPs 

 

AMPs show various mechanisms of action depending on its structure, the proportion 

between AMP and lipid on the bacterial cell membrane, and the intrinsic properties of the 

bacterial cell membrane lipid. AMPs can also target the cell wall, impede the folding of 

protein or enzyme action, or target other cellular components or processes like modification 

of cytoplasmic membrane septum formation, binding of nucleic acid, inhibition of cell wall 

synthesis, inhibition of nucleic acid and protein synthesis (Brogden, 2005). Hence, AMPs 

interact with the outer membrane of the cell wall of gram-negative bacteria, and relatively 

porous cell wall of gram-positive bacteria before further acting on the plasma membrane 

and the internal targets of bacteria. 

Cationic AMPs interact with different molecules on the gram-positive cell wall with 

different affinities before they reach the cytoplasmic membranes. These interactions 

possibly will diminish their effective concentration on the plasma membrane surface. Gram 

positive peptidoglycan cell wall layer, as pointed out earlier, is comparatively porous and 

facilitates penetration of AMPs. Hence it is reported (Malanovic & Lohner, 2016) that the 

peptidoglycan layer might act as ‘sponge’ enabling the AMPs to penetrate the cell wall of 

Gram positive bacteria, facilitating the interaction of AMPs with the bacteria plasma 

membrane. However, another component of gram positive cell wall, lipoteichoic acid, 

which is anionic in nature may strongly attract  positively charged AMPs leading to either 

capture of  AMPs or help AMPs reach the plasma membrane as a “ladder”(Malanovic & 

Lohner, 2016). 

With the aid of electrostatic and hydrophobic interactions, the cationic AMPs have been 

found to be able to interact strongly with negatively charged gram negative bacteria cell 
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wall outer membrane surface lipopolysaccharides (LPS) that leads to self-promoted uptake 

and resultant passage of the AMPs to the bacterial plasma membrane. AMPs also interact 

with and enter into the membranes of liposomes in a similar manner. However, these 

interactions of AMPs with the cell wall outer membrane and liposome membrane did not 

damage them (Anunthawan et al., 2015).  

The models proposed for interaction of cationic AMP with membranes are- Barrel Stave 

model, carpet model and Toroidal-pore model (Brogden, 2005; Sani & Separovic, 2016). 

The mechanism is dependent on the peptide and the lipid membrane composition and may 

vary depending on the concentration of peptide, and environmental conditions like pH and 

temperature. Different models like SMART model (Bechinger, 2015) have explained 

diverse possibilities of how the AMPs interacts with the dynamic lipids of the bacterial 

membrane, often forming transient structures and interactions, that may ultimately lead to 

the breakdown of the intact membrane. 

Some studies suggest that intracellular biomass flocculation might be an important AMP 

killing mechanism supported by the fact that most AMPs require micromolar 

concentrations for their activity, selectively targets bacteria over mammalian cells, and 

there is a lower prevalence of bacteria showing resistance against them as opposed to the 

commonly used antibiotics (Chongsiriwatana et al., 2017). Some AMPs like defensins have 

been found to inhibit exotoxin production without affecting bacterial growth (Merriman et 

al., 2014). AMPs are also involved in immunomodulation (Koeninger et al., 2020). LL-37, 

the only human cathelicidin, has been found to modulate immune system by inhibiting the 

activation of lipid sensing toll-like receptors (TLRs) like LPS induced TLR4 and LTA 

induced TLR 1/2/6, and by activating the nucleic acid sensing TLRs , inflammasomes and 

autophagy (Scheenstra et al., 2020). LL-37 has been shown to prevent epithelial breach by 

P. aeruginosa by increasing lung epithelial cells stiffness and decreasing it’s permeability 

(Byfield et al., 2011). Some antimicrobial peptides, like the one derived from lactoferricin 

B, can enter bacteria like Escherichia coli without disrupting the cell membrane, hence are 

known as cell-penetrating peptides (CPP). Membrane potential of the bacterial cell 

membrane helps in the passage of AMPs without damaging the membrane. Higher the 

membrane potential, easier it is for the CPP- AMPs to pass through (F. Hossain et al., 2021). 

AMPs in combination with various antibiotics has been found to be effective against 

a broad spectrum of pathogens (Cote et al., 2020). Several AMPs show direct killing action 

against microbes and has also been found to be an essential part of the innate immune 
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system, hence making them potential substitute for commonly used antimicrobial agents. 

To further fight and possibly win the war against antimicrobial resistance, AMPs can also 

be used as adjuvants in combination with current antibiotics as these combination therapies 

reduce the likeliness of development of resistance or transmission of cross-resistance 

(Lewies et al., 2019). A concise representation of AMPs mechanism of action is given in 

Figure 1.11. 

 

 

Figure 1.11 Mechanism of action of antimicrobial peptides. 

  

 

1.5.2 Response of Pathogens to Host Innate Immunity 
 

During infection, pathogens target the host intracellular signaling pathways like MAPK to 

modulate immune response (Roy & Mocarski, 2007). P. aeruginosa has been shown to 

inhibit ROS production in human neutrophils through the action of ExoS and ExoT of 

T3SS. ADP-ribosylation of Ras by ExoS prevents the interaction of Ras with 

phosphoinositol-3-kinase (PI3K). In the absence of PI3K activation by Ras, NADPH-

oxidase in the neutrophil is not stimulated, hence ROS generation is suppressed. ADP-

ribosylation activity of ExoT also disrupts PI3K signaling without any involvement of Ras 

(Vareechon et al., 2017). ExoY of P. aeruginosa has been shown to bind to actin filaments 

of the host and modulate the actin cytoskeleton both directly, by F-actin aggregation, and 

indirectly, by actin-activated nucleotidyl cyclase activity (Mancl et al., 2020) .  Modulation, 

rearrangement and disruption of host actin filament is a means by which some pathogens 
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either evade the host innate immune response like phagocytosis or invade the host. The 

actin filament network of the host is also used by some pathogens like Listeria 

monocytogenes for its movement and dissemination (J. M. Stevens et al., 2006). P. 

aeruginosa evades phagocytosis by functional loss of flagellum-mediated swimming 

motility (Amiel et al., 2010). The capsule of S. pneumoniae helps in evading phagocytosis 

and complement pathway activity (Hyams et al., 2010). The pneumococcal capsule was 

also shown to partially dampen MyD88-mediated antibacterial defense by impairing the 

recognition of S. pneumoniae derived TLR ligands (Vos et al., 2015). 

The expression of AMPs and other innate immune responses has also been shown 

to be regulated by various virulence factors of the pathogens like T3SS (Haneda et al., 

2012). As discussed earlier, T3SS is one of the virulence apparatuses in gram-negative 

bacteria and has been extensively studied in P. aeruginosa. Studies have also confirmed 

that T3SS is also capable of dampening IL-17 mediated innate immune response against 

pathogen by exploiting NLRC4-coupled inflammasome (Faure et al., 2014). It has also 

been reported that bacterial proteins can disable the action of AMPs like defensins, and 

manipulate its expression via T3SS-mediated inhibition of the NF-κβ pathway (Menendez 

& Brett Finlay, 2007). Thus, targeting T3SS of P. aeruginosa with drugs or inhibitors can 

be an alternative or supplementary to the therapeutics currently used to treat keratitis 

(Sheremet et al., 2020). 

1.6 Aim of The Study 
 

Currently, combating antibiotic resistance is one of the major goals in the medical and 

scientific world. AMPs are considered to be the most potent amongst the many other 

alternatives that can be use in place of, or in conjunction with antibiotics. Even though 

many studies have been done on usage of AMPs as an alternative or supplementary 

therapeutics in treating bacterial diseases, and many AMPs have proven to be promising in 

preclinical trials, but the definitive role of AMPs is yet to be recognized (Gordon, 

Romanowski, et al., 2005). Moreover, there were no studies on AMPs expressed in 

patients’ samples during P. aeruginosa and S. pneumoniae mediated corneal infections. 

Hence the aim of my thesis work is to decipher the role of antimicrobial peptides in bacterial 

keratitis. 
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1.7 Objectives  

The objectives of my thesis are listed below: 

1. To determine the expression of antimicrobial peptides (AMPs) during bacterial 

keratitis in patients. 

2. To determine the role of AMPs in keratitis caused by gram-negative bacteria, P. 

aeruginosa. 

3. To determine the role of AMPs in keratitis caused by gram-positive bacteria, S. 

pneumoniae. 

The study has been divided into different chapters, with each objective covered in a separate 

one, for clarity. It begins with Chapter I, that covers the Introduction and Chapter II 

with detailed description of the Materials and Methods. Chapter III covers Objective 1 

where the expression of AMPs in patients’ samples is discussed, to get an idea about the 

host AMP response during infection. Chapter IV covers Objective 2 where we focus on 

the AMP related response of the host during gram negative bacterial infection, with P. 

aeruginosa as a representative organism. Here we also delve deeper into deciphering the 

role that P. aeruginosa T3SS plays in its pathogenesis. We also studied the host response 

both in vivo and in vitro, when T3SS is pharmacologically inhibited. Chapter V is 

dedicated to Objective 3 where we focus on the AMP related response of the host during 

gram positive bacterial infection, with S. pneumoniae as a representative organism. We 

further focus on LL-37, the onlyAMP belonging to the cathelicidin group in humans, and 

study its expression, the signaling pathway involved and its antibacterial property. We also 

look into the Nrf2 mediated antioxidant response of the host during S. pneumoniae infection 

and the effect of Nrf2 inducers in the course of infection.  
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MATERIALS AND METHODS 
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2.1 Corneal scrapings and tissue sections 
 

We collected corneal scrapings patients presented with keratitis after taking their informed 

consent in accordance to the practice established by Institutional Review Board of 

Hyderabad Eye Research Foundation, LVPEI, Hyderabad, following the tenets of 

Declaration of Helsinki. The identification of the causative organism was later confirmed 

from Jhaveri Microbiology Centre, LVPEI. Corneal tissue sections of S. pneumoniae 

keratitis patients that underwent therapeutic keratoplasty were obtained from the Pathology 

Department, L V Prasad Eye Institute, Hyderabad. For control, cadaveric corneas that were 

deemed unfit for transplantation were obtained from in-house Ramayamma International 

Eye Bank. 

2.2 Identification of bacterial strains 
 

The patient ulcer, collected in sterile condition, were used for isolation and identification 

of causative organism as done routinely at Jhaveri Microbiology Centre, LVPEI, following 

Institute’s guidelines, as described earlier (Roy et al., 2015). In brief, the ulcer sample was 

smeared on slides to perform Gram’s staining and potassium hydroxide with calcofluor 

white staining. The corneal scrapings were also inoculated in different specific media 

(chocolate agar, 5% sheep blood agar, potato dextrose agar, Sabouraud dextrose agar, 

thioglycolate broth,  non-nutrient agar with Escherichia coli and brain heart infusion broth), 

and incubated in aerobic conditions at 37°C, except the inoculum in chocolate agar, that 

was grown in 5% CO2 at 37°C (Das et al., 2019). The isolated colony was subcultured and 

purified. For identification purpose biochemical tests and sequencing was performed. The 

identity of homogenous pure culture was confirmed with VITEK® 2 compact system 

(bioMerieux Inc, Durham, NC, USA). 
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2.3 Bacterial culture 
 

The bacteria used in the study are as follows (Table 2.1)  

Table 2.1 Details of bacterial strains/isolates used in the study 

Bacterial strain/isolate Abbreviated as Remarks 

P. aeruginosa PAO1 PAWt Has an intact Type-3 secretion system (T3SS) 

P. aeruginosa ΔpscC PAΔpscC T3SS is inactive 

S pneumoniae American Type 

Culture Collection (ATCC) 49619 

Sp ATCC Pneumolysin positive 

Clinical isolate of S. pneumoniae Sp CS Pneumolysin positive. Obtained from Jhaveri 

Microbiology Centre, L.V. Prasad Eye Institute 

 

All isolates and strains of P. aeruginosa were grown in Luria Bertani (LB) media (MP 

Biomedicals, Mumbai, India) for experiments. The overnight culture (200μl in 5 ml LB) 

was used to give a subculture (200μl in 5ml) and incubated in 37oC to get an optical density 

(O.D.) of 0.2 that corresponds to 108 CFU/ml (mid exponential phase). The bacterial culture 

was pelleted down at 10,000 rpm for ten minutes and re-diluted in 5 ml of 1X PBS or LB. 

This culture was further diluted in 1X PBS or LB to obtain the required dilution. 

Multiplicity of infection (MOI) for in vitro experiment was 1:10 (cell: bacteria). 

All isolates and strains of S. pneumoniae were maintained on blood agar plates. For 

experiments, S. pneumoniae was cultured overnight in Todd Hewitt broth (THB) (Sigma-

Aldrich, St. Louis, MO, USA) overnight at 37oC and 5% CO2. The bacterial broth culture 

was grown till OD 0.28 that corresponds to 108 CFU/ml (mid exponential phase). The 

culture was pelleted down and 5ml of 1X PBS or THB was used to resuspend the pellet. 

This culture was further diluted to obtain required dilution. MOI for in vitro experiment 

was 1:10 (cell: bacteria). 

2.4 Culture of HCEC and U937 
 

The cell lines used for the study were immortalized human corneal epithelial cells (HCECs) 

10.014 pRSV-T (Roy et al., 2015), human monocytes U937 and primary human corneal 

epithelial cells (primary HCECs) derived from cadaveric uninfected corneas. 
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HCECs were maintained in keratinocyte serum free media (KSFM) supplemented with 

bovine pituitary extract (BPE) and recombinant human epidermal growth factors (EGF) 

(cKSFM; Invitrogen, Carlsbad, CA, USA) or DMEM-F12 (Hyclone, USA/Lonza, USA) 

supplemented with 10ng/ml EGF (ThermoFisher Scientific, Waltham, USA), 2μg/ml 

Insulin (ThermoFisher Scientific, Waltham, USA) and 10% FBS (Biowest, Riverside, 

USA). U937 cell culture was maintained in RPMI 1640 (Hyclone, USA) with 10% FBS at 

37oC centigrade and 5% CO2. For experiments, required number of cells were subcultured 

in cell culture grade plates. All the experiments were however performed in the presence 

of cKSFM. 

Uninfected donor corneas collected from Ramayamma International Eye bank, that 

were unsuitable for transplantation were used to isolate primary HCECs, as described 

earlier (Roy et al., 2011). The isolation of primary HCECs is elucidated in Section 2.3.1 

and Figure 2.1. 

2.4.1 Isolation of primary HCEC 

 

1. Human cadaveric corneas were washed with 1X PBS thoroughly and the scleral 

part was removed with the help of scissors.  

2. The corneas were placed in a 35 mm petri dish containing 1X HBSS with dispase 

II (10mg/ml) and gentamycin (5mg/ml) and incubated at 4oC for 4 hours. 

3. After incubation, the dispase containing buffer was discarded and 2ml of 1X trypsin 

was added to cornea and incubated at 37oC for about 1 minute. 

4. The corneal epithelium was scraped gently and collected in a 15 ml falcon tube 

containing 300μl of FBS, to stop the trypsinization. 

5. The trypsinized epithelial cells were pelleted down at 1000 rpm for 3 minutes and 

pellet was re-diluted in 1ml of fresh cKSFM containing 1% of Penicillin-

Streptomycin solution (Hyclone, USA). 

6. The isolated primary HCECs resuspension was plated for further growth in cKSFM 

containing Penicillin-Streptomycin solution (1%). 

7. Primary-HCECs were grown in cKSFM devoid of any antibiotics one day prior to 

the experiment. 
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Figure 2.1 Brief representation of isolation and culture of primary HCEC. 

2.5 RNA isolation, cDNA synthesis and quantitative PCR analysis 
 

The overnight grown culture of 105 cells/well in a 12 wells plate (Thermo Fisher Scientific, 

Denmark) were infected with bacteria or treated with an inhibitor or tBHQ, and incubated 

at 37oC and 5% CO2 for 3h or as specified, after which the cells were washed with 1X PBS 

and were incubated in gentamycin containing media (50μg/ml) for 1h at 37oC and 5% CO2. 

The cells were then washed with 1X PBS and 1ml of TRIzol reagent (Invitrogen, Carlsbad, 

CA) was added and collected in 1.5ml microcentrifuge tubes (MCTs) and stored in -80oC 

for RNA isolation next day. The corneal scrapings from patients’ samples were also 

processed similarly. 

The frozen lysate from -80oC was thawed on ice and 200μl of chloroform was added to it, 

mixed well, incubated on ice for 2-5 minutes (1h incubation for tissue obtained from in vivo 

animal study) and was centrifuged at 12000 rpm in 4oC for 15 minutes. The uppermost 

aqueous layer was collected in another 1.5 ml MCT after centrifugation, to which 500 ul of 

isopropanol was added to precipitate RNA. This mix was incubated on ice for 10-15 

minutes (overnight incubation in 40C for tissue obtained from in vivo animal study) and 

then centrifuged at 12000 rpm in 4oC for 10 minutes. The supernatant was carefully 

removed and the pellet was washed with 1ml of 100% ethanol. Then it was centrifuged at 

7500-8000 rpm in 4oC for 5 minutes. Then the supernatant was removed, RNA pellet was 

kept for drying and then resuspended in 10-20μl of ultrapure nuclease free distilled water 
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and its purity (A260/A280) and concentration (μg/ml) were checked with Nanodrop 

(NanoVue, Holliston MA). The RNA sample was also run on 1.2% agarose gel to check 

for any contamination. Pure RNA was stored in -20oC for further use. TRIzol method was 

also used to isolate RNA from corneal scrapings obtained from patients. 

Single strand of cDNA was synthesized from isolated RNA by reverse transcription by 

using kits (Reverse Transcriptase kit, Eurogentec, Belgium) or Verso cDNA Synthesis Kit 

(Thermo Scientific, Waltham, MA, USA) using the protocol provided by the manufacturer. 

Concentration of synthesized cDNA (μg/ml) was measured using Nanodrop and around 

220ng of cDNA sample was used as a template for quantitative PCR using SYBR Green 

PCR Master mix (Kapa Biosystems, Wilmington, MA/ Thermo Scientific, MA, USA) on 

ABI PRISM 7900 HT sequence detection system (Applied Biosystems, Grand Island, NY). 

Primer sequences used in qPCR are given in Annexure 1. 

2.6 In vitro susceptibility test of S. pneumoniae with LL-37 
 

The overnight grown culture of Sp ATCC and Sp CS (O.D. 0.28) were centrifuged at 10000 

rpm for 10 minutes and was redissolved in THB. This stock (containing 108 CFU/ml) was 

serially diluted in THB to get a dilution of 104 CFU/ml and was plated in a 96 wells plate 

with an increasing concentration of LL-37 (Invivogen, San Diego, CA, USA) at 37oC for 

4h. After the incubation the culture from each well was serially diluted again, and plated 

on blood agar. CFUs were counted after 24h post plating and incubation at 37oC, to quantify 

the viable number of bacteria. 

2.7 Assay for reactive oxygen species (ROS) generation 
 

Overnight grown cultures of 104 HCECs or U937 in 96 wells plate were infected with 

PAWt or PAΔpscC for 2h. After incubation, cells were washed with 1X PBS. Thereafter, 

the cells were stained with 2’2’-dichlorodihydrofluorescein diacetate dye (H2DCFDA; 

Invitrogen, Carlsbad, CA) containing media (5μM) for 30 minutes. The cells were washed 

twice with 1X PBS and observed using fluorescent microscope (Olympus IX73, Zeiss, 

Germany) with FITC filters under 10X objective. For quantitative measure of ROS, cells 

were infected in a similar way and incubated with H2DCFDA containing media for 30 

minutes. H2DCFDA, a dichlorofluorescin diacetate, is a chemically reduced form of 

fluorescein which is cell-permeant and used as an indicator for ROS in cells. Intracellular 
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esterases cleave and oxidize the acetate group of the nonfluorescent H2DCFDA and convert 

it to the a highly fluorescent 2',7'-dichlorofluorescein (DCF), which can be easily detected 

by fluorescent microscope or measured spectrophotometrically (Excitation at 485nm and 

Emission at 525nm, cutoff none). The cells were washed with 1X PBS, media added and 

fluorescent intensity was measured in cells by using SpectraMax M3 (Softmax Pro 6.3). 

In another experiment, 104 HCECs were seeded in 96 wells plates and infected with PAWt 

with or without INP0341 (100uM, 2% final DMSO concentration) or PAΔpscC for 2h. 

Thereafter the supernatant was removed and H2DCFDA containing media was added to 

cells and the cells were incubated for another 30 minutes. Then, the supernatant was 

removed and 1X PBS was added for observation using fluorescent microscope (Olympus 

IX73, Zeiss, Germany) under 10X objective.  For quantitative measure of ROS, HCECs 

were infected similarly with PAWt with or without INP0341 (100μM, 2% final DMSO 

concentration) or PAΔpscC, and incubated with H2CFDA containing media for 30 minutes 

and quantitative fluorescence intensity was measured by SpectraMaxM3. 

 

In another experiment, 104 HCECs were cultured in 96 wells plates and infected with Sp 

ATCC for 2h. Thereafter the supernatant was removed and H2DCFDA containing media 

was added to cells and incubated for another 30 minutes. Then, the supernatant was 

removed and 1X PBS was added for observation under fluorescent microscope (Olympus 

IX73, Zeiss, Germany) under 10X objective. For quantitative measure of ROS, cells were 

infected similarly for 1h or 2h with Sp ATCC and incubated with H2CFDA containing 

media for 30 minutes and fluorescence intensity of H2CFDA dye was measured 

quantitatively by SpectraMaxM3. 

We also measured ROS generation by flow cytometry (Beckman Coulter, IN, USA). In 

brief, 106 HCECs were treated with tert-butylhydroquinone (tBHQ) 1h prior to infection. 

Cells were then infected with Sp ATCC and were incubated for 2 hours. After infection 

cells were washed with 1 X PBS twice and 500μl of FACS buffer (1% FBS in 1X PBS) 

was added per well. The cells were gently scraped out without lysing and collected in MCTs 

and pelleted down at 1500 rpm for 5 minutes. To the control unstained cells only 300μl of 

the FACS buffer was added to resuspend the cell pellet. To the rest of the treated cell pellets 

100μl of H2DCFDA containing media (5μM) was added and the cells were incubated for 

30 minutes in ice and dark. Treated cells were then washed twice with FACS buffer and 
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then re-diluted with 300μl of FACS buffer and flow cytometry analysis was performed 

using Beckman Coulter, IN, USA. 

2.8 Immunostaining 
 

5 X 104 cells were transferred on coverslips placed in a 12 wells plate, grown overnight and 

was infected with PAWt, PAΔpscC, or S. pneumoniae and incubated for specified time 

period at 37oC, 5% CO2. The cells were then washed with 1X PBS and 150μl of 4% 

Paraformaldehyde (PFA) was added for 15 minutes to fix the cells. The cells were then 

washed with 1X PBS and treated with 0.2% Triton X-100 for 1 minute for permeabilization. 

The cells were washed again with 1X PBS twice and primary antibodies for NFkβ-p65 

(1:200, Novus Biologicals, Littleton, CO), LL-37 (1:100; BioLegend, San Diego, CA, 

USA), Nrf2 (1:200, Novus Biologicals, Littleton, CO), and LC3B (1:200 dilution; CST, 

MA) was added to the cells for 45 minutes. After washing the cells with 1X PBS twice, 

Alexafluor 488 labeled secondary antibody (1:500; Molecular probes, Eugene, OR) was 

added and incubated for 45 minutes. The cells were then washed with 1X PBS twice, and 

milliQ water once, counterstained with 4’,6-diamidino-2-phenylindole (DAPI) (Abcam, 

Cambridge) and images observed and captured on a fluorescent microscope (Olympus 

IX73, Zeiss, Germany).  

2.9 Immunohistochemistry 
 

5μm thick tissue sections of the paraffin-embedded corneas obtained from patients 

diagnosed with S. pneumoniae keratitis and underwent therapeutic penetrating keratoplasty 

was taken from Pathology department, LVPEI. Cadaveric, infection free corneas, that were 

deemed unsuitable for transplantation were taken as control. The sections were 

deparaffinised and immunostained with LL-37 antibody (1:100, BioLegend, SanDiego, 

CA, USA), anti-3 nitrotyrosine (1:50, Novus Biologicals, Littleton, CO) or anti-catalase 

(1:50, Novus Biologicals, Littleton, CO) for 45 minutes and then after washing with 1X 

PBS twice, with Alexafluor 488 labelled secondary antibody (1:250; Molecular probes, 

Eugene, OR) was added and incubation was done for another 45 minutes. The sections 

were then washed with 1X PBS twice, counterstained with DAPI (Abcam, Cambridge) or 

Propidium Iodide (Invitrogen, Carlsbad, CA) and images observed on a fluorescent 
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microscope (Olympus IX73, Zeiss, Germany) using 10X objective and imaged using 

Olympus DP71 camera. 

2.10 Western blotting 
 

106 cells (HCECs or U937) were grown in 6 wells plate, overnight and infected with 

bacteria with a MOI of 1:10 and incubated at 37oC and 5% CO2 for different time points. 

Thereafter, the cells were washed with 1X PBS twice, and 110μl of 1X lysis buffer (CST, 

Danvers, MA) was added per well, incubated on ice for 10 minutes and the lysate was 

scraped out in 1.5 ml microcentrifuge tubes, out of which 5μl from each lysate was kept 

aside for total protein estimation by Bicinchoninic acid (BCA) method (Thermo scientific, 

CA) following the manufacturer’s guidelines. 

Equal concentration of protein samples was run on SDS-PAGE, transferred onto 

nitrocellulose membrane by semi-wet transfer apparatus (Amersham Biosciences, CA, 

USA) and probed with one of the following primary antibodies pIkB (1:2000 dilution; CST, 

MA; 1:2000 dilution, Novus Biologicals, Littleton, CO), pERK (1:2000 dilution; CST, 

MA; 1:2000 dilution, Novus Biologicals, Littleton, CO), total ERK (1:2000 dilution; CST, 

MA), pp38 (1:2000 dilution; CST, MA; 1:2000 dilution, Novus Biologicals, Littleton, CO), 

total p38 (1:2000 dilution; CST, MA), pJNK (1:2000 dilution, Novus Biologicals, Littleton, 

CO), total JNK (1:2000 dilution; CST, MA; 1:2000 dilution, Novus Biologicals, Littleton, 

CO), total STAT3 (1:2000 dilution; CST, MA), pSTAT3 (1:2000 dilution; CST, MA), 

pPI3K (1:2000 dilution; eLabscience, Houston, T), total PI3K (1:2000 dilution, Novus 

Biologicals, Littleton, CO), pAKT (1:2000 dilution, Novus Biologicals, Littleton, CO), 

LC3B (1:2000 dilution; CST, MA ), LL-37 (1:2000 dilution; CST, MA; 1:2000 dilution, 

Novus Biologicals, Littleton, CO) and β-actin (1:2000 dilution; CST, MA). 

 The blots were then counterstained with IRDye-680 secondary antibody (1:6000 dilution: 

LI-COR Biotechnology, Lincoln, NE, USA) and was developed using Odyssey CLx 

Imaging System (LI-COR Biotechnology, NE) at 700nm. The band densities were checked 

using ImageJ (Schneider et al., 2012). 
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2.11 T3SS inhibitor (INP0341) formulation 
 

Salicylidene acylhydrazide (INP0341) was kindly gifted by our collaborator Dr. Mikael 

Elofsson, Umeå University, Sweden. 25mM of stock solution was prepared in 

dimethylsulfoxide (DMSO) and stored in -20oC in dark for further use. 5mM of 

intermediate solution was prepared in 1:1 Media: DMSO. The working concentrations were 

freshly prepared in media before the experiments.  

2.12 Cytotoxicity test by lactate dehydrogenase (LDH) release 
 

Overnight culture of 104 HCECs in 96 wells plate was infected with PAWt with or without 

INP0341 (100μM, 2% final DMSO concentration) or PAΔpscC and was incubated for 6h. 

The cells were washed and imaging was done under phase contrast microscope. Parallelly, 

LDH assay was done using CytoTox nonradioactive cytotoxicity assay kit (Promega, 

Madison, USA) with the cell supernatant. For positive control, cells were treated with 0.3% 

Triton X-100 and/or 1X lysis buffer supplied in the CytoTox 96 cytotoxicity assay 

colorimetric kit (Promega, Madison, WI USA). The supernatant was taken from each well 

after incubation and the release of LDH was quantitatively measured at 490 nm using 

CytoTox 96 cytotoxicity assay colorimetric kit following manufacturer’s guidelines. The 

LDH activity was analyzed by colorimetric method that is based on the principle of 

tetrazolium salt reduction to formazan violet crystals by LDH mediated NADPH formation 

(Ponsoda et al., 1991). 

In a separate experiment, overnight grown 104 HCECs were incubated with different 

concentrations of INP0341- 50μM (1% DMSO), 100μM (2% DMSO), 250μM (5% 

DMSO) and 500μM (10% DMSO), in triplicates and incubated for 6h at 37oC / 5% CO2. 

The supernatant was taken from each well after incubation and the release of LDH was 

quantitatively measured at 490 nm as described above.  

2.13 Cytotoxicity test by Propidium iodide staining (PI)  
 

Overnight grown HCECs or U937 (104 cells/well) in 96 wells plate were infected with 

PAWt or PAΔpscC for 2h, washed and stained with Propidium Iodide (PI) (500nM in 1X 

PBS) (Invitrogen, Carlsbad, CA) for 20 minutes and incubated at 37oC and 5% CO2. PI is 

a fluorescent nuclear and chromosome counterstain that intercalates between the bases of 
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DNA. It is not permeable in live cells and hence widely used to detect dead cells. The stain 

was removed, 1X PBS added and observed under fluorescent microscope. 

In a separate experiment overnight grown culture of 104 HCECs in 96 wells plate were 

infected with Sp ATCC or Sp CS for 4h, washed and stained with Propidium Iodide (PI) as 

described above. The stain was removed, 1X PBS added and observed under fluorescent 

microscope. 

In another experiment overnight grown culture of 104 HCECs in 96 wells plate were 

exposed to Sp ATCC with or without tBHQ for 6h, washed and further incubated with 

media containing antibiotics for 16h. Thereafter the cells were washed with 1X PBS and 

stained with Propidium Iodide (PI) as described above. The stain was removed, 1X PBS 

added and observed under fluorescent microscope. 

2.14 Cell viability test by MTT 
 

Overnight grown culture of 104 HCECs in 96 wells plate were infected with Sp ATCC or 

Sp CS for 4h at 37oC and 5% CO2. Thereafter the cells were washed with 1X PBS and 

incubated in gentamicin containing media (50μg/ml) for 1h at 37oC and 5% CO2. The cells 

were then washed with 1X PBS and incubated with 3-(4,5-Dimethylthiazol-2-yl)-2,5-

Diphenyltetrazolium Bromide (MTT) (Molecular probes, Eugene, OR) containing 

incomplete media (0.5mg/ml) for 1h. MTT is used to detect cell viability as metabolically 

active cells convert the water-soluble MTT to an insoluble formazan that forms purple 

precipitate. The formazan is then solubilized in DMSO and its concentration checked by 

measuring O.D. at 595nm. 

2.15 Actin filament staining  
 

5 X 104 HCECs grown on coverslips were infected with PAWt for 6h with or without 

INP0341 or PAΔpscC only. The cells were washed with 1X PBS twice after infection. Cells 

were fixed using 4% PFA and immunostained with Alexa Fluor 488 phalloidin 

(ThermoFisher Scientific, Waltham, USA) for 15 minutes, nucleus counterstained with 

DAPI (Vector laboratories, Burlingame, USA) before observing under fluorescent 

microscope (Olympus IX73, Zeiss, Germany) using 100X oil immersion objective.  
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2.16 Murine model of corneal infection 
 

Experiments were performed on C57BL/6 mice at Vivo Bio Tech Ltd, Hyderabad, after 

approval from the Institutional Animal Ethics Committee (VB/IAEC/09/2018/ 

Mouse/C57BL/6). The animal chosen for experiment were all 6-8 weeks old and were bred 

in pathogen-free microisolator and handled in agreement to the ARVO Statement for the 

Use of Animals in Ophthalmic and Vision research. Ketamine (8.7 mg/ml) and xylazine 

(0.5 mg/ml) with a dosage of 0.01 ml/g body weight was injected intraperitoneally to 

anesthetize the mice. Three parallel scratches were made on cornea using a 26-gauge 

needle. In the first group of mice, 2.5μl of media containing approximately 105 PAWt was 

topically applied to one eye, and 1X PBS to the other eye. In the second group 5μl of 500μM 

INP0341 (10% DMSO) was added following the exposure to PAWt, and only 500μM 

INP0341 was added to the other eye. In the second group second dose of INP0341 was 

added 6h post-infection. 24 hours later, the mice were euthanized and the eye was examined 

under the stereomicroscope and given clinical scores as observed. The criteria for assigning 

the clinical score are given in Objective 2, Chapter IV (Table 4.1). 

To check the bacterial load, CFUs of bacteria was calculated by plating the homogenized 

lysates (Homogenizer, Genetix Biotech, Hyderabad, India) along with the serial dilutions. 

In a separate experiment, mice were infected with PAWt with INP0341 treatment at 0h and 

6h post infection (group I) or at 3h and 6h post infection (group II). Mice were euthanized 

24h post infection and corneal opacification was observed under stereomicroscope and 

clinical scores were assigned according to Table 4.1. CFU was counted by plating whole 

eye homogenates 24h post infection.  

2.17 Histology and immunohistochemistry of murine eye sections 
 

The mice eyes were collected in 10% formalin after infection and/or treatment. The corneal 

sectioning was done by Vivo Bio Tech Ltd, Hyderabad and Pathology department, LVPEI. 

The sections were sent to the Pathology Department, LVPEI for deparaffinization and 

staining with hematoxylin and eosin (H&E) to check for cellular infiltrations in the cornea.  
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2.18 Cytokine quantification by ELISA 
 

HCECs were infected with Sp ATCC with or without tBHQ for 6 h and supernatants were 

collected. Cytokines like IL-1β and IL-6 in the supernatant were quantitatively measured 

using Quantibody® Human Inflammation Array, a kit available commercially 

(RayBiotech, GA, USA) following the protocol provided by the manufacturer. In detail, 

glass slide was equilibrated at room temperature (RT) for about 20-30 minutes and air dried 

for another 1-2h. Meanwhile the standards were prepared using sample diluent provided 

with the kit. The array surface was blocked with 100μl of sample diluent at RT for 30 

minutes. Then the sample diluent was decanted and 100μl of standard or sample was added 

to each well and left undisturbed at RT for 2h. The samples were decanted and the wells 

washed with 1X wash buffers I and II provided with the kit. Biotinylated Detection 

Antibody Cocktail was added to each well and stored at RT for 2h. After washing the wells 

as mentioned before, Streptavidin-Conjugated Fluor was added to each well and left at RT 

and dark for 1h. The wells were washed, slides were dried and scanned with a gene 

microarray laser scanner. Densitometry analysis were done with the help of a software. 

2.19 Bacterial load measurement by colony forming unit (CFU) and Optical 

density (O.D.) 
 

HCEC (104 cells/well) were infected with Sp ATCC or Sp CS, in the presence or absence 

of tBHQ, for 6h, washed and lysed using 0.3% triton X-100. The lysate was diluted serially 

and plated onto blood agar. CFUs were counted manually and plotted graphically. The 

supernatant from a similar experiment where HCEC were exposed to Sp ATCC with or 

without tBHQ were also diluted serially and plated onto blood agar plates for determining 

the CFUs. In another experiment Sp ATCC was incubated with or without tBHQ for 24h 

and OD measured at 600nm using SpectraMax M3. 

2.20 RNA interference of Nrf2 and LL-37 in HCEC 
 

HCEC (104 cells/well) were transiently transfected with Nrf2 siRNA, or LL-37 siRNA or 

control siRNA using lipofectamine 3000 TM transfection agent (Invitrogen, Carlsbad, CA) 

for RNA interference. 10μM of stock siRNAs were reconstituted following the 

manufacturer’s protocol (Santa Cruz, Dallas, TX) and cells were transfected using 

Lipofectamine kit with working concentration of 150nM. In some experiments, cells were 



Chapter II Materials and Methods 

45 | P a g e  

 

transfected with Nrf2 siRNA or control siRNA, exposed to Sp ATCC with or without tBHQ 

as mentioned in text and LC3B expression was checked by immunostaining. In separate 

experiments, cells were transfected with LL-37 siRNA, and then infected with S. 

pneumoniae with or without tBHQ. The cells treated with 0.3% triton X-100 and cell 

lysates were diluted and plated onto blood agar to determine the CFUs. In another 

experiment, HCEC were similarly transfected with control siRNA or LL-37 siRNA and 

infected with Sp ATCC for 4 h in presence or absence of tBHQ and cell cytotoxicity was 

checked by lactate dehydrogenase assay, as described earlier.  

2.21 Wound healing activity of LL-37 in HCECs 
 

Scratch was made on the monolayer of overnight grown culture of HCECs in a serum free 

media, with a 10μl tip head. Thereafter the cells were incubated with media only or different 

concentrations of LL-37 (100ng/ml, 250ng/ml or 500ng/ml). The wound closure was 

observed and images were taken under phase contrast microscope using 5X objective, at 

different time intervals (0h, 8h, 12h, 24h, 30h) and the percentage wound closure was 

calculated using ImageJ. In another experiment we made a scratch wound in a monolayer 

of HCECs as described above and incubated with LL-37 for 24h. Thereafter we fixed the 

cells and immunostained the cells for Ki-67, a proliferation marker, and observed under 

fluorescent microscope (Olympus IX73, Zeiss, Germany), to check if proliferation 

contributes to LL-37 mediated wound healing. 

2.22 Statistical analysis 
 

Means are represented as bar graphs and error bars denotes SEM. Statistical analysis was 

done using either one-way ANOVA, two-way ANOVA, paired one-tailed t-test or unpaired 

t-test (GraphPad Software, La Jolla, CA, USA). Significant difference was considered 

when P-values were less than 0.05 or as otherwise mentioned. 

*The list of materials used in the study is given in Annexure 2. 
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CHAPTER III 

 

 

OBJECTIVE 1: TO DETERMINE THE EXPRESSION OF 

ANTIMICROBIAL PEPTIDES (AMPs) DURING 

BACTERIAL KERATITIS IN PATIENTS 
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3.1 Introduction 
 

Corneal opacity is the fifth major cause of blindness and visual impairment worldwide 

(Flaxman et al., 2017) with an estimated 4.2 million people suffering from it (Blindness 

and Vision Impairment, n.d.). One of the major causes of corneal opacity is keratitis, which 

is a condition presented with severe inflammation of cornea caused either by infectious or 

non-infectious sources. Infectious keratitis is acute or chronic, transient infection of the 

cornea that causes inflammation, corneal ulceration and opacity which may lead to 

blindness. The common pathogens responsible for causing infectious keratitis are bacteria 

and fungi. The most common bacteria isolated from cases of bacterial keratitis are gram 

negative Pseudomonas aeruginosa and gram positive Staphylococcus aureus, followed by 

gram positive Streptococcus pneumoniae (Ting, Ho, Deshmukh, et al., 2021). The 

prevalence of P. aeruginosa keratitis ranges from 18.2% to 68.2 %, with the maximum 

prevalence in contact-lens related microbial keratitis. In India, the average percentage of 

isolation and prevalence of P. aeruginosa from ocular infections is 76.3% and 22.7% 

respectively (Subedi et al., 2018; Vazirani et al., 2015).  

The current regimen of treating bacterial keratitis majorly includes the usage of antibiotics. 

However, emerging and re-emerging antibiotic resistance in bacteria worsens the clinical 

outcome of keratitis (Fernandes et al., 2016). In 2017, World Health Organization (WHO) 

published a report on global antibiotic resistance, placing antibiotic resistant pathogens in 

three different priority groups (critical, high or medium). In this report, P. aeruginosa and 

S. pneumoniae were placed in the critical and medium priority group respectively and 

therefore needs immediate attention (WHO Publishes List of Bacteria for Which New 

Antibiotics Are Urgently Needed, n.d.). In 2019, CDC in its “Antibiotic Resistance Threats 

in the United States (AR) report,” placed multidrug-resistant P. aeruginosa and drug-

resistant S. pneumoniae in ‘serious threats’ category (Biggest Threats and Data | 

Antibiotic/Antimicrobial Resistance | CDC, n.d.). 

There are various alternative therapeutics that are being studied to combat the antibiotic 

resistance. Some of these alternatives include small molecular inhibitors of bacterial lectins, 

quorum sensing and virulent factors (Hauck et al., 2013), metal chelators (Qiu et al., 2011), 

vaccination (Asadi Karam et al., 2019; Sigurdsson et al., 2017), nanoparticles (Bayroodi & 

Jalal, 2016), electrochemical scaffolds (Raval et al., 2019; Sultana et al., 2015), phage 

therapy (Khalifa et al., 2015) and anti-inflammatory drugs (Dutta et al., 2007; Oliveira et 
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al., 2019). One such alternative that shows huge potential is the usage of antimicrobial 

peptides (AMPs) (Galdiero et al., 2015; Magrone et al., 2018; Nuti et al., 2017). AMPs are 

naturally expressed by prokaryotes and eukaryotes (Yazici et al., 2018). They can also be 

designed and synthesized chemically (P. G. Lima et al., 2021). AMPs are also one of the 

crucial players of innate immunity. They are short, cationic with broad spectrum activity 

against several pathogens (Q. Y. Zhang et al., 2021). The direct mode of action of AMPs 

includes creating pores on the bacterial cell membrane, causing disruption, cell lysis and 

death (Luo & Song, 2021). AMPs can also act intracellularly by binding to and inhibiting 

the function of host’s nucleic acids or proteins (Le et al., 2017). They also have 

immunomodulatory and wound healing functions (Hilchie et al., 2013; Niyonsaba et al., 

2007). AMPs can initiate both pro-inflammatory and anti-inflammatory responses in the 

host depending on the host’s nature, environmental interactions and the peptide’s 

concentration (Brown et al., 2011; Paranjape et al., 2013). In a study by Chen et. al., LL-

37, the only human AMP belonging to the group cathelicidin, was found to modulate 

immune response of cytokine or dsDNA induced keratinocyte.  

The different layers of cornea are known to constitutively express various antimicrobial 

peptides and other host defense mediators like cytokines, pattern recognition receptors, 

surfactant proteins, surface mucins etc. Additionally, an intact corneal surface and 

basement membrane also act as physical barrier against the invading pathogen. The resident 

immune cells like macrophages, dendritic cells and keratocytes in corneal epithelium and 

stroma also help in defense against the invading pathogens (Evans & Fleiszig, 2013). The 

constitutively expressed AMPs by the corneal surface include beta defensins (hBD-1,2,3), 

HNP 1-3, LL-37, RNase-7, psoriasin, histatin-5 and dermicidin (Haynes et al., 1999; Ling 

C. Huang et al., 2009; McDermott, 2009; McIntosh et al., 2005). During infection, the 

expression of various AMPs are induced that act against the pathogens together with 

various other innate immune responses (Gordon, Huang, et al., 2005; McIntosh et al., 2005; 

Mohammed et al., 2017) (Figure 3.1). β-Defensins are primarily expressed in humans by 

epithelial cells at mucosal surfaces and play an important role as modulators of infection, 

inflammation and wound healing (Semple & Dorin, 2012). Human corneal epithelium was 

earlier shown to express hBD-1 and hBD-3 constitutively, and  hBD-2 when stimulated by 

pro-inflammatory cytokines (McDermott et al., 2003). Inducible hBD-3 expression is also 

reported in corneal and conjunctival samples from infected patients (McIntosh et al., 2005). 

Defensin is upregulated in corneal stroma of eyes with infectious keratitis (Gottsch et al., 
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1998). hBD-1, hBD-2 and hBD-3 is induced by microbial-stimuli in human epidermal 

keratinocytes (Sørensen et al., 2005).  hBD-2 expression is also induced in human alveolar 

epithelial cells during Mycobacterium tuberculosis infection (Rivas-Santiago et al., 2005). 

hBD-2 gene and protein expression is also induced in renal epithelium with chronic 

infection (J. Lehmann et al., 2002). 

 
Figure 3.1 Representative image of constitutively expressed and induced expression of AMPs in the eye. 

 

  
In addition, humans express LL-37, a single antimicrobial peptide belonging to the 

cathelicidin group which is produced as an inactive pro-form of 18kDa holoprotein (hCAP-

18) in salivary glands, neutrophils, lung, mast cells, squamous epithelia, seminal fluid, 

keratinocytes and urogenital and gastrointestinal tracts (Dürr et al., 2006). Upon stimulation 

by infection this pro-form is converted to an active form. The S100 proteins are calcium-

binding proteins that regulates proliferation, apoptosis, inflammation, cell migration, 

differentiation, energy metabolism, and Ca (2+) homeostasis (Donato, 1999). Lipocalin-2, 

also known as neutrophil gelatinase-associated lipocalin was first discovered as a major 

component of the neutrophil secondary granules. Later, it was found that lipocalin-2 can 

also be synthesized de novo by epithelial cells and macrophages during inflammation (Jung 

et al., 2012; Nielsen et al., 1996). RNAse-7, a ribonuclease, is expressed in various 

epithelial tissues including skin, respiratory and genitourinary tract, and has been shown to 

play an crucial role in epithelial innate immune response (Harder & Schröder, 2002; 

Spencer et al., 2013). Interleukin (IL)-1β, a pro-inflammatory cytokine, stimulated RNAse7 
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expression was reported in the superficial layers of ocular surface cells (Mohammed et al., 

2011). Hepcidin, originally discovered in hepatocytes, is a key regulator of iron metabolism 

and mediator of innate immunity (Ganz, 2003).   

Although, many studies have shown the induced expression of AMPs during infection, a 

complete picture of the expression of endogenous AMPs during bacterial keratitis, 

specifically caused by P. aeruginosa and S. pneumoniae, is lacking. This chapter focuses 

on objective 1, which is to determine the expression of AMPs during bacterial keratitis in 

patients, to address this lacuna. 

3.2 Results 
 

3.2.1 Clinical characteristics of patients with P. aeruginosa keratitis 
 

We collected corneal scrapings from patients with their informed consent. The 

identification of the causative organism was later confirmed from Jhaveri Microbiology 

Centre, LVPEI, and the characteristics of patients with P. aeruginosa keratitis were listed 

out (Table 3.1). The mean age was 36 years with a standard deviation of 19. About 54% 

of the patients were female and 62% of the patients had the presence of hypopyon. The 

majority of the patients were housewife, agriculture or manual labor and 53% of the patients 

had ulcers less than 5 mm in size. 

 



Chapter III Objective 1 

53 | P a g e  

 

 

 

3.2.2 Antimicrobial peptides are expressed differentially in patients with P. 

aeruginosa keratitis  
 

The expression of AMPs like β-defensins (BD-1,2,3 and 4), S100 peptides (S100A7,8,9 

and 12), LL37, lipocalin-2, RNAse-7 and hepcidin in patient’s corneal scraping samples 

was checked by quantitative PCR. Uninfected cadaveric corneas not suitable for 

transplantation surgery were used as control.  

In this study, we found a significant upregulation of hBD-1 (>21-fold), hBD-2 (>5-fold) 

and hBD-3 (>10-fold). hBD-4 was not expressed in any of the samples obtained from 

patients. The expression of S100A7, S100A8, S100A9 and S100A12 was significantly up 

regulated with S100A12 showing the maximum value (>90-fold). RNAse7 showed 

decreased expression and there was a significant upregulation of LL-37 (>600-fold), 

lipocalin 2 (>60-fold) and hepcidin (>20-fold). (Figure 3.2) Primer sequences are given in 

Annexure 1. 
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Figure 3.2 Expression of AMPs in P. aeruginosa keratitis patient samples. The expression was checked by 

quantitative PCR and the values plotted as log relative gene expression (RQ) as compared to uninfected 

cadaveric corneas. Each data point represents individual patient. GraphPad Prism software was used to 

calculate ANOVA and P<0.001 was considered significant. ND: Not detected. 

 

 

This is the first report on AMP expression in P. aeruginosa keratitis patients’ corneal 

scrapings. 
 

 

3.2.3 Clinical characteristics of patients with S. pneumoniae keratitis  
 

We collected corneal scrapings from twelve patients with their informed consent. The 

identification of the causative organism was later confirmed from Jhaveri Microbiology 

Centre, LVPEI, and the characteristics of patients with S. pneumoniae keratitis were 

presented in Table 3.2. The mean age was 52 years with a standard deviation of about 20. 

About 25% of the patients were female. The hypopyon was present in 25% of the patients. 

The majority of the patients were involved in agriculture or manual labor. Majority of the 

patients had ulcers either less than 5 mm or greater than 15 mm in size. 
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3.2.4 S. pneumoniae keratitis patients’ samples show differential expression of 

antimicrobial peptides 
 

We took corneal scrapings from S. pneumoniae keratitis patients and analyzed the 

expression of same panel of AMPs by quantitative PCR. Uninfected cadaveric corneas not 

suitable for transplantation were used as control. We found a significant upregulation of 

AMPs hBD-2, hBD-3, hBD-4, S100A7, S100A8, S100A9, S100A12, LL-37, hepcidin, 

lipocalin-2 and RNAse-7. However, hBD-1 expression was downregulated (Figure 3.3) in 

contrast to its upregulation found in Pseudomonas keratitis patients. This is the first report 

of AMP expression in patients with S. pneumoniae keratitis. 
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Figure 3.3 Differential expression of AMPs in S. pneumoniae keratitis patient’s samples. Corneal scrapings 

of SP keratitis patients were used to determine AMPs expression by quantitative PCR. The log of relative 

gene expression (log (RQ)) is plotted in the graph. P<0.0001 is considered as significant. Each data point 

represents each patient. 

3.3 Discussion 
 

The emergence and re-emergence of antibiotic resistance in bacteria have compelled 

researchers to look for new alternatives. Antimicrobial peptides have shown adequate 

promise as an alternative or adjunct therapeutic that studying its role in infection has been 

a burning topic since past few years. To understand the significance of AMPs during 

infection, it is necessary to study its expression profile in patients. There have been several 

reports of endogenous expression of AMPs in patients of atopic dermatitis (Ong et al., 

2002), ulcerative colitis (Fahlgren et al., 2003), infective cellulitis (Stryjewski et al., 2007),  

joint infections (Gollwitzer et al., 2013) and several other diseases. Differential expression 

of AMPs was also reported in patients with chronic skin wound and gastric mucosa 

infection (Bauer et al., 2013; Dressel et al., 2010). However, there were no report on the 

endogenous expression of AMPs in keratitis patients during P. aeruginosa or S. 

pneumoniae infection. In this objective we checked a panel of AMPs in patients’ samples 

obtained from cases of P. aeruginosa or S. pneumoniae keratitis for the first time. We 

checked the expression of beta-defensins, S100A proteins, cathelicidin, hepcidin, lipocalin 

and RNase-7. We found significant upregulation of hBD-2, 3, S100A7, S100A8, S100A9, 

S100A12, lipocalin-2 and hepcidin in both P. aeruginosa and S. pneumoniae patients’ 

samples. hBD-1 was upregulated in P. aeruginosa patients’ samples whereas it was 

downregulated in S. pneumoniae patients’ samples. We also found reduced expression of 

RNase7 in P. aeruginosa keratitis patients’ samples whereas it was upregulated in S. 
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pneumoniae patients’ samples. We found the expression of hBD-4 in S. pneumoniae 

patients’ samples, whereas, it was not detected in P. aeruginosa keratitis patients’ samples. 

In another study done by Roy et. al., the expression of AMPs like S100A8, S100A9 and 

hBD-1 was found to be significantly upregulated in corneal ulcers obtained from patients 

infected with Corynebacterium pseudodiphtheriticum (Roy et al., 2015). hBD-2 was also 

found to be upregulated in response to Helicobacter pyroli  infection in patients (Bauer et 

al., 2013). Otri et. al. first reported the differential expression of hBD-3 and hBD-9 in the 

human ocular surface in response to bacterial infection (Otri et al., 2012) showing that not 

all AMPs respond similarly to infection. In another study, LL-37 was found to be 

differentially expressed in tissue samples of periodontitis patients (Türkoǧlu et al., 2011).  

To conclude, we reported the expression of AMPs in gram negative P. aeruginosa 

and gram positive S. pneumoniae patients’ samples for the first time. The expression profile 

of AMPs was markedly distinct suggesting that the induced expression of AMPs in 

bacterial keratitis is also unique for each type of infection. For future studies, the knowledge 

of AMPs expression profile in keratitis patients will help understand the AMP-mediated 

innate immune response of the host and the impact of AMPs expression in the patients’ 

clinical outcome.  

 

 

* This chapter has been published in parts in the journal ‘Pathogens and Disease’ 

(Sharma et.al., 2018) and ‘Pathogens’ (Sharma et.al., 2019). The citations are given 

below and the publications are attached. 
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Corneal Epithelial Cells. Pathogens (Basel, Switzerland), 8(1), 31. 
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4.1 Introduction 
  

Pseudomonas aeruginosa is a gram negative pathogen, opportunistic in nature and one of 

the leading causes of bacterial keratitis (Bharathi et al., 2003; Bourcier et al., 2003; Fong 

et al., 2007; Kaliamurthy et al., 2013; Mun et al., 2019; Ting, Ho, Deshmukh, et al., 2021). 

Almost 8-21% of all bacterial keratitis is caused by P. aeruginosa. Corneal infections 

caused by Pseudomonas spp. is often hard to treat and are presented with serious 

phenotypes. It harbors various virulence factors that make it one of the most dreaded 

pathogens. Some known virulent factors include outer membrane proteins and 

lipopolysaccharides, siderophore like pyoverdine, various secretion systems, quorum 

sensing and biofilm formation, flagella and type 4 pili (Jurado-Martín et al., 2021; Newman 

et al., 2017; Vasil, 1986). Consequently, P. aeruginosa corneal ulcers have a more severe 

presentation and are difficult to treat (Lin et al., 2019). Moreover, keratitis caused by a drug 

resistant strains show poor prognosis (Vazirani et al., 2015). 

There are six types of secretion systems (T1SS-T6SS) in P. aeruginosa that have 

been recognized till now (Filloux, 2011; Juhas, 2015) out of which  type-3 secretion system 

(T3SS) (Figure 4.1) is the most studied one and have been shown to play an important role 

in its pathogenesis (Galle et al., 2012). The T3SS is made up of five major parts- the 

components that make up the secretion machine (PscF, PscN, PscJ, PscC, PscW, PscP), 

components that help to translocate the secreted proteins into host cells (PopB, PopD, and 

PcrV), components that helps in regulation of secretion process (ExsA-transcription factor, 

ExsC, ExsD, and ExsE), components that hold the secreted proteins to enable the secretion 

(chaperone proteins) (SpcS, SpcU, PcrH, PscE and PscG), and the proteins that are 

translocated into host cells, known as effector proteins (ExoS, ExoU, ExoT and ExoY) 

(Galle et al., 2012; Hauser, 2009). The secretion system comprises of 20 different proteins 

(Psc, Pcr or Pop components). PscC is a secretin like protein that forms oligomers with 

lipoprotein PscW to form a channel in the outer membrane (Galle et al., 2012).  
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Figure 4.1 Major components of P. aeruginosa T3SS: cap component (PcrV), needle component (PscF). an 

outer membrane component (PscC) and basal components (PscJ, ATPase PscN etc.). Redrawn from Sawa, 

2014 (Sawa, 2014). 

 

P. aeruginosa T3SS secretes four effector proteins namely, ExoS, ExoU, ExoT and ExoY 

(Hauser, 2009). Strains that express ExoU causes rapid cell lysis whereas, ExoS secreting 

strains are invasive and causes membrane bleb formation in epithelial cells which serves as 

a site for bacterial motility and replication. Thus, invasive P. aeruginosa can enter epithelial 

cells where they form plasma membrane bleb-niches that acts as intracellular compartments 

via ADP-ribosyltransferase (ADPr) activity of ExoS (Heimer et al., 2013). In one study it 

was shown that invasive strains are associated with poorer visual acuity at presentation and 

clinical outcomes when compared to the cytotoxic strains. Furthermore, invasive strain 

associated keratitis occurred more frequently in elderly males and was significantly 

associated with previous ocular trauma or surgery. Further, cytotoxic strains are found to 

be associated significantly with contact lens wear, when compared to the invasive strains  

(Borkar et al., 2013; Shen et al., 2015). ExoS and ExoT play a very important role in the 

pathogenesis of P. aeruginosa keratitis by promoting apoptotic cell death of neutrophils, 

thereby subverting an important host response. These exotoxins also help in the survival of 

the pathogen inside the host neutrophils (Sun et al., 2012). T3SS apparatus was also shown 

to dampen the host defense, independent of the exotoxins, via NLRC4-coupled 

inflammasomes (Faure et al., 2014). 
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Since, T3SS contributes significantly to the pathogenicity of P. aeruginosa, several 

inhibitors of T3SS are being studied that ranges from antibodies (Hotinger & May, 2020) 

to small molecules (Keyser et al., 2008). Blocking of virulence factors can serve as an 

alternative to antibiotics in treating infections caused by antibiotic resistance bacteria. 

Recently, it was shown that a T3SS inhibitor, fluorothiazinon, was able to inhibit T3SS of 

Chlamydia spp., P. aeruginosa, and Salmonella in vitro and provided therapeutic and 

prophylactic protection from Salmonella oral infection (Zigangirova et al., 2021). In 

another study it was shown that, subsets of tanshinones, a natural herbal compound used in 

traditional Chinese medicine, inhibited the biogenesis of P. aeruginosa T3SS and 

consequently reduced the cytotoxicity and pathogenicity of the bacteria in vitro and reduced 

the severity of infection in vivo (Feng et al., 2019). Some other inhibitors of T3SS, like N-

hydroxybenzimidazole that inhibits ExsA-DNA binding, was also shown to have anti-

virulent properties against P. aeruginosa (Grier et al., 2010). One of the inhibitors of T3SS 

is INP0341, a salicylidene acylhydrazide. Earlier studies with this small molecule inhibitor 

of T3SS has shown that it inhibits the expression and secretion of ExoS (Figure 4.2), 

inhibits bacterial motility and biofilm formation. It was also shown to reduce P. aeruginosa 

infected mice mortality in vivo (Uusitalo et al., 2017).  

 
Figure 4.2 INP0341 inhibits the expression and secretion of ExoS. Expression of ExoS was induced in wild 

type P. aeruginosa by depleting Ca2+ from the growth media. Bacteria were incubated with 50µM, 100µM 

or 150µm of INP0341 in calcium depleted or normal media and the expression of ExoS was determined from 

whole sample and secretion of ExoS was determined from the supernatant. Image courtesy (Uusitalo et al., 

2017). 

 

Toll-like receptor (TLR) signaling is one of the most important innate immune 

responses during infection. TLRs are a type of pattern recognition receptors (PRRs) that 

identify the various components of invading pathogens, also known as pathogen associated 

molecular patterns (PAMPs). These receptors not only act as the initiator of innate immune 

responses but also acts as a bridge between innate and adaptive responses. P. aeruginosa 
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and its PAMPs acts as a ligand to TLR1/2, TLR2/6, TLR4, TLR5 or TLR9 (McIsaac et al., 

2012). The activation of TLRs further lead to the initiation of downstream signaling 

pathways via NF-κβ and MAP-kinase, that consequently lead to the expression of effectors 

of innate immunity like cytokines, chemokines and AMPs (J. Zhang et al., 2005). TLRs 

activation in corneal resident macrophages by P. aeruginosa during keratitis leads to the 

expression of proinflammatory cytokines like IL-1α and IL-1β. This cytokine influx leads 

to onsite neutrophil recruitment and production of reactive oxygen and nitrogen species 

(ROS, RNS), matrix metalloproteinases and neutrophil extracellular traps. This sequence 

of events is mostly responsible for the inflammatory damages and opacification of corneal 

stroma during keratitis (Pearlman et al., 2013). However, the lack of these innate immune 

responses leads to dissemination of bacteria in systemic circulation and other vital organs 

(Thanabalasuriar et al., 2019). Therefore, a regulated innate immune response is required 

for the alleviation of the disease. Many pathogens including P. aeruginosa have 

mechanisms to evade host immune responses or invasion. P. aeruginosa is known to cause 

cytoskeletal rearrangement in vitro in human macrophages to facilitate its invasion and 

cause cell death (Mittal et al., 2016). Exoenzymes secreted by T3SS of P. aeruginosa play 

a major role in this. Rho GAP activity of Exoenzyme S (ExoS) is known to stimulate actin 

cytoskeletal rearrangement (Krall et al., 2002). ExoS and ExoT has been implicated in host 

cell rounding up and actin cytoskeletal disruption. In other studies it was shown that ExoT 

and ExoY causes the alteration or disruption of the host cell actin cytoskeleton and inhibits 

early bacterial internalization (Cowell et al., 2005; Garrity-Ryan et al., 2000).  

Since we observed differential expression of various AMPs like beta defensins, 

cathelicidin, S100A proteins, hepcidin etc., in patients with P. aeruginosa keratitis 

(Objective 1, Chapter III), we further checked the expression of AMPs in our in vitro 

infection model for which we used human corneal epithelial cells (HCECs) and pro-

monocytic cell line U937. We also checked the effect of T3SS on the activation TLR related 

signaling pathways, NF-κβ and MAP-kinase. These signaling pathways were particularly 

chosen as they have been shown to play an important role in the expression of AMPs. For 

infection we used a wild type P. aeruginosa (PAWt), having an intact T3SS and a mutant 

P. aeruginosa (PAΔpscC), lacking a functional T3SS. We further did in vivo studies with 

our well-established mouse model of keratitis using C57BL/6 mice. Hence our goal in this 

section is to decipher the role of T3SS on the host innate immune response in vitro and in 

vivo with the focus being on AMPs. 
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4.2 Results 
 

4.2.1 T3SS dependent suppression of antimicrobial peptide expression in vitro 
 

To check the expression of AMPs, in vitro and determine if T3SS of P. aeruginosa plays a 

role, HCECs were either infected with wild type P. aeruginosa (PAWt) having an intact 

T3SS apparatus or mutant P. aeruginosa lacking a part of T3SS, PscC (PAΔpscC). The 

multiplicity of infection (MOI) was 10 and the cells were incubated for 4h (3h infection 

followed by 1h gentamycin) or 24h (6h infection followed by 1h gentamycin followed by 

overnight media). A significant increase in the expression of AMPs like hBD-1 (>3-fold), 

hBD-2 (>8-fold), hBD-3 (>8-fold), hepcidin (>5- fold), RNAse7 (>15-fold) and LL-37 

(>60-fold) was observed in HCECs in response to infection with PAΔpscC when compared 

to HCECs infected with PAWt at early time (4h) (Figure 4.3 A and 4.3 B). Similar to the 

patients’ sample, hBD-4 was not detected in infected HCECs. There was also an increased 

expression of S100A7 (>2-fold), S100A8 (>50-fold), S100A9 (>25-fold) and S100A12 

(>40-fold) in HCECs infected with PAΔpscC compared to cells infected with PAWt at an 

early time (4h) (Figure 4.3 C). We did not see any significant difference in AMP 

expression in HCECs in response to PAWt or PAΔpscC at 24 h. Primers sequences are 

presented in Annexure 1. 

 
Figure 4.3 In vitro expression of antimicrobial peptides (AMPs) in HCECs. HCECs were infected with PAWt 

or PAΔpscC for 4h or 24h, and AMP expression was checked by quantitative PCR, with GAPDH as an 

housekeeping gene. The data shown was done in duplicates and analyzed using GraphPad Prism software. 

(*P < 0.05, **P < 0.005) 
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To check if the supression of AMPs expression is limited to epithelial cells or not, we did 

a similar study on U937 cell line as well, because monocytes and macrophages are also one 

of the effectors of innate immunity and act a a “bridge” between innate and adaptive 

immune responses (Plüddemann et al., 2011). We found supressed expression of hBD-2, 

hBD-3, S100A8, S100A9 and S100A12 (Figure 4.4A and 4.4C) in U937 infected with 

PAWt when compared with the cells infected with mutant PAΔpscC. There was a 

significant reduction in the expression of LL-37, Rnase7 and hepcidin in cells infected with 

PAWt bacteria when compared to cells infected by mutant PAΔpscC (Figure 4.4B).  

 

 
Figure 4.4 In vitro expression of AMPs in U937 in response to P. aeruginosa. U937 infected with PAWt or 

PAΔpscC for 3h and gene expression checked by quantitative PCR. GAPDH was used as a housekeeping 

gene. Experiment was done twice in duplicates. (* P < 0.05, ** P < 0.005) 

 

Similar to the findings in HCECs, hBD-4 was also not detected in U937. hBD-1 and S100A7 

expression was also absent in U937. These observations were in cells infected with bacteria 

for 3h. However, the AMPs expression did not show any significant difference in U937 

infected with PAWt or PAΔpscC for a longer time period (6h) (Figure 4.5). The sequences 

of primers used in the study is represented in Annexure 1.  

 

A 

B 

C 
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Figure 4.5 In vitro expression of AMPs in U937 in response to P. aeruginosa for 6h. Expression of AMPs in 

U937 infected with PAWt or PAΔpscC done by quantitative PCR. The cells were infected with bacteria for 

6h. Housekeeping gene being GAPDH.  

 

 

4.2.2 Suppression of NF-κβ signaling is T3SS mediated in HCECs and U937 
 

Since we observed that P. aeruginosa subdues AMP expression in HCECs and U937 in 

T3SS dependent manner, we further checked the effect of T3SS on NF-κβ signaling 

pathways. NF-κβ is one of the important host responses during infection and many 

pathogens are known to manipulate this signaling pathway (Krachler et al., 2011). NF-κβ 

also plays a role in AMP expression (Cunliffe & Mahida, 2004; G. Li et al., 2009; Prasad 

et al., 2019). During normal conditions NF-κβ is kept in the cytoplasm by an inhibitory 

protein, IκB, which is phosphorylated and degraded upon stimulus, thereby releasing NF-

κβ. An enhanced phosphorylation of Iκβ, indicative of activation of NF-κβ, began at 30 

minutes and continued till 2h in HCECs and U937 infected with PAΔpscC. However, there 

was a delayed phosphorylation of Iκβ in the cells infected with PAWt. (Figure 4.6A and 

B).  

 

A 

B 

 

C 
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Figure 4.6 Effect of T3SS on activation of NF-κβ pathway. Western blot analysis of pIκβα in HCECs (A) 

and U937 (B) infected with PAWt or PAΔpscC. The quantitative result was calculated as a ratio of pIκβ 

and β-actin band density.  

 

Immunofluorescence microscopy was done to check the localization or nuclear 

translocation of p65 in infected cells, and it was observed that p65 translocated to the 

nucleus as early as 30 minutes in cells infected with PAΔpscC. Whereas, the nuclear 

translocation of p65 occurred relatively later in cells infected with PAWt as compared to 

the cells infected with PAΔpscC. (Figure 4.7A and B).  

 

Figure 4.7 Effect of T3SS on p65 nuclear translocation. p65 translocation was determined by immunostaining 

and observing under florescence microscope in HCECs(A) and U937(B) infected for 30minutes,1h and 2h 

with either PAWt or PAΔpscC.  

 

 

HCEC U937 
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HCEC U937 
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Quantitative analysis was done by counting the number of cells with p65 staining in nucleus 

and we observed a significant increase in p65 translocation in cells infected with PAΔpscC 

than in cells infected with PAWt (Figure 4.8A and B). 

 

Figure 4.8 Effect of T3SS on NF-κβ signaling pathway. Quantitative data for p65 nuclear translocation in 

HCECs (A) and U937 (B) was determined by manually counting the number of cells (at least 100 cells were 

counted) showing nuclear translocation. (* p < 0.05, **p <0.005, *** p <0.0005). 

 

These results indicate that T3SS dependent suppression of NF-κβ signaling pathway might 

play a role in consequent AMP suppression.  

  

4.2.3 T3SS dependent inhibition of p38 and ERK activation in HCECs and U937 
 

Like NF-κβ signaling pathway, MAPK signaling is also one of the important signaling 

pathway activated during infection in the host and is also known to mediate AMPs 

expression (Hippenstiel et al., 2000; Y. J. Kim et al., 2013; Schauber et al., 2003; Shibata 

et al., 2005). Therefore, we checked the activation of three MAPK families: extracellular 

signal- regulated kinase (ERK), Jun kinase (JNK/SAPK) and p38 MAPK. ERK is a 

serine/threonine protein kinase that acts as a signal transduction protein. ERK1 and ERK2 

are the two important components of the MAPK/ERK pathway, with molecular weights of 

44 and 42kDa, respectively (Guo et al., 2020). MAPK/ERK activation plays an important 

role in proliferation, differentiation and development in mammals (Wei & Liu, 2002). c-

Jun N-terminal kinases (JNKs) or stress-activated kinases (SAPKs) activation also plays a 

role in proliferation, embryonic development and apoptosis (Behrens et al., 1999; Dérijard 

et al., 1994). p38 mitogen-activated protein kinases gets activated during stress and are 

involved in cell differentiation, apoptosis and autophagy (Zarubin & Han, 2005). We 

observed by western blotting that phosphorylation of p38 occurred as early as 30 minutes 

and continued up to 2h in HCECs infected with PAΔpscC when compared to the cells 

infected with PAWt (Figure 4.9A). Similarly, we also saw an early activation of p38 in 

U937 which continually increased upto 2h in cells infected with PAΔpscC when compared 

 

 

 

 

A B 

HCEC U937 
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to the cells infected with PAWt (Figure 4.9D).  Infection of HCECs by PAΔpscC also 

resulted in early activation of ERK as compared to cells infected with PAWt. (Figure 

4.9B). Similarly, infection of U937 by PAΔpscC also resulted in early activation of ERK 

that continues upto 2h, as compared to cells infected with PAWt (Figure 4.9E). There was 

no difference in activation of JNK in HCECs (Figure 4.9C) and U937 (Figure 4.9F) 

infected with either PAΔpscC or PAWt. This indicates that P. aeruginosa is able to 

suppress the activation of p38-MAPK and ERK-MAPK signaling in a T3SS dependent 

manner. 

 

Figure 4.9 Effect of PAWt T3SS in MAPK signaling. Western blot analysis of phosphorylation of p38 (A), 

ERK (B) or JNK (C) was done in HCECs infected with either PAWt or PAΔpscC. Similar analysis was done 

in U937 to check the phosphorylation of p38 (D), ERK (E) or JNK (F) upon infection. The represented 

number was calculated as the ratio of band density of phosphorylated to total protein.  

 

4.2.4 T3SS dependent suppression of reactive oxygen species generation in HCECs 

and U937 
 

The partial reduction of oxygen leads to the formation of reactive oxygen species (ROS) 

such as superoxide anion (O2
−), hydrogen peroxide (H2O2), and hydroxyl radical (HO•). 

ROS is generated intracellularly during the process of mitochondrial oxidative 

phosphorylation (Bayir, 2005; Murphy, 2009). Oxidative stress occurs when the balance 

between the endogenous ROS production and expression of antioxidants is disrupted 

(Krumova & Cosa, 2016). During bacterial infections, the host neutrophils, macrophages 

and epithelial cells generates ROS that directly kills or inhibits the pathogen (Keyer et al., 

1995) and also regulate key signaling pathways like MAPK (Ray et al., 2012). Since we 

saw that the innate immune responses like AMP expression, NF-κβ and MAPK pathway 

were subdued during P. aeruginosa infection in a T3SS- dependent manner, we further 

checked the effect of T3SS on ROS generation in HCECs or U937. The cells were infected 

for 2h with PAWt or PAΔpscC and stained with 2',7'-dichlorodihydrofluorescein diacetate 
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(H2DCFDA), a membrane permeable fluorescent dye, and was checked under microscope 

and spectrophotometrically. Significant reduction in ROS generation was found in HCECs 

in response to PAWt infection compared to the cells infected with PAΔpscC (Figure 

4.10A). The quantitative spectrophotometric readings also showed a significant increase in 

ROS in HCECs in response to PAΔpscC infection when compared to cells infected with 

PAWt (Figure 4.10B. Similarly, we found a significant decrease in ROS generation in 

U937 in response to PAWt infection compared to the cells infected with PAΔpscC (Figure 

4.10C). The quantitative spectrophotometric readings also showed a significant increase in 

ROS in HCECs infected with PAΔpscC when compared to cells infected with PAWt 

(Figure 4.10D). Cells infected with Escherichia coli DH5α served as the positive control. 

This indicates that there is a T3SS mediated suppression of ROS generation in HCECs.  

 
 

Figure 4.10 ROS generation in response to P. aeruginosa. HCECs and U937 was infected with PAWt or 

PAΔpscC for 2h, incubated with H2CFDA dye and ROS production was checked under microscope using 

10X objective (A and C); similar experiment was done and quantitative measurement of fluorescence was 

taken using plate reader (B and D). E. coli was used as a positive control. The experiment was repeated thrice 

(* P < 0.05, **P < 0.005). 

 

To confirm that the difference in ROS was not due to loss of cells from cell death, we 

checked the viability of cells by propidium iodide (PI) staining. There was no difference in 
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the viability of cells infected either with PAWt or PAΔpscC at the mentioned time point 

(Figure 4.11).  

 
Figure 4.11 Cell viability test by propidium iodide (PI) staining. HCECs (A) or U937 (B) cells were infected 

with PAWt or PAΔpscC for 2h, washed and stained with PI for 20 minutes, removed and observed under 

microscope using 10X objective. 
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Since T3SS plays an important role in the pathogenesis of P. aeruginosa, it has emerged as 

an attractive target for antimicrobial therapeutics. Our data also convincingly showed the 

important role exerted by T3SS in pathogenesis of P. aeruginosa infection of corneal cells. 

Many small molecule inhibitors acting against T3SS, have been discovered, synthesized 

and studied upon (Anantharajah et al., 2016). The idea of inhibiting the virulence rather 

than the survival of the bacteria is attractive as this approach may immensely reduce the 

selection pressure on pathogens to develop antibiotic resistance (Hotinger et al., 2021). 

Some T3SS inhibitors that have been studied till now that includes guadinomines, 

thiazolidinone, N-Hydroxybenzimidazole etc (Duncan et al., 2012). One such well-studied 

class of T3SS inhibitors are salicylidene acylhydrazides. It has been previously shown that 

INP0341 (Figure 4.12), a salicylidene acylhydrazide, inhibits transcriptional activation of 

T3SS of P. aeruginosa (Uusitalo et al., 2017). 

 
Figure 4.12 Chemical structure of INP0341. 

 

4.2.5 T3SS inhibitor, INP0341, prevents cytotoxic effects of P. aeruginosa on 

HCECs 
 

Since we saw that T3SS of P. aeruginosa plays an important role in its pathogenesis in 

vitro, by evading host immune responses via suppression of the expression of various 

antimicrobial peptides (AMPs), inhibition of NF-κβ signaling and MAPK pathway 

mediators like ERK and p38 along with inhibition of ROS generation, we next checked if 

T3SS inhibitor can inhibit the pathogenicity of P. aeruginosa both in vitro and in vivo. Our 

collaborator had selected few small molecule inhibitors through high throughput screening 

(Nordfelth et al., 2005) and showed that INP0341 inhibits the expression and secretion of 

ExoS, bacterial motility and biofilm formation in vitro (Uusitalo et al., 2017). Hence, we 

chose INP0341 to see if it could help inhibit P. aeruginosa mediated cytotoxicity in corneal 

cells both in vitro and in vivo.  

We first checked the cytotoxic effect of INP0341 on HCECs. Cells were incubated 

with different concentrations of INP0341 and the percentage of enzyme lactate 
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dehydrogenase (LDH) release was measured spectrophotometrically. The percentage was 

calculated relative to the positive control (HCECs treated with 0.3% triton X), where the 

positive control value was considered as 100 percent. There was no significant LDH release 

in HCECs even in the presence of higher concentrations of INP0341 (Figure 4.13A) 

indicating that INP0341 is not cytotoxic to HCECs. Also, no significant inhibition in the 

growth of PAWt was noted in the presence of INP0341 6h and 24h post incubation in vitro 

(Figure 4.13B). This indicates that there is a very low propensity in P. aeruginosa of 

developing resistance against INP0341 as it does not affect its growth directly. 

Figure 4.13 Cytotoxic effect of INP0341 on HCECs and its effect on bacterial viability. (A) Cytotoxicity test 

in HCECs treated with different concentrations of INP0341 for 6h by LDH assay. (B) PAWt was treated with 

different concentration of INP0341 for 6 or 24 h and bacterial viability was checked by the optical density 

measurement at 600 nm. The absorbance of bacteria without the inhibitor was considered as 100 percent 

viable. The experiments were repeated at least 3 times. 

 

Next, the ability of INP0341 on inhibiting the cytotoxic effect of PAWt in HCECs was 

checked. HCECs were exposed to PAWt with or without INP0341 (100μM) or PAΔpscC 

for 6h. The infection with PAΔpscC was used as a control to compare the effect of 

INP0341. Thereafter the cell phenotype was checked under microscope. HCECs infected 

with PAWt underwent a change in their morphology with about 70% of the cells rounding 

up (Figure 4.14Ai) and this morphology change significantly decreased with inhibitor 

treatment (Figure 4.14Aii). However, the uninfected and untreated HCECs (Figure 

4.14Aiv) or HCECs infected with PAΔpscC only (Figure 4.14Aiii) did not cause any 

morphological change or rounding up of the cells. Release of LDH from HCECs as a direct 

indicator of cytotoxicity, was also determined with triton-X treated cells as positive control 

and it was found that HCECs infected with PAWt released 50% of maximum LDH. This 

percentage lowered significantly in the presence of INP0341. HCECs infected with 

PAΔpscC did not show any significant increase in LDH release and was similar to that of 
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cells exposed to PAWt alongwith INP0341. HCECs incubated with INP0341 alone showed 

less than 15% of maximum LDH release. The uninfected-untreated cells (No Bac) also 

showed a lower LDH release (Figure 4.14B). 

Figure 4.14 Effect of INP0341 on P. aeruginosa induced cell cytotoxicity. (A) Cell morphology of HCECs 

infected with PAWt with or without INP0341 (100µM) or PAΔpscC for 6h. Checked by bright field 

microscopy under 20X objective. (B) HCECs infected with PAWt with or without INP0341(100µM) or 

PAΔpscC. Cell cytotoxicity was checked by LDH assay. The experiments were repeated at least 3 times. 

(**p< 0.005). 

 

The rearrangement and disruption of actin cytoskeleton serves as a survival mechanism 

adapted by various pathogens in order to invade, survive intracellularly, or exit the hosts 

(Colonne et al., 2016). Additionally, some pathogens disrupt actin polymerization to evade 

phagocytosis by the hosts (Uribe-Quero & Rosales, 2017). As described earlier, P. 

aeruginosa is also capable of T3SS mediated redistribution and disruption of host cell 

cytoskeletal system (Cowell et al., 2005; Garrity-Ryan et al., 2000). To check if T3SS 

inhibitors can block this effect efficiently, HCECs were exposed to PAWt with or without 

INP0341 for 6h. The infected cells showed a marked rearrangement of actin cytoskeleton 

resulting in peripheral assembly of actin and rounding up of HCECs (Figure 4.15ii) which 

was inhibited with INP0341 treatment (Figure 4.15iii). HCECs infected with PAΔpscC 

alone also did not show much cytoskeletal rearrangement (Figure 4.15iv). 

i ii 

iii iv 
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Figure 4.15 F-actin staining. HCECs were infected with PAWt in the presence or absence of INP0341, or 

PAΔpscC for 6h. Phalloidin-Alexa fluor 488 stained HCECs was viewed by fluorescent microscopy under 

100X oil immersion objectives.  

 

4.2.6 Upregulation of antimicrobial peptide expression in HCECs infected with P. 

aeruginosa in presence of T3SS inhibitor INP0341 

 

We observed that the expression of AMPs like hBD-1, hBD-2, hBD-3, hepcidin, Rnase7, 

S100A9 and LL-37 was suppressed in HCECs infected with PAWt and increased 

significantly upon infection with PAΔpscC, a T3SS mutant. This observation made it 

imperative to study the effect of INP0341 inhibition of T3SS on the expression pattern of 

AMPs. For this purpose, we infected cells with PAWt and two others clinical isolates of 

Pseudomonas with or without INP0341 (100μM). Like PAWt these clinical isolates also 

show expression of ExoS, T and Y but no ExoU. Hence, we checked AMP expression in 

HCECs in response to PAWt infection in presence of INP0341 and found significant 

upregulation of hBD-2, hBD-3, LL-37, RNase7, S100A9 and S100A12 (Figure 4.16A). 

Similarly, AMP expression was also upregulated in HCECs infected with clinical isolates 

alongwith INP0341 when compared to HCECs infected but not treated with INP0341 

(Figure 4.16B, C). The sequences of the primers are given in Annexure 1. 
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Figure 4.16 AMPs expression in HCECs in presence or absence of INP0341. HCECs were exposed to PAWt 

(a), Clinical isolates (b, c) with or with or without INP0341 for 4h and quantitative PCR was done to find the 

expression of AMPs. 2-ΔΔct method was used to calculate fold change with GAPDH as housekeeping gene. 

Experiments were repeated thrice in duplicates. (* p < 0.05, ** p< 0.005). 

 

4.2.7 Significant increase in ROS generation by HCECs in response to infection by 

P. aeruginosa in presence of INP0341 
 

During infection, ROS generation is induced in the host that helps in pathogen clearance 

directly or indirectly by activation of signaling pathways related to inflammation and host 

immune response (Sareila et al., 2011). However some pathogens are able to evade host’s 

ROS response by secreting or inducing antioxidant defenses like including superoxide 

dismutase, catalase, thioredoxins, etc., induction of bacterial virulence or increasing its 

tolerance towards the effects of ROS (H. Li et al., 2021). Since we saw a suppression of 

ROS generation by PAWt in a T3SS dependent manner, we further checked the effect of 

INP0341 on ROS production in infected HCECs. We infected HCECs with PAWt in 

presence or absence of INP0341 for 2h. Thereafter, generation of ROS was checked by 

incubating the infected cells with H2CFDA dye, a cell-permeant dye. It exists in a reduced 

form of fluorescein which is cleaved by the intracellular esterases and oxidation and is 

converted to fluorescent 2',7'-dichlorofluorescein, which can be used as a direct indicator 

of ROS. We observed a suppression of ROS generation in HCECs in response to PAWt 

(Figure 4.17Aii) when compared to the HCECs infected with PAΔpscC (Figure 4.17Aiv), 

as seen earlier. However, we found that there was a significant increase in the level of ROS 
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in PAWt infected HCECs in the presence of INP0341 (Figure 4.17Aiii) when compared to 

the level of ROS generation in HCECs infected with PAWt alone. We did not see any 

increase in ROS generation in the uninfected control (Figure 4.17Ai) or only INP0341 

treated cells (Figure 4.17Av). The quantitative measurement of ROS by spectrophotometer 

also showed similar result (Figure 4.17B). 

 

 
Figure 4.17 ROS generation in HCECs in presence or absence of INP0341. ROS generation was detected by 

infected HCECs with PAWt with or without INP0341 or PAΔpscC for 2h and then incubated with H2CFDA 

dye for 15 minutes. Imaging was done under fluorescent microscope using 10X objective (A) or quantitative 

reading taken using a plate reader (B). Experiments were repeated thrice in duplicates. (* p < 0.05). 

 

4.2.8 Protective effect of INP0341 in murine model of P. aeruginosa keratitis  

 

To determine the protective capability of INP0341 in vivo, further studies were performed 

with C57BL/6 mice using our established infection model (Roy et al., 2014).  We used 

500µM of the inhibitor for the in vivo study as it was found to be effective earlier and the 

concentration of the inhibitor could not be increased further due its solubility properties  

(Uusitalo et al., 2017). The mouse corneas were scratched with 26 gauze needle and 

infected with PAWt with or without INP0341 (500μM in 10% DMSO), topically added at 

0h and 6h.  The corneas of the other group were also scratched and infected with PAΔpscC 
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to serve as a positive control. Mice were euthanized 24h post infection. The corneas were 

imaged under stereomicroscope and checked for opacity. The clinical score for corneal 

opacity was assigned as described earlier (Pan et al., 2003) (Table 4.1). 

Table 4.1 Clinical scores for corneal opacity 

 

 

For checking the bacterial load in the eye by CFU method, the eyes were homogenized and 

plated on Luria Bertani (LB) agar plates. We saw no opacification in uninfected control 

eyes (Figure 4.18Aiv) and maximum opacification in the eyes infected with PAWt only 

(Figure 4.18Ai). We saw a considerable reduction in opacity in the eyes infected with 

PAWt with INP0341 treatment (Figure 4.18Aii). The opacity in the eyes infected with 

PAΔpscC only was also less when compared to those infected PAWt (Figure 4.18Aiii). 

Consequently, the average clinical score of the eyes infected with PAWt only was the 

highest and those uninfected or infected with PAΔpscC was the lowest. When compared to 

the eyes infected with PAWt only there was significant decrease in the average clinical 

score of the eyes infected with PAWt in the presence of INP0341 (Figure 4.18B).  

 

Figure 4.18 INP0341 alleviates P. aeruginosa infection in murine model of keratitis. C57BL/6 mice were 

infected with PAWt with INP0341 treatment at 0h and 6h after infection. After 24h mice were euthanized 

and opacification of cornea was imaged using dissection microscope (A). The clinical score was assigned (B) 

according to the Table 4.1 (*p < 0.05; ** p < 0.005; p<0.0005) 

 

We also observed a significant reduction in CFU per eye that were infected with PAWt 

along with INP0341 when compared to eyes infected with PAWt only. The CFU per eye 
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that were infected with PAΔpscC only was also less than the eyes infected with PAWt 

(Figure 4.19).  

 

Figure 4.19 INP0341 alleviates P. aeruginosa infection in murine model of keratitis. C57BL/6 mice were 

infected with PAWt with INP0341 treatment at 0h and 6h after infection. The whole eye homogenized lysate 

was used for CFU counting (n=5 mice); each data point represents individual cornea (*p < 0.05). 

 

Corneal sections of mice eyes stained with hematoxylin and eosin showed decreased 

infiltration of immune cells in PAWt infected eyes treated with INP0341 (Figure 4.20ii) 

when compared to PAWt only infected eyes (Figure 4.20i). We observed less cellular 

infiltration in eyes infected with PAΔpscC infected eyes as well (Figure 4.20iii). The 

control sections showed no cellular infiltrations (Figure 4.20iv). 

Figure 4.20 INP0341 alleviates P. aeruginosa infection in murine model of keratitis. C57BL/6 mice were 

infected with PAWt with INP0341 treatment at 0h and 6h after infection. Haematoxylin and eosin staining of 

corneal sections for checking immune cells infiltration under microscope using 10X Objective. E, Epithelium; 

S, Stroma; En, endothelium. 

 

To determine the optimum time for addition of INP0341 during the infection, further 

experiments were performed where mice corneas were scratched and infected with PAWt 
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along with INP0341 (500μM in 10% DMSO) at 0h and 6h (group I) or at 3h and 6h (group 

II) after infection. After 24h mice were sacrificed and corneal images were taken. Control 

uninfected eyes showed no opacity (Figure 4.21i). When compared to PAWt only infected 

group (Figure 4.21ii), corneas of PAWt infected group with INP0341 treatment, i.e., group 

I (Figure 4.21iii) and group II (Figure 4.21iv) mice displayed significantly less 

opacification. The opacity of the corneas in group I (Figure 4.21iii) mice was 

comparatively less than that of the group II mice (Figure 4.21iv).  

 

Figure 4.21 Effect of INP0341 on C57BL/6 mouse model of P. aeruginosa keratitis- corneal opacity. Mice 

were scratched and infected with PAWt in presence of INP0341 for 0h and 6h post infection in group I and 

3h and 6h post infection in group II. Cornea was imaged after euthanizing the mice after 24h. 

 
There was a significant reduction in the opacity of corneas in group I mice, where the 

INP0341 inhibitor was added at 0h and 6h post infection, when compared to the PAWt 

infected group without any INP0341 treatment, as shown in the clinical score graph (Figure 

4.22). The clinical score of the eyes of group II mice that were infected with PAWt with 

the INP0341 inhibitor added 3h and 6h post infection was also lower than those infected 

with PAWt only, but not significantly (Figure 4.22).  

 

Figure 4.22 Effect of INP0341 on C57BL/6 mouse model of P. aeruginosa keratitis-clinical score. Mice 

were scratched and infected with PAWt in presence of INP0341 for 0h and 6h post infection in group I and 

3h and 6h post infection in group II.). Clinical scores were assigned for severity of infection. (** p<0.005). 
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CFU/eye of group I mice was also less when compared to that of the only PAWt infected 

group (Figure 4.23).  

 

Figure 4.23 Effect of INP0341 on C57BL/6 mouse model of P. aeruginosa keratitis- bacterial load. Mice 

were scratched and infected with PAWt in presence of INP0341 for 0h and 6h post infection in group I and 

3h and 6h post infection in group II. Eye homogenates were plated and CFU counted (n=6 mice) with each 

data point representing individual cornea.  
 

The hematoxylin and eosin staining of corneal sections from group I (Figure 4.24ii) and 

group II (Figure 4.24iii) mice also showed reduced cellular infiltrations when compared to 

the sections from PAWt infected group mice eyes (Figure 4.24i), with group I mice eyes 

sections (Figure 4.24ii) showing the less infiltration when compared to group II mice eyes 

(Figure 4.24iii).  

Figure 4.24 Effect of INP0341 on C57BL/6 mouse model of P. aeruginosa keratitis- cellular infiltration. 

Mice were scratched and infected with PAWt in presence of INP0341 for 0h and 6h post infection in group I 

and 3h and 6h post infection in group II. Hematoxylin and eosin staining of corneal sections was done and 

imaged using 10X objective to check infiltrates (D). 
 

Since we found that AMP expression was upregulated in HCECs in response to PAWt in 

presence of INP0341 when compared to the cells infected with PAWt, we further checked 

the expression of AMPs in vivo. The corneas of mice were scratched and infected with 

PAWt with or without INP0341 and AMP expression was determined 24h post infection 
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by qPCR. Like in vitro experiment, we saw decrease in the expression of mBD-1, mBD-2, 

mS100A9, lipocalin (mLCN2) and CRAMP (mouse homologue of LL-37) in corneas 

infected with PAWt which significantly increased in corneas in response to PAWt infection 

in the presence of INP0341 (Figure 4.25). Primer sequences are given in Annexure 1. 

 

Figure 4.25 Effect of INP0341 on C57BL/6 mouse model of P. aeruginosa keratitis- AMP expression. 

C57BL/6 mice were infected with PAWt with INP0341 treatment at 0h and 6h after infection. RNA isolation 

was done from whole eye (n=3) and AMP expression determined using quantitative PCR by 2-ΔΔCt method 

with mouse GAPDH as housekeeping gene. (*p < 0.05; ** p < 0.005) 
 

4.3 Discussion 

 

P. aeruginosa is a notorious gram negative pathogen because of the presence of many 

virulent factors including T3SS (Jurado-Martín et al., 2021). The most common infections 

caused by P. aeruginosa includes those of soft tissue and urinary tract, bacteremia, diabetic 

foot, respiratory pneumoniae, otitis externa, otitis media folliculitis and keratitis (Gellatly 

& Hancock, 2013). It is an opportunistic pathogen and one of the major causes of 

nosocomial infections (Sikora & Zahra, 2021). In this study we tried deciphering the role 

of AMPs in P. aeruginosa infection, with a focus on keratitis. 

Since we saw that there was a differential expression of AMP in P. aeruginosa 

keratitis patient samples (Objective1, Chapter III), we further checked the expression of 

AMP in P. aeruginosa infection in vitro. We found that P. aeruginosa was able to suppress 

AMP expression, during the early time point, in both HCECs and U937 in a T3SS 

dependent manner. Earlier studies have shown that innate immune response against 

pathogens in epithelial cells activate MAPK and NF- κβ pathways, that leads to AMP 

expression along with pro-inflammatory cytokines like IL-6, IL-8 and TNF-α (Hop et al., 

2017; Kumar et al., 2004). However, several pathogens are known to evade these host 

responses (Niu et al., 2018). Several PAMPs are known to manipulate host kinase signaling 

like inhibition of NF-κβ and MAPK leading to suppression of ROS production, growth 

arrest, induction of apoptosis or inhibition of proinflammatory responses (Alto & Orth, 
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2012; Krachler et al., 2011). Since we saw suppression of AMP expression in response to 

PAWt infection, we further checked the expression or activation of these signaling 

pathways as well. We found P. aeruginosa caused the suppression of cell signaling, like 

delayed activation of NF-κβ, p38 and ERK, in a T3SS dependent manner. However, there 

was no significant change in the activation of JNK, indicating that JNK pathway probably 

does not play any role in expression of AMP. In another similar study, P. aeruginosa 

virulence factor, PumA, was found to mediate the inhibition of NF- κβ and Tumor necrosis 

factor receptor 1 (TNFR1) signaling pathways (Imbert et al., 2017). P. aeruginosa is also 

able to evade host immune responses by secreting several proteases, toxins and lipases that 

directly leads to inactivation or inhibition of host immune cells and molecules (Kharazmi, 

1991). T3SS has also been implicated in dampening host immune responses by killing 

phagocytes or interfering with phagocytosis (D. Dacheux et al., 1999; Denis Dacheux et 

al., 2000). ROS generation is also one of the early host defenses against the pathogens. 

However, many pathogens are known to show antioxidant response to protect itself from 

the harmful effects of ROS (Piacenza et al., 2019).  In an earlier study it was shown that 

suppression of LPS-induced ROS generation in vitro consequently resulted in the 

suppression of NF- κβ and MAPK pathways and modulation of pro-inflammatory 

cytokines (Park et al., 2015). Since the NF- κβ and MAPK pathways were suppressed in 

response to P. aeruginosa infection, we further checked if there is any effect of infection 

on ROS generation or not. We found that the P. aeruginosa suppress ROS generation in 

T3SS dependent manner, indicating that the pathogen is able to suppress the interconnected 

host responses. In another supporting study, ExoS was implicated in actively suppressing 

ROS production in neutrophils by ADP-ribosylation of Ras, thereby inhibiting its 

interaction with phosphoinositol-3-kinase (PI3K) (Vareechon et al., 2017). There are 

several studies where pathogens have been shown to evade ROS mediated killing, either 

by avoiding, inhibiting or neutralizing ROS generation. (Eze, 1991; McCaffrey & Allen, 

2006). For example, Staphylococcus aureus harbors antioxidant enzymes like catalase and 

peroxidase that neutralizes H2O2 (G. Y. Liu et al., 2005). . Group A Streptococcus has a 

multitude of ROS resistance mechanisms like surface/ secreted proteins, intracellular and 

secreted enzymes, metal sequesters and the transcription factors that is involved in 

antioxidant gene regulation (Henningham et al., 2015). 

As T3SS was found to play an important role in the pathogenesis of P. aeruginosa and the 

host response in vitro, we further checked the effect of T3SS inhibition on the host 
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response. INP0341, a salicylidene acylhydrazide, has been earlier reported to inhibit T3SS 

transcription (Anantharajah et al., 2016). In a previous study, small molecule inhibitors 

were used to inhibit Salmonella enterica T3SS-1 that consequently led to suppression of 

inflammatory responses in vitro (Hudson et al., 2007). In another study a small molecule 

inhibitor of bacterial T3SS was shown to have a protective effect in vivo from Citrobacter 

rodentium infection (Kimura et al., 2010). Studies have shown that INP0341 inhibited the 

expression and secretion of ExoS, inhibited bacterial motility and biofilm formation in vitro 

and reduced the severity of P. aeruginosa infection in vivo (Uusitalo et al., 2017). Since we 

observed that P. aeruginosa was able to suppress AMP expression, ROS generation and 

other innate immune host responses in T3SS dependent manner, we pharmacologically 

inhibited T3SS of P. aeruginosa with INP0341. There have been several studies in the 

recent past on the inhibitors of T3SS. The inhibition of virulent factors of the pathogen is 

a promising approach to counteract antibiotic resistance as the inhibitors of virulent factors 

does not affect the growth of the pathogen, thereby removing the selective pressure to 

develop resistance (Kolář et al., 2001). We observed that in the presence of INP0341, AMP 

expression increased, which was suppressed in response to PAWt infection. We also saw 

that there was an elevation in ROS generation in PAwt infected HCECs in the presence of 

INP0341. There was also a marked reduction in P. aeruginosa induced cell cytotoxicity in 

the presence of INP0341. We also observed that the inhibition of T3SS by INP0341 

prevented P. aeruginosa induced actin cytoskeletal rearrangement. It was recently reported 

that ExoY can bind to actin filaments and can modulate actin cytoskeleton directly by 

bundling F-actin and indirectly by actin-activated nucleotidyl cyclase activity (Mancl et al., 

2020). Earlier, ExoT was also shown to disrupt actin cytoskeleton and inhibit 

internalization of P. aeruginosa by epithelial cells and macrophages (Garrity-Ryan et al., 

2000). Hence, inhibition of T3SS restricted the actin modulation. These results indicate that 

T3SS of P. aeruginosa plays a very important role in its pathogenesis and its suppression 

can help upregulate the host responses like AMP expression, phagocytosis and ROS 

generation. 

In some studies it was shown that AMPs were effective against clinical ocular isolates in 

in vitro setup, but were ineffective in in vivo study (Mannis, 2002). Therefore, we did an in 

vivo study to check if the inhibitor has similar effect as in vitro or not. Similar to the in vitro 

observation we found that there was an upregulation of AMPs expression in vivo in the 

presence of INP0341. INP0341 was also able to reduce the severity of the infection in vivo 
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by reducing P. aeruginosa induced corneal opacity. We also saw concurrent reduction in 

bacterial load in the infected mice eyes and cellular infiltration in the infected mice corneas 

in the presence of INP0341.  

To conclude, P. aeruginosa evades host response by suppressing AMP expression, ROS 

generation and various related signaling pathways in T3SS dependent manner. 

Pharmacological inhibition of T3SS by INP0341 results in reversal of this suppression and 

leads to upregulation of AMPs and increase in ROS generation, inhibition of actin 

cytoskeletal rearrangement and reduction in P. aeruginosa induced cell cytotoxicity in 

vitro. INP0341 was also found to alleviate the infection by reduction in corneal opacity, 

bacterial load and cellular infiltration and upregulation of AMPs expression in vivo.  

 

* This chapter has been published in parts in the journal Pathogens and Disease 

(Sharma et al., 2018) and Virulence (Sharma et al., 2020). The citations are given 

below and the publications are attached. 

 

Sharma, P., Guha, S., Garg, P., & Roy, S. (2018). Differential expression of antimicrobial 

peptides in corneal infection and regulation of antimicrobial peptides and reactive oxygen 

species by type III secretion system of Pseudomonas aeruginosa. Pathogens and Disease, 

76(1), 10.1093/femspd/fty001. https://doi.org/10.1093/femspd/fty001 

 

Sharma, P., Elofsson, M., & Roy, S. (2020). Attenuation of Pseudomonas aeruginosa 

infection by INP0341, a salicylidene acylhydrazide, in a murine model of keratitis. 

Virulence, 11(1), 795–804. https://doi.org/10.1080/21505594.2020.1776979 
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OBJECTIVE 3: ROLE OF ANTIMICROBIAL PEPTIDES 

IN KERATITIS CAUSED BY GRAM POSITIVE 

BACTERIA Streptococcus pneumoniae 

 

 

 

 

 

 

 

 

 

 

 





Chapter V Objective 3 

91 | P a g e  

 

5.1 Introduction 
 

Streptococcus pneumoniae is a gram-positive, catalase-negative and facultative anaerobic 

bacteria that exists as single coccus, diplococci (lancet shaped) or in chains (Streptococcus 

Pneumoniae: For Clinicians | CDC, n.d.). The bacteria optimally grow in 5% carbon 

dioxide or anaerobic conditions. The bacterial colonies grown in blood agar are α-

hemolytic with green or brown discoloration at the periphery caused by partial destruction 

of red blood cells (Peter & Klein, 2008). One of the unique characteristics of S. pneumoniae 

is that it produces H2O2 when grown in aerobic conditions that causes oxidative stress and 

cytotoxic effects in the host cells that results in DNA damages and apoptosis (Rai et al., 

2015). H2O2 produced by S. pneumoniae is also shown to have bactericidal and 

bacteriostatic effect on other bacteria. However, the bacteria itself is resistant to oxidative 

effects of H2O2 due to its enzyme pyruvate oxidase (SpxB), that is also responsible for 

endogenous production of H2O2. spxB mutants were found to be killed in the presence of 

H2O2 due to rapid ATP depletion. SpxB contributes to an alternate H2O2-resistant energy 

source, hence protecting the bacteria (Pericone et al., 2003). α-hemolysis or green-halo 

around the S. pneumoniae colonies in blood agar is due to the oxidation of oxy-hemoglobin 

to met-hemoglobin, the nonbinding oxygen form, by the hydrogen peroxide synthesized by 

the bacteria (Z. Hossain, 2014; McDevitt et al., 2020).  

One of the host responses towards an increased oxidative stress is the activation of 

NF-E2–related factor 2 (Nrf2) (K. M. Kim & Ki, 2017; J. M. Lee & Johnson, 2004). It 

belongs to the cap ’n’ collar/basic leucine zipper (CNC-bZIP) protein family and a key 

transcription factor that mediates host’s antioxidant responses by binding to antioxidant 

response element (ARE) and regulating the expression of various antioxidant genes (Itoh 

et al., 1997; Jaiswal, 2004; Tsan, 2006). Nrf2 is known to regulate the transcription of 

glutathione and thioredoxin antioxidant systems components, the phase I and phase II 

detoxification enzymes, NADPH regeneration, and heme metabolism. Nrf2 also helps in 

other cellular processes like autophagy and unfolded protein response (Ma, 2013). 

Intracellular Nrf2 activation is controlled by Kelch-like ECH-associated protein 1 (Keap1), 

a redox-sensitive E3 ubiquitin ligase substrate adaptor that binds to Nrf2. Keap1 acts as an 

adaptor for Cul3 E3 ubiquitin ligase, that helps in continuous ubiquitylation and 

degradation of Nrf2. During oxidative stress, reactive cysteine residues of Keap1 are 

oxidized, causing its inactivation that leads to Nrf2 stabilization and nuclear translocation 
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where it can bind to the ARE and activate the expression of target genes. Nrf2 activated 

genes that play a role in host antioxidant defense includes those involved in reactive oxygen 

species (ROS) catabolism (Superoxide dismutase 3, Glutathione peroxidase, 

Peroxiredoxin), metal binding protein ( Metallothionein, Ferritin), stress response protein 

(Heme oxygenase), reduction (NAD(P)H:quinone oxidoreductase) and so on (Ma, 2013).  

Autophagy is also one of the innate immune responses of the host against bacterial 

infections (Figure 5.1). ROS generation is known to have a cross-talk with autophagy via 

various signaling pathways like ROS–Nrf2–P62–autophagy, ROS–FOXO3–LC3/BNIP3–

autophagy, ROS–HIF1–BNIP3/NIX–autophagy and ROS–TIGAR–autophagy (L. Li et al., 

2015). 

 

Figure 5.1 Autophagy signaling pathway. Various signals activate Autophagy in mammals like biding of 

receptor tyrosine kinase (RTK) to the ligand, activation of AMP-activated protein kinase (AMPK) by p53 

etc. LC3-II initiates the formation and lengthening of the autophagosome and is a major marker of autophagy. 

Adapted from (Z. J. Yang et al., 2011). 

Autophagy plays a role in clearing the irreversibly damaged biomolecules due to oxidative 

stress.  Also, the phosphorylation of p62, an autophagy adaptor protein, increases its affinity 

for Keap1 thereby interacting and sequestering it, consequently releasing and activating 

Nrf2, consequently activating host antioxidant response (Ichimura et al., 2013; Komatsu et 

al., 2010; Lau et al., 2010). H2O2 has been shown to oxidize ATG4, an autophagy related 
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gene that causes enhanced lipidation of LC3/ATG8 leading to initiation of autophagy. ROS 

can also regulate autophagy via MAPK or AKT/ mTOR (mechanistic target of rapamycin) 

and AMPK signaling pathways. It has been shown that ROS generated by mitochondrial 

NADPH oxidase (NOX) complexes in response to infection play an important role in 

employment of the microtubule-associated protein light chain 3 (LC3) on phagosomes, thus 

activating antibacterial autophagy (J. Huang et al., 2009). 

Host innate immune response against S. pneumoniae is activated upon binding of 

the bacterial PAMPs to either TLR1/2, TLR4 or cytosolic Nod2 (Malley et al., 2003; Opitz 

et al., 2004; Schmeck, Huber, et al., 2006; Schröder et al., 2003). There are some reports 

on the activation of MAPK and NF-κβ pathways in the hosts in response to S. pneumoniae 

infection (N’Guessan et al., 2006; Schmeck et al., 2004). It was shown that IL-8 expression 

was induced in epithelial cells infected with S. pneumoniae via the activation of JNK 

(Schmeck, Moog, et al., 2006). The bacteria is also shown to activate host innate immune 

response, like induction of  IL-6 and TNF-α secretion via MAPK and PI3K/AKT signaling 

(L. Wang et al., 2020).  

AMPs play an important role in innate immunity against bacteria. Cathelicidins are 

one of the many families of antimicrobial peptides that have been identified. They have a 

conserved N-terminal cathelin domain and a variable C-terminal antimicrobial domain 

which can be cleaved from the precursor protein by proteinases (Zaiou et al., 2003). LL-37 

(Figure 5.2) is a part of C-terminus of the human cationic antimicrobial protein (hCAP-

18), the only cathelicidin-derived antimicrobial peptide found in humans. It is a 37 amino 

acid long peptide, amphipathic in nature, with its helical form present throughout the body. 

It exhibits a broad spectrum of antimicrobial activity (Denardi et al., 2021). LL-37 has been 

shown to be effective in eliminating both extracellular and intracellular Staphylococcus 

aureus (Noore et al., 2013). LL-37 also shows antibacterial activity against other bacteria 

like Helicobacter pylori (Hase et al., 2003), Acinetobacter baumannii (Thomas-Virnig et 

al., 2009), Burkholderia pseudomallei (Kanthawong et al., 2009), Brucella suis (Dudal et 

al., 2006), Mycobacterium tuberculosis (Martineau et al., 2007), P. aeruginosa, 

Escherichia coli, Salmonella typhimurium, Listeria monocytogenes, Staphylococcus 

epidermidis (Turner et al., 1998)  etc. It is expressed in epithelial cells and leukocytes and 

regulates inflammatory responses and wound healing (Hase et al., 2003; Simonetti et al., 

2021). The expression of many AMPs in response to bacterial infection is also known to 
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be mediated via the MAPK and/or NF-κβ pathways (Krisanaprakornkit et al., 2002; Scharf 

et al., 2010). 

 

Figure 5.2 Genomic location and peptide structure of LL-37. Picture courtesy (Seil et al., 2010) 

MEK1/2 and p38 MAPK signaling pathways has been shown to induce LL-37 gene 

expression in human epithelial cells in response to Mycobacterium bovis bacillus Calmette-

Guérin (BCG) (Méndez-Samperio et al., 2008). In another study it was shown that LL-37 

expression is induced via activation of transcription factors AP-1 and NF-κβ during 

inflammatory bowel disease (Kusaka et al., 2018). It was also shown that skin commensal 

bacteria, Staphylococci, induces expression of the antimicrobial peptides, hBD-3 and 

RNase7 via NF-κB activation, and pathogenic staphylococci suppresses NF-κβ signaling 

while activating MAPK and PI3K/AKT signaling pathways (Wanke et al., 2011). Miraglia 

et. al. also identified sites in LL-37 gene promoter region where Signal transducer and 

activator of transcription 3 (STAT3) binds and induces LL-37 expression in response to 

etinostat (Miraglia et al., 2016). 

Since we observed differential expression of various AMPs like beta defensins, 

S100A proteins, cathelicidin, hepcidin etc., in patients with S. pneumoniae keratitis 

(Objective1, Chapter III), we further studied the expression of AMPs in our in vitro 
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infection model for which we used primary and immortalized human corneal epithelial cells 

(HCECs) and human pro-monocytic cell line (U937). We also checked the activation of 

TLR related signaling pathways, NF-κβ and MAPK in response to S. pneumoniae infection 

since S. pneumoniae is known to activate TLR2. Further we focused on the role of LL-37 

in S. pneumoniae infection and the importance of STAT3 signaling in its expression. We 

also looked into the wound healing effects of LL-37 in HCECs. We also checked the effect 

of S. pneumoniae induced oxidative stress and autophagy response in HCECs, and how the 

usage of tBHQ, a known Nrf2 inducer, can play a role in the outcome of the disease. In 

some experiments we used an ATCC strain (Sp ATCC 49619) and a pneumolysin-positive 

ocular clinical isolate (Sp CS) of S. pneumoniae, for infection, to compare the host 

responses against these two isolates. In most of the experiments we used Sp ATCC for 

infection. Hence, our goal in this chapter is to decipher the role of pneumococcal infection 

on the host innate immune response in vitro with the focus being on AMPs. 

5.2 Results 
 

5.2.1 In vitro expression of AMPs in S. pneumoniae infected immortalized HCECs 
 

As we found differential expression of AMPs in S. pneumoniae keratitis patient corneal 

scrapings, we further studied the expression of AMPs in HCECs infected with a laboratory 

strain of S. pneumoniae (Sp ATCC) and an ocular clinical isolate of Sp (Sp CS). HCECs 

were infected with either of the strains for 3h and then incubated in gentamicin containing 

media for 1h, to kill any extracellular adherent bacteria. Sp CS is a pneumolysin positive, 

like ATCC strain and showed resistance towards amikacin. The expression of AMPs was 

determined by qPCR. There was a significant upregulation of beta-defensins in Sp ATCC 

infected HCECs, specially hBD-2 (30-fold) and hBD-4 (50-fold), when compared to 

control. There was an increase in expression of S100A group of AMPs too during Sp ATCC 

infection. An increase of 10-fold in the expression of S100A7 and more than 6-fold 

increased expression of S100A8 was observed. However, S100A12 expression was not 

detected in Sp ATCC infected HCECs unlike in the case of patients’ corneal scrapings. 

There was a significant upregulation of LL-37 (6-fold) and hepcidin (5-fold) also showed 

increased expression in response to Sp ATCC infection. In comparison to the expression 

of AMPs in HCECs infected by Sp ATCC there was significantly reduced expression of 

AMPs in HCECs infected with Sp CS (Figure 5.3).  
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Figure 5.3 In vitro expression of AMPs. HCECs were infected with either Sp ATCC or Sp CS for 3h and 

AMPs expression was checked by quantitative PCR with GAPDH as housekeeping gene. The experiment 

was repeated twice and data taken in technical duplicates. (* p < 0.05, ** p < 0.005 compared to control; # p 

< 0.05 compared to ATCC) 

 

To confirm that the lowered expression of AMPs in HCECs infected with Sp CS was not 

because of S. pneumoniae mediated cell cytotoxicity, we did a MTT assay (Figure 5.4 A) 

and PI staining (Figure 5.4 B). In separate experiments, HCECs were infected with Sp 

ATCC or Sp CS for 4h and cell viability checked by MTT assay and PI staining. We found 

no significant change in cell viability in HCECs infected by Sp ATCC or Sp CS indicating 

that the difference in the expression pattern of AMP in cells infected with Sp ATCC and 

Sp CS is not due to the any cell death or cytotoxicity. 
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Figure 5.4 Cell viability tests of SP infected HCECs. HCECs were infected with Sp ATCC or Sp CS for 4h 

and cell viability was checked by MTT assay (A) and propidium iodide staining (B). Cells were observed 

under fluorescent microscope using 10X objective. 
 

5.2.2 In vitro expression of AMPs in S. pneumoniae infected primary HCECs 
 

The expression of AMPs during S. pneumoniae infection was also determined in primary 

corneal epithelial cells, as the primary cells are the direct representation of the state of 

native tissue from where it is isolated and acts as the closest mimic of the in vivo system. 

HCECs were infected with either Sp ATCC or Sp CS for 3h and then incubated in 

gentamicin containing media for 1h. The expression of AMPs was checked by qPCR and 

we found that the expression of hBD-3, S100A8, S100A9 and LL-37 were significantly 

upregulated in primary HCECs infected with Sp ATCC. No significant increase in the 

expression of S100A12 and RNase7 expression was observed in primary HCECs in 

response to Sp ATCC infection. We did not see any expression of hepcidin in primary 

HCECs infected with Sp ATCC. There was also a significant upregulation in the expression 

of S100A9 in primary HCECs infected with Sp CS. We also saw a significant upregulation 

of S100A9 and downregulation of RNase7 in response to Sp CS (Figure 5.5). This indicates 

that the pattern of expression of AMPs in both immortalized and primary HCEC is similar 

in response to S. pneumoniae infection. 
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Figure 5.5 The AMPs expression in SP infected primary HCECs. Donor corneas were used to isolate 

epithelial cells and culture them. These primary HCECs were infected with SP at an MOI of 10 for 3h. 

Quantitative PCR was done to check the AMPs expression with GAPDH as the housekeeping gene. The 

experiment was done thrice and data obtained from technical duplicates. (* p < 0.05, ** p < 0.005, ns is not 

significant). 

 

5.2.3 In vitro expression of AMPs in immortalized human monocytes in response to 

S. pneumoniae infection 

 

In addition to the epithelial cells, macrophages and neutrophils also act as the first line of 

defense during ocular infections (Akpek & Gottsch, 2003). Hence, the expression of AMPs 

during S. pneumoniae infection was also checked in a human pro-monocytic cell line, 

U937. The cells were infected with Sp ATCC or Sp CS for 3h and then incubated in 

gentamicin containing media for 1h. The expression of AMPs was checked by qPCR. We 

found no significant difference in the expression of AMPs in U937 either in response to Sp 

ATCC or Sp CS when compared to uninfected cells (Figure 5.6). This indicates that 

macrophages might not play a role in AMP expression in response to S. pneumoniae 

infection. 
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Figure 5.6 AMPs expression in U937 during SP infection. U937 were infected with Sp ATCC or Sp CS at 

an MOI of 10 for 3h and quantitative PCR was performed to check the expression of AMPs with GAPDH as 

the housekeeping gene. 
 

 

5.2.4 LL-37 expression is upregulated in HCECs in response to S. pneumoniae 

infection 

 

LL-37 is the only human AMP belonging to the cathelicidin group. Since we saw an 

upregulation of LL-37 in S. pneumoniae patients’ samples and in Sp ATCC infected 

primary and immortalized HCECs, we further focused our study on the expression of LL-

37 in HCECs during S. pneumoniae infection. Tissue sections from S. pneumoniae keratitis 

patients (n=4) were immunostained for LL-37 to check for the protein level expression and 

localization. Increased LL-37 immunostaining or expression was seen in the corneal 

sections of patients, removed during penetrating keratoplasty surgery when compared to 

the control cadaveric corneal sections. The LL-37 was seen to be localized at the epithelium 

and stromal layers. Uninfected cadaveric corneas deemed unfit for transplantation were 

used as controls where we did not see any specific staining for LL-37 (Figure 5.7 A). To 
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check if there is a time dependent upregulation of LL-37 in HCECs, cells were infected for 

different duration with Sp ATCC and LL-37 expression was checked by quantitative PCR. 

LL-37 expression peaked at 4h post infection and declined by 24h post infection (Figure 

5.7B). HCECs were exposed to S. pneumoniae for 3h and western blotting (Figure 5.7C) 

and immunostaining (Figure 5.7D) was performed, which also confirmed the protein level 

increase in LL-37 expression in HCECs during S. pneumoniae infection.  

 

 

Figure 5.7 LL-37 expression in response to S. pneumoniae infection. (A) LL-37 expression seen in S. 

pneumoniae infected corneal sections. E= epithelium, S= stroma, En= endothelium. Imaging was done using 

10X objective under fluorescent microscope. (B) LL37 mRNA expression checked by qPCR at different time 

points of infection by Sp ATCC. (C) Protein level expression of LL-37 in HCECs infected by Sp ATCC. 

Determined by western blotting. (D)  Expression and localization of LL-37 in HCECs infected with Sp ATCC 

for 3h and immunostained with anti LL-37 antibody. The imaging was done using fluorescent microscope 

using 20X objective. 

 

5.2.5 De novo LL-37 expression in HCECs in response to S. pneumoniae infection 
 

Unlike in the case of some proteins that are recycled, de novo protein synthesis depends 

upon mRNA transcription. Therefore, to check if LL-37 expression in HCECs during Sp 

ATCC infection followed de novo protein synthesis or not, HCECs were exposed to Sp 

ATCC with or without cycloheximide (CHX; 1μg/ml) for 3h and LL-37 expression was 

determined by qPCR and western blotting. CHX is a well-known eukaryotic de novo 

protein-synthesis inhibitor (Lawana et al., 2014). We saw a significant reduction in the 
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expression of LL-37 in HCECs infected with Sp ATCC in presence of CHX both at gene 

(Figure 5.8A) and protein levels (Figure 5.8B) indicating that LL-37 expression in 

response to Sp ATCC infection is de novo.  

 

Figure 5.8 LL-37 expression in response to SP infection. (A) De novo expression of LL-37 checked by 

infecting the cells with SP ATCC for 3h in presence of CHX (added 30 minutes prior to infection) followed 

by gentamicin treatment for 1h and checking the expression of LL-37 by qPCR and (B) western blotting. 

GraphPad Prism software was used to calculate significance by ANOVA (* p < 0.05 and ** p< 0.005). 

 

5.2.6 Antimicrobial activity of LL-37 against S. pneumoniae 
 

LL-37 shows a broad-spectrum of antimicrobial action against many pathogens like  Group 

A Streptococcus, S. aureus, P. aeruginosa etc. (Dorschner et al., 2001; Ling C. Huang et 

al., 2006; Kang et al., 2019; Turner et al., 1998). Therefore, we wanted to check the 

antimicrobial activity of LL-37 against the ATCC and clinical strains of S. pneumoniae. 

104 cfu/ml of Sp ATCC or Sp CS were incubated for 4h with an increasing concentration 

of LL-37 (0-100ug/ml) and then serially diluted and plated on blood agar plates to check 

the colony-forming units. There was a decrease in the CFUs with increasing concentration 

of LL-37 (Figure 5.9).  

 

Figure 5.9 Efficiency of LL37 against S. pneumoniae. SP ATCC and SP CS were treated with different 

concentrations of LL37 for 4h and plated to count CFUs. The total CFU was plotted against the increasing 

LL-37 peptide concentrations and represented as an X-Y curve. 

 

 

A B 
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5.2.7 Wound healing activity of LL-37 in HCECs 

 

Earlier studies have shown that LL-37 has wound healing capability by activating cell 

migration, proliferation and tissue vascularization in human keratinocyte cell line (HaCaT), 

endothelial cells, immortalized airway epithelium cell (NCI-H292) and primary airway 

epithelial cells, and in vivo mouse study (Carretero et al., 2008; Ramos et al., 2011; 

Shaykhiev et al., 2005). Since our focus was on the in vitro role of LL-37 in S. pneumoniae 

infections we further wanted to confirm the wound healing activity of LL-37 in HCECs. In 

vitro scratch assay is a simple and widely adapted method to check the cell migration during 

wound healing (Grada et al., 2017).  Scratch was made on the monolayer of an overnight 

grown culture of HCECs in a serum free media, with a 10μl tip head. Thereafter the cells 

were incubated with media only or different concentrations of LL-37 (100ng/ml, 250ng/ml 

or 500ng/ml). The wound closure was observed and images were taken at different time 

intervals (0h, 8h, 12h, 24h, 30h) (Figure 5.10 A, B) and the percentage wound closure was 

calculated using ImageJ. The percentage wound closure was higher in the cells incubated 

with all concentrations of LL-37, when compared to the control (Figure 5.10C). The 

experiment was repeated twice and we saw similar result. 
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Figure 5.10 Scratch assay to determine the wound healing of LL-37 in HCECs.  Scratch was made with 10μl 

tip on a monolayer of HCECs and incubated with serum free media containing different concentrations of 

LL-37. The wound was observed and images taken at 5X objective at different time points (A, B). The area 

of wound was calculated using ImageJ software and was plotted as percentage wound closure relative to 

wound area at 0h (C). *p<0.05, ***p<0.0005, compared to corresponding time point of NT. NT- No 

treatment. 
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Migration and proliferation of cells have been shown to play an important role in wound 

healing process (Enoch & Leaper, 2005; Schreier et al., 1993; Wallace et al., 2021). The 

damaged cells in the wound are known to secrete some growth factors, cytokines and 

chemokines, at the site of wound that mediates the migration and proliferation of cells 

(Barrientos et al., 2008). Therefore, to check the proliferation of HCECs in LL-37 mediated 

wound healing, we made a scratch wound in a monolayer of HCECs as described above 

and incubated with various concentrations of LL-37 for 24h. Thereafter we fixed the cells 

and did immunostaining for Ki-67, a proliferation marker. We did not find any marked 

difference in Ki-67 positive cells in the LL-37 treated and non-treated control HCECs, 

indicating that the wound closure till 24h was mostly the result of HCEC migration (Figure 

5.11).  

 

Figure 5.11 Ki67 staining to determine the proliferating HCECs. The monolayer of HCECs were scratched 

using a 10μl tip and immunostained with Ki67 antibody, 24h post scratch and observed under fluorescent 

microscope at 10X objective. 

 

5.2.8 Activation of NF- κβ in HCECs in response to S. pneumoniae 

 

The expression of AMPs like LL-37 is known to occur via NF-κβ and/or MAPK signaling 

pathway in response to various stimuli including bacterial infections (Kusaka et al., 2018; 

Shamsuddin et al., 2011; Zhao et al., 2018). Therefore, we first wanted to determine the 

activation of NF-κβ signaling during S. pneumoniae infection. HCECs were exposed to Sp 

ATCC or Sp CS for different time points (30 minutes, 1h, 2h) and phosphorylation of IκB, 

that indicates activation of NF-κβ, was checked by Western blotting. Sp ATCC and the Sp 
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CS caused early phosphorylation (30 minutes) of IκB upon infection, which decreased after 

1h in HCECs infected with Sp CS. (Figure 5.12).  

 

 

Fig 5.12 Western blotting results showing expression level of pIkB in HCECs cell lysates after infection 

with Sp ATCC and Sp CS at different time points. 

The nuclear translocation of p65 was also checked with immunostaining. Nuclear 

translocation of p65 was observed in cells infected with both Sp ATCC and Sp CS by 30 

minutes. There was reduction in nuclear localization of p65 by 1h in cells infected with Sp 

CS as compared to Sp ATCC infected cells (Figure 5.13).  

 
 

Figure 5.13 Nuclear translocation of p65 subunit of NF-kβ in HCECs on infection with Sp ATCC strain and 

Sp CS at different time points. HCECs were infected and immunostained with NF-kβ antibody and observed 

under fluorescent microscope at 40X objective.  

 

5.2.9 Activation of MAPK Pathways in HCECs in response to S. pneumoniae 

 

Further, to determine the activation of MAPK signaling pathways during S. pneumoniae 

infection, HCECs were exposed to SP ATCC or SP CS for different time points (30 

minutes, 1h, 2h) and activation of p38, JNK, and ERK was checked by western blotting. 

Increased phosphorylation of JNK (Figure 5.14A), ERK (Figure 5.14B) and p38 (Figure 

5.14C) was observed in HCEC during both Sp ATCC and Sp CS infection, within 30 
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minutes of infection. Sp CS caused reduced activation of JNK in HCECs as compared to 

Sp ATCC (Figure 5.14A). There were no differences in ERK (Figure 5.14B) and p38 

(Figure 5.14C) activation in cells when infected with either of the strains of S. pneumoniae.  

 

Figure 5.14 Activation of MAPK pathway. Expression of JNK (A), p38 (B) and ERK (C) in HCECs upon 

infection with ATCC strain and CS of Sp for 0.5h,1h & 2h. 

 

5.2.10 LL-37 expression in HCECs in response to S. pneumoniae is not mediated by 

NF- κβ and MAPK Pathways 
 

To further confirm the role of the signaling pathways in the expression of LL-37, HCECs 

were infected with Sp ATCC for 3h along with the inhibitors (added 2h prior to infection) 

for IκB (MG132), p38 (SB203580), JNK (SP600125), and ERK (PD98059), followed by 

1h gentamicin treatment. Thereafter the mRNA level expression of LL-37 was checked by 

qPCR. We saw no significant change in LL37 expression (Figure 5.15) indicating that its 

expression in response to SP ATCC infection is not mediated by NF-κβ and MAPK 

pathways in HCECs. 

 

 

Figure 5.15 LL-37 expression in response to S. pneumoniae infection is not mediated by NF-κβ and MAPK 

pathway. HCECs were infected with Sp ATCC alongwith NF-κB inhibitor MG132 (10 μM), JNK inhibitor 

SP600125 (25 μM), p38 inhibitor SB20358 (10 μM), and ERK inhibitor PD98059 (20 μM), and LL-37 

expression was determined by qPCR with GAPDH as the housekeeping gene. 
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5.2.11 STAT3 mediated LL-37 expression in HCECs in response to S. pneumoniae 

infection 
 

Since the expression of LL-37 in HCECs was not via NF-κB and MAPK signaling and it 

was shown earlier that LL-37 promoter region has two STAT3 binding sites (Miraglia et 

al., 2016) (Figure 5.16A), we checked whether STAT3 is activated in HCECs during S. 

pneumoniae infection or not. On receiving signals, STAT3 are phosphorylated, 

homodimerizes and translocates to the nucleus. HCECs were exposed to Sp ATCC for 

different duration and activation by phosphorylation of STAT3 at tyrosine 705 was checked 

by western blotting. We saw the phosphorylation of STAT3 from 30 minutes up to 2h post 

infection (Figure 5.16B). Total STAT3 and beta actin were used as controls. Further, to 

confirm that LL-37 expression is via active or phosphorylated STAT3, HCECs were 

exposed to SP ATCC with or without STAT3 inhibitor, Stattic (25μM), for 4h and LL-37 

expression analyzed by qPCR. Stattic is known to inhibit the dimerization and nuclear 

translocation of phosphorylated STAT3 in cells (Schust et al., 2006). We observed a 

significant reduction of LL-37 expression in HCECs infected in presence of Stattic as 

compared to only infected cells (Figure 5.16C). This indicates that the induction of LL-37 

expression in HCECs during S. pneumoniae infection is via STAT3 pathway activation.  

 

Figure 5.16 LL-37 expression by S. pneumoniae is mediated by STAT3. STAT3 binding sites in LL-37 

promoter region (A). S. pneumoniae causes the activation of STAT3 at 30m that continues till 2h, as seen in 

Western blot analysis (B). HCECs were exposed to S. pneumoniae for 4h in the absence or presence of a 

STAT3 inhibitor (25μM), and expression of LL-37 was determined by qPCR (C). GraphPad Prism software 

was used to calculate significance by ANOVA (* p < 0.05 and ** p< 0.005). 

 

 

A 
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5.2.12 S. pneumoniae induces oxidative stress and reduces antioxidant response 

during keratitis 

 

ROS generation and oxidative stress is a double-edged sword that can be used by the host 

to combat pathogens or by pathogens to exacerbate the severity of the disease. We know 

that S. pneumoniae produces H2O2 under aerobic conditions (Rai et al., 2015). Therefore, 

to check if S. pneumoniae induces oxidative stress during corneal infections, presence of 

3-nitrotyrosine was checked in corneal tissue sections attained from patients with S. 

pneumoniae keratitis. 3-nitrotyrosine is formed due to nitration of tyrosine residues and 

serves as a marker for oxidative stress (Ahsan, 2013; Bandookwala & Sengupta, 2020). 

The infected corneal tissues used in this study were surgically removed during therapeutic 

penetrating keratoplasty from S. pneumoniae keratitis patients at LVPEI and these were 

obtained from the Pathology department, LVPEI. We observed specific staining for 3-

nitrotyrosine in corneal sections infected with S. pneumoniae indicating the occurrence of 

oxidative stress in these tissues (Figure 5.17Ai, ii) whereas, the control cadaveric corneal 

sections showed no staining for 3-nitrotyrosine (Figure 5.17Aiii). Further, the corneal 

sections were also checked for catalase, an important enzymatic antioxidant, present in the 

cornea to combat oxidative stress (Álvarez-Barrios et al., 2021). We observed reduced 

expression of catalase in the infected corneal sections (Figure 5.17Bi, ii) when compared 

to control cadaveric corneal sections (Figure 5.17Biii). This indicates that S. pneumoniae 

not only induces oxidative stress but also suppresses the antioxidant responses in the host 

during corneal infections.  

 

Figure 5.17 Oxidative stress during S. pneumoniae keratitis. Corneal tissues (n=5) obtained after penetrating 

keratoplasty of S. pneumoniae keratitis patients were immunostained for 3-nitrotyrosine (A) and catalase (B) 

followed by secondary Alexa fluor 488 antibody and observed under fluorescent microscope using 10X 

objective. 
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5.2.13 S. pneumoniae induces reactive oxygen species (ROS) in HCECs 

 

Since we saw the presence of oxidative stress in infected corneal tissues from patients, we 

checked the generation of ROS in vitro in HCECs during S. pneumoniae infection. HCECs 

were exposed to Sp ATCC for 1h or 2h and then incubated with H2CFDA dye for 30 

minutes, as described earlier. The generation of ROS was quantitatively measured using 

spectrophotometer with excitation at 485 nm and emission at 525 nm. We saw a significant 

increase in ROS at 1h which continued till 2h (Figure 5.18A). We also did fluorescent 

microscopy and confirmed an increase in ROS generation in cells in response to S. 

pneumoniae infection for 2h (Figure 5.18B). 

 

Figure 5.18 Reactive oxygen species generation during S. pneumoniae keratitis. HCEC were infected with 

S. pneumoniae for 1h and 2h and generation of reactive oxygen species were detected by H2CFDA (A). The 

cells were also imaged under fluorescent microscope using 10X objective (B). (* p < 0.05).  

 

5.2.14 No significant change in Nrf2 gene expression in cornea and HCECs during 

S. pneumoniae infection 

 

As a protective response towards enhanced ROS generation, the host cells activate the 

antioxidant response elements (ARE) that consequently leads to the reduction in ROS. Nrf2 

is known to regulate the expression of several ARE associated antioxidant genes 

(Rushmore et al., 1991; Venugopal & Jaiswal, 1996). Therefore, we further checked Nrf2 

expression in HCECs in response to S. pneumoniae infection. We checked the expression 

of Nrf2 in corneal scrapings from patients with S. pneumoniae keratitis and found that there 

was no significant difference in the Nrf2 gene expression in patients’ samples when 
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compared to the control (Figure 5.19A). However, we saw a significant decrease in the 

expression of Nrf2 in HCECs infected with Sp ATCC for 4h (Figure 5.19B). 

 
Figure 5.19 S. pneumoniae does not affect Nrf2 gene expression. The expression of Nrf2 was determined by 

quantitative PCR from corneal scrapings obtained from S. pneumoniae keratitis patients (A) and HCEC 

infected with S. pneumoniae for 4h (B). (ns is not significant). 

 

5.2.15 No nuclear translocation of Nrf2 during S. pneumoniae infection 

 

Since we did not see any significant difference in the expression of Nrf2 gene in response 

to S. pneumoniae infection, indicating that S. pneumoniae does not actively affect Nrf2 

expression, we further wanted to confirm that S. pneumoniae Nrf2 activation and nuclear 

translocation in corneal cells. We infected HCECs with Sp ATCC for 2h, immunostained 

the cells for Nrf2 and observed them under fluorescent microscope. We saw considerably 

less nuclear translocation of Nrf2 in control uninfected HCECs (Figure 5.20i) or in HCECs 

in response to S. pneumoniae (Figure 5.20ii) whereas there was a marked increase in the 

translocation of Nrf2 in the nucleus of HCECs in response to tBHQ, a known activator of 

Nrf2 (Figure 5.20iii). This indicates that S. pneumoniae inhibits the nuclear translocation 

of Nrf2 in HCECs. 

 

Figure 5.20 S. pneumoniae inhibits Nrf2 activation. The translocation of Nrf2 from cytoplasm to nucleus was 

determined in HCEC in response to S. pneumoniae (2h infection) or tBHQ by using an anti-Nrf2 antibody 

followed by secondary Alexa fluor 488 antibody using 40X objective. 
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5.2.16 Downregulation of antioxidant genes in HCECs during S. pneumoniae 

infection 
 

Since we observed an inhibition of Nrf2 nuclear translocation in response to S. pneumoniae 

infection, we further checked its effect on the expression of Nrf2 mediated antioxidant 

genes. HCECs were infected with Sp ATCC for 4h, and the expression of genes like 

hemeoxygenase (HO-1), peroxiredoxin 1(Per1), ferritin (FRT) and NAD(P)H:quinone 

oxidoreductase (NQO-1) were checked by quantitative PCR. We saw a significant decrease 

in the expression of FRT and NQO-1. However, we did not see any significant difference 

in the expression of HO-1 and Per1 (Figure 5.21). This indicates that the inhibition of 

nuclear translocation of Nrf2 in response to S. pneumoniae infection consequently leads to 

the downregulation of some of the Nrf2 mediated antioxidant gene expression, thereby 

affecting efficient host antioxidant response. 

 
Figure 5.21 S. pneumoniae inhibits expression of Nrf2 mediated antioxidant genes. The expressions of 

antioxidant genes in HCEC in response to S. pneumoniae (4h) were determined by quantitative PCR. (* p < 

0.05). 

 

5.2.17 tBHQ upregulates expression of Nrf2 and Nrf2 mediated antioxidant genes 

in HCECs during S. pneumoniae infection 
 

Since tBHQ is a known inducer and activator of Nrf2, we further checked if it has any 

effect on Nrf2 gene expression, its nuclear translocation and expression of Nrf2 mediated 

antioxidant genes. To check the cytotoxic effect of tBHQ, we incubated HCECs in the 

presence of increasing concentrations of tBHQ (5μM, 25μM, 50μM and 100μM) for 6h and 

checked the cell viability by MTT assay as described before. We saw that there was no 

significant change in the cell viability in HCECs treated with 5μM, 25μM or 50μM of 

tBHQ, when compared to the untreated cells. However, there was a significant difference 
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in the percentage of cell viability of HCECs treated with 100μM of tBHQ (Figure 5.22). 

Therefore, for our further experiments we used 25μM of tBHQ, to omit any cytotoxicity 

related anomalies in our result.  

 

Figure 5.22 Cytotoxic effect of tBHQ. HCECs were incubated with increasing concentrations of tBHQ 

(5μM,25μM,50μM and 100μM) for 6h and the cell viability checked with MTT assay. (* indicates p<0.05 

compared to cells only).  

 

HCECs were infected with Sp ATCC for 4h in the presence or absence of tBHQ, and the 

expression of Nrf2 gene was checked by qPCR. We found that there was a significant 

increase in Nrf2 gene expression in the presence of tBHQ in both infected and uninfected 

cells (Figure 5.23A). The Nrf2 mediated antioxidant genes like HO-1 and FRT was also 

significantly upregulated in the presence of tBHQ in both infected and uninfected cells 

(Figure 5.23 C, D). We did not see much nuclear translocation of Nrf2 in response to S. 

pneumoniae infection (Figure 5.23Bii), similar to the uninfected HCEC (Figure 5.23Bi). 

However, we noted a marked increase in the nuclear translocation of Nrf2 in the presence 

of tBHQ (Figure 5.23Biii) as well as tBHQ only treated control (Figure 5.23Biv), 

indicating that tBHQ can reverse the S. pneumoniae mediated suppression of Nrf2 

expression and activation, consequently leading to the induction of Nrf2 mediated 

antioxidant response in HCECs.  
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Figure 5.23 tBHQ activates Nrf2 and increases expression of Nrf2 mediated genes in HCEC. The increase 

in Nrf2 expression and activation in HCEC in presence of S. pneumoniae infection (4h) was determined. The 

gene expression of Nrf2 was detected by qPCR (A). Translocation of Nrf2 was determined by 

immunocytochemistry using anti-Nrf2 antibody followed by secondary anti-mouse Alexa fluor 488 antibody 

488 and observed under fluorescent microscope with 40X objective (B). The expression of Nrf2 mediated 

genes, HO-1 (C) and FRT (D) in response to S. pneumoniae and tBHQ was also determined by qPCR.  (* 

indicates p < 0.05, ** indicates p <0.005 compared to no bac). 

 

5.2.18 tBHQ decreases ROS generation in HCECs during S. pneumoniae infection 
 

Since tBHQ was able to induce Nrf2 dependent antioxidant response in HCECs, we further 

checked if there was any effect on ROS generation in response to S. pneumoniae in presence 

of tBHQ. HCECs were infected with Sp ATCC for 2h in the presence or absence of tBHQ 

and incubated with H2CFDA dye for 30 minutes for flow cytometry analysis. We observed 

an increase in ROS generation in response to exposure to Sp ATCC for 2h, that decreased 

considerably in the presence of tBHQ pretreatment (Figure 5.24A). The mean fluorescent 

intensities of the same experiment are graphically presented in Figure 5.24B. This indicates 



Chapter V Objective 3 

114 | P a g e  

 

that tBHQ is able to reduce excessive ROS generation in response to S. pneumoniae 

infection. 

 
Figure 5.24 tBHQ decreases ROS generation in S. pneumoniae infected HCEC. The ROS generation in 

HCEC during S. pneumoniae infection for 2h in presence or absence of tBHQ was determined by flow 

cytometry (A). The mean fluorescent intensity (MFI) observed during flow cytometry experiment was 

presented graphically (B). 

 

5.2.19 PI3K signaling mediated suppression of autophagy in S. pneumoniae infected 

HCEC 
 

Autophagy is one of the most important innate immune responses of the host against the 

pathogens. It helps in the degradation and elimination of intracellular pathogens and also 

helps in regulating inflammatory responses and adaptive immunity (Germic et al., 2019; 

Junkins et al., 2013). To evade the host response some pathogens have devised mechanisms 

to inhibit or suppress autophagy. For instance, P. aeruginosa inhibits autophagy via ExoS 

in epithelial cells, that aids in its intracellular survival (Rao et al., 2021). S. pneumoniae 

was shown to evade host autophagy by CbpC mediated depletion of Atg14 (Shizukuishi et 

al., 2020). Enterococcus faecalis can survive intracellularly in macrophages by resisting 

phagosome acidification and autophagy (Zou & Shankar, 2016). It is also known that ROS 

mediated oxidative stress can cross-talk with autophagy. Excessive ROS generation causes 

oxidative damage to the intracellular molecules that may induce autophagy, which in turn 

results in the removal of these damaged components from the cells (L. Li et al., 2015).  

Since we observed that S. pneumoniae induces ROS generation in the host, we wanted to 

check if induction of ROS has any effect on autophagy signaling or not. HCECs were 

infected with Sp ATCC for either 2h or 6h and were immunostained for LC3B. 

Microtubule-associated protein 1A/1B-light chain 3 (LC3) is a soluble protein of 

approximately 17kDa. LC3-phosphatidylethanolamine conjugate (LC3-II) is formed 
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during autophagy by the conjugation of cytosolic form of LC3 (LC3-I) to 

phosphatidylethanolamine. LC3-II is then recruited to membrane of nascent 

autophagosomes where it appears as puncta. Hence, LC3 puncta in the cytoplasm of the 

host is an important marker that accesses the number of autophagosomes in the cells, 

indicating the activation of autophagy (Kabeya et al., 2000). We saw a low level of LC3B 

puncta in HCECs in response to Sp ATCC similar to that in the control cells. The cells that 

were incubated with 10μM of MG132 as a positive control, where we saw a marked 

increase in the LC3B puncta (Figure 5.25A). MG132 is a reversible proteasome inhibitor 

that induces the formation of protein aggregates, thereby activating autophagy (Ge et al., 

2009). LC3B puncta present per cell were counted and plotted as a graph, where we can 

see that there is a significant decrease in LC3B puncta in Sp ATCC infected cells that 

significantly increased in the MG132 treated cells (Figure 5.25B). 

Further we checked the expression of genes that are known to be induced during 

autophagy, by quantitative PCR (Klionsky et al., 2021). HCECs were infected for 4h with 

Sp ATCC and the expression of Atg5, Atg7 and beclin1 was determined. Atg5 and Atg7 

are key autophagy components that forms a part of ubiquitin-like complex 1, a crucial part 

of  autophagosome formation (H. Y. Liu et al., 2009). ATG5 and ATG7 is crucial for 

autophagic vesicle formation, expansion and autophagosome-lysosome fusion 

(Macroautophagy | Pathway - PubChem, n.d.; Ye et al., 2018). Beclin1 is an important 

component of class III phosphatidylinositol 3-kinase (PtdIns3K) complex that plays a 

crucial role in vesicle trafficking during autophagy (BECN1 Beclin 1 [Homo Sapiens 

(Human)] - Gene - NCBI, n.d.; H. Y. Liu et al., 2009). These autophagy related genes were 

downregulated in HCECs in response to S. pneumoniae infection (Figure 5.25C). To 

further check which upstream signaling is involved in the downregulation of autophagy, 

we looked into the activation of PI3K/Akt/mTOR signaling pathway as it is one of the 

major pathways that regulates autophagy (Wu et al., 2009). PI3K is known to activate Akt 

that further activates mechanistic target of the rapamycin complex (mTOR) which leads to 

inhibition of autophagy (Kma & Baruah, 2021). During infection or stress, it has been 

shown that autophagy is activated in the host via PI3K-Akt-mTOR, that clears out the 

intracellular pathogens, thereby enhancing cell survival (Kapuy et al., 2014; X. Zhang et 

al., 2017). Therefore, to evade autophagy some pathogens can regulate the PI3K-Akt-

mTOR to its advantage and inhibit autophagic responses (Ganesan et al., 2017; Lu et al., 

2019). We infected HCECs with Sp ATCC for different duration and checked the activation 
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or phosphorylation of PI3K and Akt by western blotting. PI3K was found to be 

phosphorylated within 1h of infection (Figure 5.25D). We also saw phosphorylation of Akt 

that began as early as 30 minutes post infection (Figure 5.25E). These results indicate that 

S. pneumoniae inactivates and regulates autophagy in HCECs via PI3K/Akt signaling 

pathway. 

 

 
 

Figure 5.25 In vitro inhibition of autophagy by S. pneumoniae. HCECs were infected with Sp ATCC for 2h 

and 6h and immunostained with anti-LC3B antibody and counterstained with secondary Alexa fluor 488 and 

observed under fluorescent microscope with 40X objective (A). The number of puncta per cell was counted 

and plotted as a graph. At least 100 cells were counted for each condition (B). Autophagy related gene 

expression was checked by qPCR and statistically analyzed using Graph pad prism (C). The phosphorylation 

of PI3K (D) and AKT (E) was checked by western blotting with beta actin as the housekeeping control.            

(* denotes p< 0.05, *** denotes p< 0.0005). 

 

5.2.20 tBHQ induces autophagy in S. pneumoniae infected HCECs 
 

Since we saw a suppression of autophagy in HCECs in response to S. pneumoniae infection 

and tBHQ mediated reduction in S. pneumoniae induced ROS generation we further wanted 

to check if tBHQ is able to restore autophagy as well. HCECs were infected with Sp ATCC 

for 6h in presence or absence of tBHQ and cells were immunostained for LC3B and 

observed under fluorescent microscope. As was observed earlier, we saw diffused LC3 

staining in HCECs in response to Sp ATCC infection (Figure 5.26Aii). However, we saw 
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increased number of distinctive puncta of LC3B in the presence of tBHQ (Figure 5.26Aiii). 

The number of puncta per cell were counted and plotted as a graph where we could see a 

significant increase in the number pf puncta per cell in the presence of tBHQ when 

compared to uninfected cells (Figure 5.26B). We also checked the expression of Atg5, Atg7 

and beclin1 in HCECs infected with Sp ATCC in presence or absence of tBHQ. We 

observed an increase in the expression of these autophagy related genes in the presence of 

tBHQ (Figure 5.26C). These results indicate that tBHQ was able to induce autophagy in 

S. pneumoniae infected cells. 

 

Figure 5.26 Induction of autophagy by tBHQ in S. pneumoniae infected HCECs. HCECs were infected with 

Sp ATCC for 6h in the presence or absence of tBHQ and immunostained with anti-LC3B antibody and 

secondary Alexa fluor 488. The cells were observed under fluorescent microscope with 40X objective (A). 

The number of puncta per cell were plotted graphically and analysed using Graph Pad prism (B). The 

expression of autophagy related genes was determined by qPCR (C). (* denotes p< 0.05, *** denotes p< 

0.0005). 
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5.2.21 tBHQ induced autophagy is Nrf2 dependent 
 

Since we saw the induction of autophagy in the presence of tBHQ, we speculated that this 

induction might be mediated by the activation of Nrf2 by tBHQ. HCECs were transfected 

with 150nM of Nrf2 siRNA to transiently deplete Nrf2 expression, and thereafter infected 

with Sp ATCC for 6h in the presence or absence of tBHQ. Non- transfected cells were used 

as control and infected similarly. As we observed earlier, there was no induction of 

autophagy in response to S. pneumoniae infection either in control siRNA (Figure 5.27Aii) 

or Nrf2 siRNA transfected cells (Figure 5.27Av), whereas autophagy was induced in the 

presence of tBHQ in control siRNA transfected HCECs (Figure 5.27Aiii), as indicated by 

the presence of distinctive LC3B puncta. However, we did not see any LC3B puncta in 

Nrf2 depleted HCECs in the presence of tBHQ (Figure 5.27Avi), indicating that tBHQ 

induces autophagy in a Nrf2 dependent manner. The LC3B puncta per cell were counted 

and presented graphically, where we could see that there was a significant reduction in the 

number of puncta per cell in Nrf2 depleted HCECs, , when compared to cells transfected 

with control siRNA (Figure 5.27B). 
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Figure 5.27 Nrf2 dependent induction of autophagy. HCECs were transfected with Nrf2 siRNA or control 

siRNA, and infected with Sp ATCC for 6h in the presence or absence of tBHQ. Cells were immunostained 

for LC3B and observed under fluorescent microscope with 40X objective (A). The number of LC3B puncta 

per cell was counted and plotted as a graph (B). ** indicates p< 0.005 compared to control siRNA transfected 

cell, same treatment. 

 

5.2.22 tBHQ reduces S. pneumoniae mediated cytotoxicity and reduces bacterial 

load 
 

Since we saw that tBHQ reduces ROS and induces autophagy in S. pneumoniae infected 

HCECs, we further wanted to check its effect on S. pneumoniae induced cytotoxicity. We 

infected HCECs with Sp ATCC for 6h in the presence or absence of tBHQ, washed twice 

with 1X PBS and further incubated for 16h. Thereafter, we checked the cell viability by 

propidium iodide (PI) staining. We saw a considerable amount of death in HCECs in 
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response to Sp ATCC infection whereas in presence of tBHQ there was a marked reduction 

in cell death, indicated by lower amount of PI staining (Figure 5.28A). The PI positive 

cells were also counted and plotted in a graph form, where we see a significant amount of 

cell death at 24h in the infected HCECs in the absence of tBHQ (Figure 5.28B). Next, we 

checked the effect of tBHQ on intracellular bacterial load in the cells for which HCECs 

were infected with Sp ATCC for 6h in the presence or absence of tBHQ, washed, lysed 

with 0.3% triton X-100, serially diluted and plated on blood agar medium. The CFU was 

counted the next day. We saw that there was a significant reduction in intracellular bacterial 

load in presence of tBHQ, either in cells infected with ATCC (Sp ATCC) or clinical strain 

(Sp CS) of S. pneumoniae (Figure 5.28C). We also plated the supernatant to check the 

effect of tBHQ on extracellular unattached bacteria, and found that in the presence of tBHQ 

there was a significant decrease in the extracellular bacterial load as well (Figure 5.28D).  

However, we did not see any direct bacteriostatic or bactericidal effect of tBHQ on S. 

pneumoniae as indicated by no significant difference in optical density (O.D.) measured at 

600nm after 24h between Sp ATCC incubated with or without tBHQ (Figure 5.28E). All 

these results indicate that tBHQ inhibits the S. pneumoniae mediated cytotoxicity and has 

an inhibitory effect on intracellular and extracellular bacteria, but does not directly kill or 

inhibit the bacteria. 
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Figure 5.28 tBHQ reduces cell death and inhibits S. pneumoniae invasion in HCEC. Cells were infected with 

S. pneumoniae for 6 h in presence or absence of tBHQ, washed and further incubated with media containing 

antibiotics for 16 h. The viability of cells was determined by propidium iodide staining and observed under 

microscope using 20X objective (A). PI positive cells were counted from at least three different fields for 

each condition and represented in a graphical form (B). HCEC were infected with S. pneumoniae (6h) washed 

and lysed using triton X-100 to determine the bacterial load attached to HCEC, and plated on blood agar plate 

by serial dilutions (C). Supernatant was also plated after infection of HCECs with S. pneumoniae for 6h, to 

check the extracellular unattached bacteria by serial dilutions (D). S. pneumoniae were incubated with 

different concentrations of tBHQ for 24h and OD was measured at 600 nm to check the direct effect of tBHQ 

on S. pneumoniae (E) (NB means No Bacteria, * represents p<0.05, ** represents p<0.005). 

 

D E 
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5.2.23 tBHQ increases AMP expression and reduces pro-inflammatory cytokines 

in S. pneumoniae infected HCECs 

  

Since we saw that tBHQ is able to alleviate S. pneumoniae mediated cell cytotoxicity and 

reduce intracellular and extracellular bacterial load but does not have any direct inhibitory 

effect on the bacteria, we speculated that this reduction in severity of infection might be 

mediated by tBHQ induced immunomodulatory effects in the host.  Therefore, we checked 

the expression of AMPs and proinflammatory cytokines in HCECs infected with Sp ATCC 

for 4h in the presence or absence of tBHQ. We saw a significant upregulation of AMPs like 

hBD-3 (~290 fold), LL-37 (~50 fold), S100A9 (~10 fold), S100A12 (~70 fold), lipocalin 2 

(~100 fold) and hepcidin (~35 fold) in the infected cells in the presence of tBHQ (Figure 

5.29 A-F). We saw an increase in the expression of proinflammatory cytokines like IL-1β, 

IL-6 and IL-8 in response to Sp ATCC infection that was significantly decreased in the 

presence of tBHQ (Figure 5.29 G-I), when compared to control cells. ELISA was also 

performed to quantify the level of cytokine expression and we saw a significant decrease 

in pg/ml of IL-1β and IL-6 in the presence of tBHQ (Figure 5.29 J-K). These results 

indicate that tBHQ mediated reduction in cell cytotoxicity and reduction in severity of S. 

pneumoniae infection might be because of increased AMP and reduced pro-inflammatory 

cytokine production. 

 

Figure 5.29 tBHQ induces AMP expression and reduces pro-inflammatory cytokine response in HCECs. 

Cells were infected with Sp ATCC for 4 h in presence or absence of tBHQ and expression of several AMPs 

(A-F) and cytokines (G-I) were determined by quantitative PCR. GAPDH was used as housekeeping gene. 

The protein level of IL-1b and IL-6 was determined by quantibody array of ELISA (J-K). Experiments were 

repeated twice in duplicates with similar results. (* indicates p< 0.05, **indicates p< 0.005). 
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5.2.24 LL-37 depletion increases Sp ATCC induced cytotoxicity and bacterial load 

in HCECs 
 

Since we saw an increase in LL-37 expression in the corneal sections of S. pneumoniae 

keratitis patients and also in HCECs during S. pneumoniae infection, along with inhibition 

of growth of S. pneumoniae by LL-37 in vitro, we further wanted to confirm the role of 

LL-37 in tBHQ mediated reduction of cell cytotoxicity and intracellular bacterial load. We 

transiently depleted LL-37 in HCECs using 150nM LL-37 siRNA and infected with Sp 

ATCC for 6h in the presence or absence of tBHQ. The supernatant was collected for LDH 

assay to check the cytotoxicity and the cells were lysed with 0.3% triton X-100, diluted and 

plated on blood agar medium. We observed a significant increase in the LDH release in 

transfected cells when compared to the non-transfected control cells. The release of LDH 

was significantly less in both the transfected and non-transfected cells in the presence of 

tBHQ when compared to the cells in its absence (Figure 5.30A). Thus, the depletion of 

LL-37 increases S. pneumoniae mediated cytotoxicity in HCECs, that reduces significantly 

upon tBHQ treatment, thereby indicating that the reduction in cytotoxicity in presence of 

tBHQ is LL-37 mediated, to a certain extent. We also saw a significant increase in the 

bacterial load as indicated by CFU/ml in the LL-37 depleted HCECs compared to control 

non-transfected cells. Additionally, we observed a significant reduction in bacterial load in 

both transfected and non-transfected HCECs in the presence of tBHQ (Figure 5.30B). This 

indicates that tBHQ mediates reduction in bacterial load via LL-37 production. The 

depletion of LL-37 was also confirmed by quantitative PCR.  We saw a significant decrease 

in the expression of LL-37 in the cells that were transfected with LL-37 siRNA when 

compared to the control (Figure 5.30C). 
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Figure 5.30 Depletion of LL-37 in host cells increases severity of S. pneumoniae infection. HCEC were 

transfected with control siRNA or LL-37 siRNA and infected with S. pneumoniae for 4 h in presence or 

absence of tBHQ and cell cytotoxicity was determined by lactate dehydrogenase assay (A). The bacterial 

viability was determined by cfu (B). Depletion of LL-37 was checked by qPCR (C). (* denotes p < 0.05 

compared to No Bac, ** denotes p < 0.005 compared to control, # denotes p< 0.05 compared to Sp). 

 

5.3 DISCUSSION 

 

S. pneumoniae is a gram positive opportunistic pathogen that is known to cause community 

acquired pneumonia, worldwide (Dion & Ashurst, 2021). Additionally, it is also widely 

known to cause diseases like sinusitis, otitis media, bacteremia, osteomyelitis, septic 

arthritis and meningitis (Ekinci et al., 2021; Hamory et al., 1979; Murthy et al., 2015; 

Oordt-Speets et al., 2018; Torres et al., 1998). There are many accounts of ocular diseases 

caused by S. pneumoniae (Miller et al., 2004; Teweldemedhin et al., 2017), one of which 

is keratitis. S. pneumoniae is one of the leading causes of bacterial keratitis (Gurnani & 

Kaur, 2021). Since, antibiotics are used to treat pneumococcal keratitis in majority of the 

cases, there is a growing concern for the development of antibiotic resistance in the ocular 

isolates of S. pneumoniae. A surveillance study, Antibiotic Resistance Monitoring in 

Ocular MicRorganisms (ARMOR) 2009, revealed that about 9.3% of ocular S. pneumoniae 

isolates were non-susceptible to 2 or more antibacterial drug classes (Haas et al., 2011). A 
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more recent ARMOR study (2009-2016) reported that 31.4% of conjunctival S pneumoniae 

isolates showed in vitro resistance to azithromycin, 15.4% to tetracycline, 29.7% to 

penicillin and 8.8% to imipenem (P. A. Asbell & DeCory, 2018). Therefore, our focus in 

this chapter is to study the role of AMP in infections caused by S. pneumoniae so that we 

could better understand the expression of AMPs and the signaling pathways mediating their 

expression. As we saw there was a differential expression of AMP in patients’ samples with 

S. pneumoniae keratitis (Chapter III), we further checked their expression in vitro. We 

saw a significant upregulation of hBD-1, hBD-2, hBD-4, S100A7 and LL-37 in 

immortalized HCECs during Sp ATCC infection. We also saw a significant increase in the 

expression of hBD-3, S100A8, S100A9 and LL-37 in primary HCECs in response to Sp 

ATCC infection. We saw suppression in the expression of some of the AMPs in HCECs 

infected with Sp CS when compared to HCECs infected with Sp ATCC, which was not due 

to S. pneumoniae mediated cytotoxicity. In Chapter III, we also saw a suppression in the 

expression of AMPs in response to P. aeruginosa infection that was T3SS dependent. 

Therefore, future studies on the mechanism of AMP suppression by S. pneumoniae is 

required. Since, the innate immune response like AMP expression is also known to be 

mediated by macrophages, we also checked AMP expression during S. pneumoniae 

infection in U937 cell line, and found that there was no significant change in the expression 

of AMP in response to either ATCC or clinical strain of S. pneumoniae.  

Next, we focused on LL-37, the only AMP belonging to cathelicidin group in 

humans, as we saw an upregulation of LL-37 in both patients and corneal epithelial cells in 

vitro. Earlier studies also showed LL-37 expression in human corneal epithelium and 

epithelial cells (Gordon, Huang, et al., 2005; L.C. Huang et al., 2003; Ling C. Huang et al., 

2006). We checked the expression of LL-37 in corneal tissues from patients with S. 

pneumoniae keratitis and found that there was a marked increase in the expression of LL-

37 in the patients’ sections when compared to the control cadaveric corneal tissues. We 

also checked the in vitro expression LL-37 during S. pneumoniae infection, and found an 

increase in its expression both at RNA and protein level, where its RNA level expression 

was seen to peak at 4h post-infection. The LL-37 expression in HCECs during S. 

pneumoniae infection was found to be de novo. LL-37 also showed antibacterial activity 

against both ATCC and clinical isolates of S. pneumoniae. LL-37 also promoted wound 

healing in HCECs at a concentration as low as 100ng/ml, that was mostly mediated by 

migration of cells. In one study, 1μg/ml of LL-37 was also shown to induce a 3-fold 
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increase in keratinocyte migration at 12h compared to the control cells (Tokumaru et al., 

2005). In another study it was shown that LL-37 expression was upregulated in regenerating 

human corneal epithelium and activates HCEC migration but not proliferation (Ling C. 

Huang et al., 2006). In yet another study it was shown that LL-37 may regulate wound 

healing on ocular surface by inducing cell migration and cytokine production (Petkova et 

al., 2006). We also saw that LL-37 induced migration rather than proliferation of HCEC, 

similar to the earlier study. 

AMP expression is known to be mediated by various cellular signaling pathways 

like NF-κβ and MAPK, therefore we checked the activation of these pathways in HCECs 

during S. pneumoniae infection. We found that both Sp ATCC and Sp CS were able to 

activate NF-κβ and MAPK signaling but none of these pathways were involved in the 

expression of LL-37. Since there are reports of LL-37 expression occurring via JAK-STAT3 

pathway (Miraglia et al., 2016), we checked the activation of STAT3 and found that Sp 

ATCC was able to activate STAT3 in HCEC. We further confirmed that the inhibition of 

STAT3 significantly reduces the expression of LL-37. This is the first report that shows 

that LL-37 expression in HCECs is mediated by STAT3 during S. pneumoniae infection.   

Generation of ROS mediated oxidative stress in response to pathogen is one of the 

defense mechanisms of the host that helps in killing and elimination of the pathogens. 

However, there are some pathogens like S. pneumoniae that are not only able to survive 

and replicate in high ROS environment but capable of producing ROS themselves. S. 

pneumoniae is able to produce H2O2 that may exceed 1mM, while growing under aerobic 

conditions, which has been shown to be detrimental to the host and other bacteria, but not 

to itself (Pericone et al., 2003). Therefore, we first checked the occurrence of oxidative 

stress in patients’ corneal sections. We saw a marked increase in the oxidative stress in 

patients’ corneal tissues when compared to the control sections, with a simultaneous 

reduction in the expression of catalase, an enzyme produced by the corneal cells to 

counteract oxidative stress. We also saw the induction of ROS in vitro in response to S. 

pneumoniae infection. One of the pathways that is activated during oxidative stress in 

mammalian cells is Keap1-Nrf2-ARE pathway. Therefore, we checked the expression and 

activation of Nrf2 in HCECs in response to S. pneumoniae infection. We saw no significant 

differences in the expression of Nrf2 in patients’ corneal sample and Sp ATCC infected 

HCECs when compared to the uninfected control, indicating that S. pneumoniae actively 
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suppresses the expression of Nrf2. We also did not see any nuclear translocation of Nrf2 

indicating that S. pneumoniae also suppresses the activation of Nrf2. The expression of 

antioxidant genes like Per1 and FRT was also downregulated, indicating that suppression 

of Nrf2 expression and activation also simultaneously suppresses the expression of its 

downstream target ARE genes. 

tBHQ is a known inducer of Nrf2 which is approved by Food and Drug 

Administration (FDA), USA, and therefore we wanted to check if its application has any 

effect in the host response against S. pneumoniae. We saw that in the presence of tBHQ 

there was a significant upregulation and activation of Nrf2 and Nrf2 targeted antioxidant 

genes like HO-1 and FRT in HCECs infected with Sp ATCC. There was a subsequent 

decrease in ROS generation as well, in the presence of tBHQ in HCECs infected with Sp 

ATCC. Autophagy is one of the host responses against the pathogen where it helps in 

elimination of the pathogen and pathogen induced damaged biomolecules. However, some 

pathogens like S. pneumoniae evades the autophagy response of the host by several 

mechanisms. Recently it was shown that intracellular S. pneumoniae survives within the 

host by hijacking host’s autophagy response by suppression of autophagosome-lysosome 

fusion (Shizukuishi et al., 2020). Therefore, we checked the effect of S. pneumoniae 

infection in autophagy response of HCECs. We found that S. pneumoniae suppressed 

autophagy in HCECs as evident by the presence of diffused LC3B staining in cells and 

reduced expression of autophagy related genes like Atg5, Atg7 and Bec1. This suppression 

of autophagy was found to be mediated by activation of PI3K/AKT pathway as we saw an 

increased phosphorylation of PI3K and AKT, in response to S. pneumoniae infection. Since 

tBHQ reduced oxidative stress in Sp ATCC infected HCECs via Nrf2, we also checked the 

effect of tBHQ in autophagy. There are some reports that highlighted a cross-talk between 

oxidative stress, Nrf2 and autophagy. For instance, it has been shown that autophagy 

activates Keap1-Nrf2 pathway via p62 and ROS regulates autophagy via P13K-Akt 

pathway (Ichimura et al., 2013; Kma & Baruah, 2021). We saw that tBHQ induced 

autophagy in Sp ATCC infected HCECs, as evident by the presence of punctate LC3B in 

the cells and consequently upregulated the expression of Atg5, Atg7 and Bec1 that indicates 

that the activation of autophagy is Nrf2 mediated. It was further confirmed when we saw a 

reduction in the quantity of punctate LC3B in cells transiently transfected with Nrf2 siRNA 

and infected with Sp ATCC in the presence of tBHQ. tBHQ was also shown to reduce S. 

pneumoniae mediated cell cytotoxicity and bacterial load in HCECs. However, we did not 
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see any direct bacteriostatic or bactericidal effect of tBHQ on S. pneumoniae. tBHQ also 

significantly upregulated the expression of AMPs like hBD-3, LL-37, S100A9, S100A12, 

LCN and hepcidin, and downregulated the expression of pro-inflammatory cytokines like 

IL-1β, IL-6 and IL-8. To check if the upregulation of LL-37 is playing a part in reducing 

the severity of the infection, we transiently depleted LL-37 in HCECs and checked the 

effect of tBHQ on cell cytotoxicity and bacterial load. We found that in LL-37 depleted 

cells that were infected with Sp ATCC, there was an increase in cell cytotoxicity and 

bacterial load, that significantly reduced in the presence of tBHQ.  

To conclude (Figure 5.31), we found that S. pneumoniae exerts oxidative stress and 

induces the expression of LL-37 via activation of STAT3. We also saw that S. pneumoniae 

suppresses autophagy in the corneal cells. Further we saw that tBHQ reduces S. 

pneumoniae mediated oxidative stress by activating Nrf2 and Nrf2 mediated antioxidant 

responses. tBHQ also upregulates AMP expression, downregulates pro-inflammatory 

cytokine expression and activates autophagy, thereby reducing the cytotoxicity and 

bacterial load in vitro. Hence, tBHQ can be studied further as an alternative to antibiotics 

in treating S. pneumoniae related ocular infections.  

 

Figure 5.31 Representative image summarizing the findings of the work. S. pneumoniae induces LL-37 

expression via activation of STAT3. tBHQ activates Nrf2 and Nrf2 mediated antioxidant responses in 

HCECs. tBHQ also induces the expression of LL-37 along with other AMPs that help to combat S. 

pneumoniae infection. Hence, tBHQ helps to reduce the severity of pneumococcal infection in HCECs. 
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* A part of this chapter has been published in the journal Pathogens (Sharma et al., 

2019). The citations are given below and the publications are attached. 

Sharma, P., Sharma, N., Mishra, P., Joseph, J., Mishra, D. K., Garg, P., & Roy, S. (2019). 

Differential Expression of Antimicrobial Peptides in Streptococcus pneumoniae Keratitis 

and STAT3-Dependent Expression of LL-37 by Streptococcus pneumoniae in Human 

Corneal Epithelial Cells. Pathogens (Basel, Switzerland), 8(1), 31. 

https://doi.org/10.3390/pathogens8010031 
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In this study our focus was to decipher the role of AMPs in bacterial keratitis. We reported 

differential expression of AMPs in patients with P. aeruginosa keratitis. We saw an 

upregulation of some AMPs like LL-37 and S100A12 that might play a role in P. aeruginosa 

infection. We also checked the expression of the same group of AMPs in corneal cells 

(immortalised HCECs) and macrophages (U937) in response to P. aeruginosa. We found 

that T3SS dependent suppression of AMPs in HCECs and U937 in response to P. 

aeruginosa infection. However, there was no T3SS dependent suppression of AMPs seen 

in HCECs infected with P. aeruginosa for a longer time period (24h) indicating a role of 

T3SS in the expression of AMPs and host response during the initial stages of infection. 

We also found that P. aeruginosa supresses the activation of signaling pathways like ERK-

MAPK, p38-MAPK and NF-κβ in a T3SS dependent manner. The generation of ROS was 

also supressed in a T3SS dependent manner by P. aeruginosa. Further, we saw that the 

chemical inhibition of T3SS by INP0341, a salicylidene acylhydrazide derivative, activates 

the innate immune response in HCECs in response to P. aeruginosa infection. Inhibition 

of T3SS by INP0341 resulted in the upregulation of AMPs and increase ROS generation in 

HCECs.  We also saw a decrease in P. aeruginosa mediated cytotoxicity in the presence of 

T3SS inhibitor in HCECs. In our in vivo study on C57BL/6 mice, INP0341 was also found 

to relatively alleviate the condition in mice eyes when compared to eyes infected with wild 

type bacteria only, having an intact T3SS. We saw lesser opacity, reduced colony forming 

units per eye (CFU/eye), lesser cellular infiltration in cornea and increased expression of 

AMPs in infected murine eyes treated with INP0341 as compared to untreated infected 

eyes. The eyes infected with T3SS mutant P. aeruginosa showed similar results as the eyes 

infected with wild type bacteria along with INP0341. This indicates that T3SS plays a role 

in suppressing AMP expression in host and contributes to the severity of keratitis. 

We also reported differential expression of AMPs in patients with S pneumoniae corneal 

infections and we found an upregulation of several AMPs including LL-37. However, the 

expression profile of AMPs in response to S. pneumoniae was different from that in 

response to P. aeruginosa infection indicating to the unique host response specific towards 

different pathogens. We also checked the expression of the same group of AMPs in corneal 

cells (primary and immortalised HCECs) and macrophages (U937) in response to S. 

pneumoniae. We saw significant upregulation of some AMPs in HCECs infected by 

laboratory strain of S. pneumoniae (SP ATCC). However, the expression of AMPs in 

HCECs infected by ocular clinical isolate of S. pneumoniae (SP CS) was significantly 
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reduced that was not related to cell death. We also saw significant upregulation of AMPs 

like hBD-3, S100A8, S100A9 and LL-37 in primary HCECs infected with SP ATCC. There 

was a significant increase in the expression of S100A9 in primary HCECs infected with 

clinical strain of S. pneumoniae. There was no significant change in expression of AMPs 

in monocyte derived cell line, U937 when either infected with ATCC strain or clinical strain 

of S. pneumoniae. We also found that S. pneumoniae activates signaling pathways like 

ERK-MAPK, p38-MAPK, JNK-MAPK and NF-κβ in HCECs. We saw an upregulated 

expression of LL-37, the only human cathelicidin, in the patients’ corneal scrapings, 

patients’ tissues and HCECs. The expression of LL-37 was found to be mediated by the 

activation of STAT3. We further studied the occurrence of oxidative stress in human cornea 

and HCECs in response to S. pneumoniae as the bacteria is known to produce excessive 

H2O2. We reported the increase in oxidative stress and suppression of antioxidant response 

in patients’ corneal tissues and HCECs. We also, confirmed the suppression of autophagic 

response in the corneal cells in response to S. pneumoniae infection which we found was 

mediated via Nrf2. Therefore, we carried out further experiments in HCECs using tBHQ, 

a known inducer of Nrf2. We found that in the presence of tBHQ there was a decrease in 

S. pneumoniae induced oxidative stress and activation of antioxidant responses in HCECs. 

We also saw an activation of autophagy, reduction in cell cytotoxicity and bacterial load in 

S. pneumoniae infected HCECs in the presence of tBHQ. tBHQ also upregulated the 

expression of AMPs and decrease in expression of pro-inflammatory cytokines. The 

reduction in cell cytotoxicity and bacterial load was found to be partially mediated by LL-

37 expression.  

To our knowledge, our study provides the first report on differential expression of AMPs 

in patients with P. aeruginosa and S. pneumoniae keratitis. We also reported T3SS 

mediated suppression of host innate immune response in epithelial cells for the first time. 

We also show for the first time that STAT3 mediates the expression of LL-37 in HCECs in 

response to S. pneumoniae infection. The added knowledge about the expression pattern of 

AMPs during bacterial keratitis might help in selection of putative AMPs to be used for 

therapeutic intervention. The knowledge about signaling pathways involved in AMP 

expression is also crucial to better understand the underlying mechanism of AMP 

expression. The use of T3SS inhibitor also holds promise as an alternative therapeutic, 

because we saw that it leads to the activation of host responses like ROS generation and 

AMP expression. Further, the tBHQ can also be used as a therapeutic as we saw that it is 
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able to alleviate the severity of S. pneumoniae infection by reducing cell cytotoxicity and 

bacterial load, by reduction in ROS generation, activation of autophagy and AMP 

expression. 

However, there are certain limitations of this study. Though we see that AMP have a good 

potential to be used as an alternative to currently used antibiotics, the translation of AMP 

usage from bench to bedside has many hurdles. The in vivo stability and efficacy of AMP 

needs to be studied further for it to be applied clinically. Also, further studies need to be 

done on signaling involved in the expression of other AMPs too, so that we can better 

understand the pathways that can be targeted to modulate the AMP expression according 

to the therapeutic need. Also, we did not look into the mechanism of resistance against 

AMP that the bacteria might develop. There are several studies pointing out the various 

resistance mechanisms that bacteria employ against the AMPs. Therefore, all these aspects 

need to be addressed in future. 

Our study has provided an insight into the role of AMPs in bacterial keratitis, caused by 

both gram negative, P. aeruginosa and gram positive, S. pneumoniae, that might give a 

basis to future studies on AMPs. This knowledge will be immensely helpful in selection of 

AMPs for therapeutic usage. AMPs can not only be synthesised and applied externally on 

the infection sites but can also be upregulated intrinsically by using inhibitors and 

chemicals that either supress bacterial virulence or enhance AMP expression. Thus, our 

study also provides a background on the usage of other alternatives therapeutics like T3SS 

inhibitor, INP0341 and Nrf2 activator, tBHQ.   
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Annexure 1 Primer sequences  

 

Gene Sequence (5’→3’) 

 Forward Reverse 

hBD-1 GCCTCCAAAGGAGCCAGCCT CTTCTGGTCACTCCCAGCTCA 

hBD-2 CAGCCATCAGCCATGAGG TGGCTTTTTGCAGCATTTT 

hBD-3 TCTCAGCGTGGGGTGAAGC CGGCCGCCTCTGACTCTG 

hBD-4  AGACTTGTGCTGCTATTAGCCG GGGCAGTCCCATAACCACATA 

S100A7  CGATCTTTCGGCAATACAGTG GTTCACCAGACCTGGCATGT 

S100A8  CCGAGTGTCCTCAGTATATA GCCCATCTTTATCACCAGAAT 

S100A9  TGGCTCCTCGGCTTTGG CGACATTTTGCAAGTCATCGTC 

S100A12  AGCATCTGGAGGGAATTGTCA GCAATGGCTACCAGGGATATGAA 

LL-37  TCGGATGCTAACCTCTACCG ACAGGCTTTGGCGTGTCT 

Rnase7 GAACACCAAGCGCAAAGC CAGCAGAAGCAGCGAAGG 

Hepcidin CTGACCAGTGGCTCTGTTTTC GAAGTGGGTGTCTCCCCTC 

Lipocalin 2 TGAAGGCTTTCAGGGCAACT GCTGCCGGTATCAGCACATAA 

NRF2 CGGTATGCAACAGGACATTG ACTGGTTGGGGTCTTCTGTG 

HO-1 AAGACTGCGTTCCTGCTCAAC AAAGCCCTACAGCAACTGTCG 

Per-1 CCACGGAGATCATTGCTTTCA AGGTGTATTGACCCATGCTAGAT 

Ferritin CCCCCATTTGTGTGACTTCAT GCCCGAGGCTTAGCTTTCATT 

NQO-1 GAAGCCGCAGACCTTGTGAT CTGCCTTCTTACTCCGGAAGG 

ATG-7 ATGATCCCTGTAACTTAGCCCA CACGGAAGCAAACAACTTCAAC 

ATG-5 AAGATGTGCTTCGAGATGTGT CACTTTGTCAGTTACCAACGTCA 

Bec 1 GGTGTCTCTCGCAGATTCATC TCAGTCTTCGGCTGAGGTTCT 

IL-1β CCACAGACCTTCCAGGAGAA GTGCAGTTCAGTGATCGTACAG 

IL-6 CTCACCTCTTCAGAACGAATTG CCATCTTTGGAAGGTTCAGGT 

IL-8 GCAGTTTTGCCAAGGAGTGCT GCATCTGGCAACCCTACAAC 

GAPDH GATCCCTCCAAAATCAAGTG GGCAGAGATGATGACCCTTTT 

mBD-1 CCAGATGGAGCCAGGTGTTG AGCTGGAGCGGAGACAGAATCC 

mBD-2 AAGTATTGGATACGAAGCAG TGGCAGAAGGAGGACAAATG 

mS100A9 ATACTCTAGGAAGGAAGGACACC TCCATGATGTCATTTATGAGGGC 

CRAMP GTCTTGGGAACCATGCAGTT TGGTTGAAGTCATCCACAGC 

mLipocalin2 GCAGGTGGTACGTTGTGGG CTCTTGTAGCTCATAGATGGTGC 

mGAPDH AGGTCGGTGTGAACGGATTTG GTAGACCATGTAGTTGAGGTCA 
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Annexure 2 Chemicals and Materials used in the study 

 

Sl Chemicals and Materials Company  Cat./Ref. No. 

    

SDS-PAGE and Western Blotting 

1 Tris Base G-Biosciences RC1217 

2 SDS (Sodium dodecyl Sulfate) G-Biosciences RC1184 

3 Glycine G-Biosciences RC1094 

4 Sodium Hydroxide  Sisco Research Laboratories 

(SRL) 

68151 

5 Sodium Chloride SRL 41721 

6 TEMED BioRad 161-0801 

7 Ponceau Sigma Aldrich P3504 

8 Acrylamide/Bis-acrylamide-30% soln. Sigma A3574 

9 Ammonium persulphate (APS) Thermo Fisher 15055 

10 2-Mercaptoethanol SRL 69892 

11 Pierce BCA Protein Assay Kit Thermo Scientific 23225 

12 Methanol Qualigens Q43637G 

13 Blotting-grade Blocker BioRad 1706404 

14 Nitrocellulose membrane (0.45uM) G-Biosciences GS-NCM-304 

15 Semi-dry transfer Unit Amersham Biosciences 80-6210-34 

16 Hoefer dual gel caster Amersham NA 

17 Vertical electrophoresis unit Hoefer/ Tarsons NA 

18 Ceramic plate for electrophoresis Tarsons 7082 

19 Glass plate for vertical electrophoresis Tarsons 7083 

20 Mini trans- blot filter paper  BioRad 1703932 

21 Cell Lysis Buffer (10X) Cell Signalling Technology 9803S 

22 3-color pre-stained protein ladder Puregene PG-PMT2922 

23 Rectangular glass plates 10*10.5cm (5) Cytiva SE262P-5 

    

RNA isolation, cDNA synthesis, qPCR 

    

1 Ethylenediamine tetraacetic acid 

(EDTA) 

Qualigens Q23254 

2 Agarose Lonza 50004 

3 Ultrapure distilled water Dnase/Rnase 

free 

Invitrogen 10977-035 

4 Chloroform Qualigens Q12305 

5 Propan-2-ol Fisher Scientific 13825 

6 Ethanol/Stenol China 0002 

7 Optical sheets Thermo Fisher 4311971 

8 qPCR plates Thermo Fisher/Labcon AB1400/3979-520 

9 TRIzol reagent Invitrogen 15596026 

10 Sybr Green PCR master mix Thermo Fisher F-416L 
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Sl Chemicals and Materials Company  Cat./Ref. No. 

    

11 cDNA kit Thermo Fisher AB1453B 

12 1 kb DNA ladder Puregene PG010-50 0DI 

13 6x DNA loading dye Thermo Fisher R0611 

14 100 bp DNA Ladder BR Biochem Life Sciences BM001-R500 

15 Nanodrop Biochrom 28956057 

    

Cell Culture 

    

1 Trypsin EDTA 1X Hyclone/HiMedia SH40003.01/TCL0

07  

2 EGF Thermo Fisher PHG0311 

3 INSULIN Thermo Fisher/ HiMedia 12585014/ TCL035 

4 Keratinocyte-SFM (1X) medium Thermo Fisher Scientific 17005042 

5 DMEMf12 HyClone SH30023.01 

6 DMEMF12 Lonza 12-719F 

7 RPMI-1640 Medium HyClone SH30027.01 

8 OptiMEM Gibco 51985-034 

9 DMSO Sigma D8418 

10 FBS Gibco/Biowest 10270106/ S1810 

11 Penicillin-Streptomycin 100x solution HyClone SV30010 

12 Gentamicin (80mg/2ml) injection I.P. Abaris Healthcare NA 

13 Dispase II Gibco 17105041 

14 T25 flasks Nunc 156367 

15 Lipofectamine Thermo Fischer L3000-001 

    

Bacterial culture 

    

1 disposable loops Tarsons 39269099 

2 PBS tablets Thermo Fisher 003002 

3 L- shaped Cell spreaders Tarsons 920082 

4 Disposable Cuvetts G-bioscience 786009A 

5 LB broth HiMedia M1245 

6 LB agar HiMedia M1151 

7 Todd Hewitt Broth Sigma T1438 

8 Agar powder bacteriological HiMedia GRM02 

9 Blood Agar Plates Chromogenic PL090-16 

10 Sterile cotton swabs HiMedia PW005 

11 90mm Petriplates Tarsons 460091 
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Sl Chemicals and Materials Company  Cat./Ref. No. 

    

Antibodies / Dyes 

    

1 Anti-Rabbit Alexa fluor 488 Molecular Probes- Invitrogen NA 

2 Anti-mouse Alexa fluor 488 Molecular Probes- Invitrogen NA 

3 IRDye® 680RD Goat anti-Mouse IgG 

Secondary Antibody 

LI-COR Biosciences 925-68070 

4 IRDye® 680RD Donkey anti-Rabbit IgG 

Secondary Antibody 

LI-COR Biosciences 925-68073 

5 Phospho-PI3kinase p85 alpha (Tyr607) Elabscience E-AB-21218 

6 pI3K p85β Novus-R&D systems MAB6777 

7 Phospho-AKT Novus-R&D systems MAB887 

8 P-p44/42 MAPK (T202/Y204)/ Phospho-

ERK1/ERK2 

Cell Signalling Technology /Novus-

R&D systems 

4376/ AF1018/ 

MAB1018 

9 Total ERK Cell Signalling Technology 4696 

10 P-p38 MAPK (T180/Y182) Cell Signalling Technology 9216 

11 Total p38 Cell Signalling Technology 9212 

12 pJNK/ pJNK(T183/Y185) (clone 1006A) Cell Signalling Technology / 

Novus-R&D Systems 

9255/ MAB1205 

13 Total SAPK/JNK Cell Signalling Technology 9252 

14 RelA/ NFkβ-p65 antibody Novus-R&D Systems MAB5078 

15 Phospho-IKβα (Ser32/36) antibody Cell Signalling Technology / 

Novus-R&D Systems 

9246/ AF4809 

16 β-Actin Cell Signalling Technology 4967 

17 LC3B Antibody Cell Signalling Technology 2775 

18 LL-37 antibody Cell Signalling Technology / 

Biolegend/ Novus-R&D Systems 

NA/ 650302/ 

AF7497 

19 p-STAT3 (Y705) (D3A7) XP-R Cell Signalling Technology 91456 

20 Total STAT3 Cell Signalling Technology 9132 

21 Nrf2 (Clone383727) antibody Novus-R&D Systems MAB3925 

22 Nitrotyrosine MAb (Clone 306507) 

antibody 

Novus-R&D systems MAB3248 

23 Catalase antibody Novus-R&D systems NBP2-24916SS 

24 Ki67 polyclonal antibody Elabscience E-AB-66986 

25 Alexa flour-Phalloidin 488 Thermo Fisher A12379 

26 MTT Molecular Probes M6494 

27 Propidium Iodide (PI) Invitrogen P3566 

28 DAPI Vector Laboratories/ ABCAM H-1200/ ab228549 

29 H2DCFDA dye Invitrogen D399 
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Sl Chemicals and Materials Company  Cat./Ref. No. 

    

Peptides/Chemicals/Inhibitors/Solvents 

    

1 LL-37 peptide Elabscience E-PP-1466 

2 Tert-Butylhydroquinone Sigma-Aldrich 112941 

3 Triton-X-100 SRL 2024271 

4 Glycerol Sigma G5516 

5 Paraformaldehyde Avra ASP2680 

6 p38 MAP Kinase Inhibitor (SB203580) InvivoGen tlrl-sb20 

7 JNK Inhibitor (SP600125) InvivoGen tlrl-sp60 

8 MEK1 and MEK2 Inhibitor (PD98059) InvivoGen tlrl-pd98 

    

Consumables/ Plasticwares 

    

1 1.5 ml microcentrifuge tubes (MCTs) Tarsons 500010 

2 2ml MCTs Tarsons 500020 

3 0.2mL PCR tubes Tarsons 510051 

4 0.5ml MCTs Tarsons 500000 

5 Microtips 1ml Tarsons 521020 

6 Microtips 200ul Tarsons 521010 

7 Microtips 10ul Tarsons 521000 

8 6 well Multidish Thermo Fisher 140675 

9 12 well Multidish Thermo Fisher 150628 

10 24 well Multidish Thermo Fisher 142475 

11 96 well Multidish Thermo Fisher 167008 

12 15 ml falcons Tarsons 546021 

13 50 ml falcons Tarsons 546041 

14 frosted micro slides Blue Star 70179012 

15 Cover Slips Round 18*18MM Blue star 000871 

16 Coverslip rectangle Blue star 000895 

17 Cryotubes 2ml Thermo Fisher 375418 

18 Nalgene syringe filters,22micron Nalgene 725-2520 

    

Miscellaneous 

    

1 CytoTox 96 cytotoxicity assay Promega G1781 

2 Quantibody® Human Inflammation Array 

1 Kit 

RayBiotech QAH-INF-1-1 

 

* NA- Not available 
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A. INTRODUCTION: 

Microbial keratitis is a painful, progressive corneal infection causing inflammation, severe 

corneal opacity, ulcer and visual impairment (Acharya et al., 2019) (Figure 1). The World 

Health Organisation (WHO) has identified ‘corneal opacity’ as one of the leading causes 

of visual impairment, preceded by uncorrected refractive error, cataract and glaucoma 

(Blindness and Vision Impairment, n.d.). In another study, ‘corneal opacity’ was found to 

be the fifth main cause of blindness in global population (Flaxman et al., 2017). In India, 

the national programme for control of blindness and visual impairment (NPCB&VI) also 

lists ‘corneal blindness’ as one of the main causes of blindness (Directorate General Of 

Health Services, n.d.). Microbial keratitis has been found to be the most common cause of 

corneal opacity and blindness worldwide (Ung et al., 2019). 

 

 

 

 

 

Figure 1: Representative images of bacterial keratitis. A. P. aeruginosa keratitis; B. S. pneumoniae keratitis 

The common risk factors of microbial keratitis are corneal trauma, prolonged use of contact 

lenses and ocular surgical procedures (Acharya et al., 2020; Bharathi et al., 2007; 

Chidambaram et al., 2018; Grünauer-Kloevekorn et al., 2004; Maharana et al., 2018; 

Palmer & Hyndiuk, 1993). The most common microorganisms causing microbial keratitis 

are fungus and bacteria (Acharya et al., 2020; Chidambaram et al., 2018; Gopinathan et al., 

2009; Ung et al., 2019). In a recent study from North India, 60.6% of microbial keratitis 

was found to be caused by bacteria (Acharya et al., 2020). In another study conducted at a 

tertiary centre in west India, 65.1% of culture positive keratitis was found to be of bacterial 

etiology (Tewari et al., 2012). Bacterial keratitis has been found to be caused by both gram 

negative and gram positive group of bacteria and Pseudomonas aeruginosa and 

Streptococcus pneumoniae are important etiological agents (Bharathi et al., 2007; 

Gopinathan et al., 2009; Rautaraya et al., 2014; Ung et al., 2019). At present, bacterial 

keratitis is mostly managed by antibiotic therapy (Acharya et al., 2019). However, there 

  

A B 
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has been increasing reports of emergence and re-emergence of antibiotic resistance in 

bacterial pathogens (WHO Publishes List of Bacteria for Which New Antibiotics Are 

Urgently Needed, n.d.). Antibiotic resistance in ocular pathogens has also been identified 

(Das et al., 2019; Garg et al., 1999; Kaliamurthy et al., 2013; Ting et al., 2021; Willcox, 

2011). Therefore, alternative therapeutics for treatment of bacterial keratitis is necessary. 

One such alternative is antimicrobial peptides (AMPs), either used alone or in conjunction 

with the currently used antibiotics (Li et al., 2014; Mohammed et al., 2019; Tummanapalli 

& Willcox, 2021). The intrinsic expression of AMPs can also be positively modulated to 

achieve enhanced action against the bacteria (Carion et al., 2020; Rodríguez-Carlos et al., 

2021). AMPs are short cationic peptides, usually 10-50 amino acids in length, that are 

naturally produced by living organisms or can be chemically synthesized (Li et al., 2014; 

Mohammed et al., 2019). They act as the first line of defense against pathogen invasion. 

AMPs can directly act on bacteria by creating pores on their cell membrane or can target 

other internal sites of the pathogen. AMPs also show immunomodulatory effect on the host, 

thereby, indirectly controlling the host response to pathogen (Figure 2). 

 

Figure 2. Mechanism of action of AMPs 

 

B. PURPOSE OF THE STUDY: 

The World Health Organisation (WHO) in its 2017-18 report has listed out some bacteria 

in which the emergence of antibiotic resistance needs to be taken care of on a priority basis. 
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Out of all the listed pathogens, the emergence of antibiotic resistance in P. aeruginosa and 

S. pneumoniae has also been pointed out (“WHO | Global Priority List of Antibiotic-

Resistant Bacteria to Guide Research, Discovery, and Development of New Antibiotics,” 

2017). Hence, it becomes an utmost priority to establish an alternative to antibiotic usage 

in bacterial diseases. Keeping these facts in mind the current study focuses on deciphering 

the role of AMPs in bacterial keratitis, both gram-negative Pseudomonas aeruginosa and 

gram-positive Streptococcus pneumoniae.  

      C. OBJECTIVES: 

1. To determine the expression of antimicrobial peptides during bacterial keratitis in 

patients.  

2. To determine the role of antimicrobial peptides in keratitis caused by gram negative 

bacteria, Pseudomonas aeruginosa. 

3. To determine the role of antimicrobial peptides in keratitis caused by gram positive 

bacteria, Streptococcus pneumoniae. 

D. STRUCTURE OF THESIS: 

The contents of the PhD thesis entitled “Antimicrobial peptide mediated host defense in 

bacterial keratitis” has been divided into five chapters. Chapter I gives an introduction and 

recent review of literature as a background, aims and objectives. Chapter II gives a 

description of all the materials and methods used for this study. Chapter III – V elucidates 

the background, results, discussion and conclusion covering the objectives 1-3. Chapter III 

focuses on objective 1, chapter IV focuses on objective 2, and chapter V focuses on 

objective 3. Chapter VI gives a summary of the work done, contributions and limitations 

of the study along with the future scopes. The references are added after it. 

Chapter I: Introduction- Review of literature, Aim of the study and objectives 

The first chapter gives an introduction about the structure of eye, importance of cornea in 

vision, loss of vision due to microbial keratitis with specific focus on bacterial keratitis and 

various therapeutics being used as a treatment. The chapter also introduces the pathogenesis 

and virulence factors of Pseudomonas aeruginosa and Streptococcus pneumoniae, the two 

major bacterial pathogens that are responsible for causing corneal infections. This chapter 

also has a section about the emerging antimicrobial resistance in microorganisms, 
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especially antibiotic resistance in bacteria, its mechanism, spread and how it has become 

difficult to treat infections like bacterial keratitis caused by these antibiotic resistant 

bacteria. Another section is dedicated to the main highlight of my research, which is 

antimicrobial peptides (AMPs), and how they have a potential to be used as an alternative 

therapeutic for treating bacterial keratitis caused by antibiotic resistant bacteria. Also, there 

is a section explaining the cell signaling pathways relevant to host defense in response to 

infections and inflammation like TLR, MAPK, NF-κβ, JAK-STAT3, apoptosis, autophagy 

etc. This chapter also includes the review of literature of the work done in this area so far.  

Chapter II: Material and methods 

This chapter explains in detail all the material and methods that we have used for our study 

like bacterial and cell culture for maintenance and experiments, RNA isolation by TRIzol 

method, cDNA synthesis and quantitative PCR for checking the level of expression of 

AMPs and signaling markers at mRNA level, immunohistochemistry and 

immunocytochemistry of corneal sections to check the expression and localisation of 

markers, western blotting to check the protein expression of various signaling markers, cell 

viability assay by 3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide (MTT), 

lactate dehydrogenase (LDH) or propidium iodide (PI) staining, hematoxylin and eosin 

staining of corneal sections to check the severity of infection and immune cell infiltration. 

We have also included methods for transient silencing of genes by siRNA, followed by 

lysing and plating the bacteria to count CFUs. 

Chapter III: The expression of antimicrobial peptides (AMPs) during bacterial 

keratitis in patients. 

In this chapter we elucidate the background, results, discussion and conclusion pertaining 

to the study done to determine the expression of antimicrobial peptides (AMPs) in bacterial 

keratitis patients’ samples. The highlights of this chapter are: 

1. Detection of differential expression of AMPs in corneal scrapings of P. aeruginosa 

keratitis patients. Some AMPs like LL-37 are upregulated indicating that they might 

play a role in infection (Figure 3). 

2. We found differential expression of AMPs in S. pneumoniae keratitis patients’ 

samples and like in case of P. aeruginosa keratitis samples some AMPs including 

LL-37 was found to be upregulated (Figure 4). 
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Figure 3: AMPs upregulated in P. aeruginosa keratitis patients’ samples   

 

 

Figure 4: AMPs upregulated in S. pneumoniae keratitis patients’ samples   

 

Chapter IV: Role of antimicrobial peptides in gram negative P. aeruginosa 

In this chapter we elucidate the background, results, discussion and conclusion pertaining 

to the study done to decipher the role of AMPs in gram negative P. aeruginosa. The 

highlights of this chapter are: 

1. We found reduced expression of AMPs in human corneal epithelial cells (HCECs) 

in response to wild-type PAO1 (PA Wt), a laboratory strain of P. aeruginosa, 
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compared to a type-3 secretion system (T3SS) mutant bacteria. Similar result was 

observed in a monocyte cell line U937 as well, under same infection conditions. 

The fact that there was no difference in the expression of AMPs in HCECs infected 

with either wild type or T3SS mutant bacteria for a longer time period (24h) 

indicates that T3SS mediated suppression of AMPs expression is only active during 

the initial stages of infection. This confirms a role of T3SS of P. aeruginosa in 

expression of AMPs and host response during the initial stages of infection.  

2. Apart from AMPs expression, P. aeruginosa was also found to inhibit various 

signaling pathways in HCECs and U937 like NF-κβ, MAPK (p38 and ERK) in a 

T3SS dependent manner. Generation of reactive oxygen species in HCECs and 

U937 was also found to be supressed by P. aeruginosa in a T3SS dependent 

manner. 

3. To further corroborate our findings, we used a T3SS inhibitor INP0341, a 

salicylidene acylhydrazide derivative, in our in vitro infection studies on HCECs. 

INP0341 was found to reduce wild type P. aeruginosa mediated cytotoxicity, 

prevent actin cytoskeleton rearrangement, prevent the suppression of AMPs 

expression and revive ROS generation in HCECs. In our in vivo study on C57BL/6 

mice, INP0341 was also found to relatively alleviate the condition in mice eyes 

when compared to eyes infected with wild type bacteria only. We saw lesser 

opacity, reduced colony forming units per eye (CFU/eye), lesser cellular infiltration 

in cornea and increased expression of AMPs in infected murine eyes treated with 

INP0341 as compared to untreated infected eyes. The eyes infected with T3SS 

mutant P. aeruginosa showed similar results as the eyes infected with wild type 

bacteria along with INP0341. This indicates that T3SS plays a role in suppressing 

AMP expression in host and contributes to the severity of keratitis. 

Chapter V: Role of antimicrobial peptides in gram positive S. pneumoniae  

In this chapter we elaborate the background, results, discussion and conclusion to decipher 

the role of AMPs in gram positive S. pneumoniae. The highlights of this chapter are: 

1. In in vitro model of infection, we saw significant upregulation of some AMPs in 

HCECs infected by ATCC strain of S. pneumoniae (SP ATCC). However, the 

expression of AMPs in HCECs infected by clinical strain of S. pneumoniae (SP CS) 
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was significantly reduced that was not related to cell death as confirmed by MTT 

and propidium iodide staining. We also saw significant upregulation of hBD3, 

S100A8, S100A9 and LL-37 in primary HCECs infected with SP ATCC. There was 

a significant increase in the expression of S100A9 in primary HCECs infected with 

clinical strain of S. pneumoniae. There was no significant change in expression of 

AMPs in monocyte derived cell line, U937 when either infected with ATCC strain 

or clinical strain of S. pneumoniae. 

2. Further, we focused on LL-37, the only AMP belonging to the cathelicidin family 

in human, to further study the role of AMPs in S. pneumoniae infection. We took 

tissue sections from patients who underwent therapeutic penetrating keratoplasty, 

and stained it to detect the presence and localisation of LL-37. We found LL-37 

expression in epithelium and stroma of cornea. In vitro, we found increased 

expression of LL-37 mRNA at 4h in HCECs infected with ATCC strain of S. 

pneumoniae. Immunostaining and western blotting further confirmed the in vitro 

expression of LL-37 peptide. Further studies confirmed that this expression was de 

novo. LL-37 also showed potent antimicrobial activity against both the strains of S. 

pneumoniae. 

3. The expression of LL-37 in HCECs infected with the ATCC strain of S. pneumoniae 

was found to be mediated by STAT3 (Figure 5). 

 

Figure 5: STAT3 mediated expression of LL37 in S. pneumoniae infected HCECs 
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4. We also found that S. pneumoniae induces oxidative stress in corneal tissues and in 

vitro, supresses Nrf2 activation and hence antioxidative responses mediated by it. 

This we speculate, is because of S. pneumoniae affinity towards oxidative stress 

that helps in its pathogenesis. S. pneumoniae was also found to inhibit autophagy in 

HCECs, thereby meddling with one of the arms of innate immunity. In further 

studies, we found that tert-butylhydroquinone (tBHQ), a known inducer of Nrf2 

was able to reduce oxidative stress, activate autophagy and also upregulate AMP 

expression including LL-37 in infected HCECs. There was also a reduction in 

bacterial CFUs in infected HCECs upon simultaneous treatment with tBHQ, 

indicating that LL-37 might be involved in it. We got further confirmation when we 

saw that tHBQ by itself was not able to inhibit bacterial growth. 

Chapter VI: Summary 

In this chapter we give the overall gist of our findings. We summarise the role that AMPs 

play in bacterial infection, with a focus on P. aeruginosa and S. pneumoniae. We further 

focus on possible use of T3SS inhibitor as an alternative to antibiotics in treating corneal 

infections. The representative AMP that we focused on in this study, LL-37, shows potent 

antibacterial activity against S. pneumoniae. AMPs show a promising future in curbing 

bacterial infections caused by antibiotic-resistant bacteria. AMPs can not only be 

synthesised and applied externally on the infection sites but can also be upregulated 

intrinsically by using inhibitors and chemicals that either supress bacterial virulence or 

enhance AMPs expression.  
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