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ABSTRACT 

Corneal infection or infectious keratitis (IK) is a major cause for corneal blindness 

worldwide. Broad-spectrum antimicrobial therapy is currently the mainstay of 

treatment for IK, but the efficacy is being challenged by the emergence of 

antimicrobial resistance. Host defense peptides (HDPs), also known as antimicrobial 

peptides (AMPs), are evolutionarily conserved molecules of innate immune system 

that are found in all kingdoms of life. HDPs have shown promise as a novel class of 

antimicrobial therapeutics due to their broad-spectrum and rapid antimicrobial activity 

against a wide array of infection with minimal risk of developing resistance. At the 

ocular surface, HDPs, particularly human cathelicidin (LL-37) and human beta-

defensins (HBDs), have been shown to play a vital role during IK. 

 

The first part of this work (Chapter 2 to Chapter 4) consisted of a body of work 

examining the epidemiology, causes, clinical characteristics, outcomes, and 

prognostic factors of IK in Nottingham, UK. IK was shown to be a persistent burden 

in Nottingham over the past decade, with ocular surface diseases, contact lens wear 

and systemic immunosuppression being the most common risk factors. More than 

50% of the patients with IK required hospitalisation for intensive treatment, 

highlighting the burden of the disease on the patients and the healthcare system. 

Poor clinical outcome was significantly affected by older age, large infiltrate size and 

poor presenting vision. 

 

The second part (Chapter 5 and Chapter 6) systematically examined the 

effectiveness and safety of adjuvant therapeutic corneal collagen cross-linking 

(PACK-CXL) and amniotic membrane transplant for treating IK, in addition to 

standard antimicrobial therapy. The meta-analyses demonstrated that both 

interventions significantly expedited the healing of IK, though the overall quality of 
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evidence was low, highlighting the need for further high-quality randomised controlled 

trials.  

 

The third part (Chapter 7 and Chapter 8) highlighted a body of work in developing a 

new class of HDP-based antimicrobial therapy for IK based on hybrid derivatives of 

human cathelicidin (LL-37) and human beta-defensins-1 to -3. CaD23, derived from 

LL-37 and HBD-2, exhibited good in vitro efficacy against Gram-positive bacteria and 

moderate efficacy against Gram-negative bacteria. It demonstrated a rapid 

antimicrobial activity, which was likely attributed to its membrane-permeabilising 

activity, supported by SYTOX green dye uptake assay and molecular dynamics 

simulation study. CaD23 was also shown to exhibit a strong additive effect when used 

in combination with conventional antibiotics against Gram-positive bacteria. Finally, 

CaD23 exhibited good antimicrobial efficacy against Gram-positive bacteria (1.2 

logCFU or 94% reduction in the bioburden) in a murine bacterial keratitis model. The 

discovery of CaD23 has provided a new scaffold for future development of newer 

generations of hybrid peptides. 
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CHAPTER 1 

INTRODUCTION 

 
 
 
1.1. Background 

The ocular surface (OS) is a specialised anatomical and functional system composed 

of various structures and components, including the tear film, conjunctival and corneal 

epithelium, lacrimal glands, meibomian glands, and nasolacrimal drainage apparatus 

(Gipson, 2007). Originating embryologically from the surface ectoderm, all these OS 

structures are linked anatomically via the epithelium and functionally via the 

regulation of neuronal, vascular, endocrinological, and immunological systems 

(Gipson, 2007). Together, they maintain the homeostasis of  the OS which has critical 

roles in the optical quality of the eye to focus light at the retina as well as the most 

front-line defense system of the eye against a wide array of pathogens as well as 

physical and chemical insults (Ueta and Kinoshita, 2010). Any damage or insult to the 

OS, particularly the cornea, can result in pain and potentially permanent visual 

impairment or blindness.  

 

Corneal opacity represents the 5th leading cause of blindness globally, accounting for 

approximately 3.2% of all cases (Flaxman et al., 2017, Ting et al., 2021j). The recent 

World Health Organisation (WHO) report highlighted that approximately 6 million of 

the world population are affected by cornea-related blindness or moderate/severe 

visual impairment, including 2 million of those who are affected by trachoma (Flaxman 

et al., 2017, Ting et al., 2021j). In addition, corneal opacity is estimated to be 

responsible for 1.5-2.0 million cases of unilateral blindness annually (Whitcher and 
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Srinivasan, 1997, Whitcher et al., 2001). These staggering figures underline the 

persistent and uncurbed burden of corneal blindness in the world, highlighting the 

need for innovative and drastic measures to tackle this issue.  

 

1.2. Corneal infection 

Any significant insult to the cornea such as infection, trauma, inflammation, 

degeneration, or nutritional deficiency can result in corneal opacity with visual 

impairment. Among all, corneal infection, also known as infectious keratitis (IK), has 

been shown to be the most common cause for corneal blindness in both developed 

and developing countries (Ung et al., 2019b, Ting et al., 2021j). According to a 

nationwide study, IK was shown to be the most common cause of all corneal 

blindness in China, primarily attributed to increased risk of trauma, low socioeconomic 

status, and illiteracy (Song et al., 2014). IK is a common yet potentially vision-

threatening ophthalmic condition, characterised by acute ocular pain, decreased 

vision, corneal ulceration, and/or stromal infiltrates (Ung et al., 2019b). Previously, it 

has been recognised as a “silent epidemic” in the developing world (Whitcher and 

Srinivasan, 1997), and recently, a consortium-led proposal has suggested the 

designation of IK as a “neglected tropical disease (NTD)” (Ung et al., 2019a), adding 

on to the list of NTDs in ophthalmology (i.e. trachoma, onchocerciasis, and leprosy). 

The proposal to attain status of an NTD aims to draw concerted global effort to tackle 

IK in under-resourced tropical countries, to ameliorate the societal and humanistic 

burden of IK.  

 

IK can be caused by a wide variety of pathogens including bacteria, fungi, protozoa, 

and viruses (Figure 1.1). In addition, polymicrobial infection has shown to be 

accountable for approximately 2-15% of all IK cases (Tan et al., 2017, Ting et al., 

2018, Ting et al., 2021h, Khoo et al., 2020). As the OS is equipped with highly 
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regulated innate and adaptive defense mechanisms (Foulsham et al., 2018), IK rarely 

occurs in the absence of predisposing factors such as contact lens (CL) wear, trauma, 

OS diseases, and post-corneal surgery, which are some of the common risk factors 

implicated in IK (Khor et al., 2018, Ting et al., 2021j).  

 

IK not only causes visual impairment, but also negatively impacts on the quality of life 

(QOL) of the affected individuals (Figure 1.2). A study from Uganda reported that IK 

affected both vision- and health-related QOL (Arunga et al., 2019). The psychological 

impact on these patients was related to the fear of losing the eye and the social stigma 

attached. Even when the visual recovery was complete, the individuals affected by IK 

displayed a lower QOL score than the unaffected controls (Arunga et al., 2019). Apart 

from the impact on the individuals which can affect their economic productivity, IK is 

also responsible for a huge economic burden on society. According to a report in 

2010, the US spent an estimated 175 million dollars on the treatment of IK (Collier et 

al., 2014). Furthermore, complications of IK such as corneal perforations and scarring 

form the major indications of corneal transplants in developing countries such as 

India, Thailand and China (Khor et al., 2018), placing additional burden on the limited 

pool of donor corneas. 

 

Considering that most parts of the world affected by IK are under-resourced, it is 

highly likely that the actual burden of IK is underestimated due to the lack of 

surveillance and under-reporting. This section aims to provide an updated and 

comprehensive overview of the epidemiology, causative microorganisms, risk factors, 

and the impact of antimicrobial resistance in relation to IK. 
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Figure 1.1. Different types of infectious keratitis. 
Slit-lamp photographs demonstrating different types of infectious keratitis (IK).  
(A) A case of IK caused by Pseudomonas aeruginosa in a contact lens wearer.  

(B) A case of IK caused by Staphylococcus aureus due to a broken corneal graft suture.  

(C-D) A case of polymicrobial IK, caused by S. aureus and herpes simplex keratitis, in a patient 

with atopic keratoconjunctivitis. 
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Figure 1.2. Clinical outcomes of severe infectious keratitis. 
(A) Severe Pseudomonas aeruginosa-related bacterial keratitis complicated by scleritis and 
panophthalmitis, which required enucleation to eradicate the infection.  

(B) Severe Acanthamoeba keratitis resulted in significant corneal scarring and intraocular 

inflammation, which required corneal transplantation. 
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1.2.1. Epidemiology 

1.2.1.1. Incidence  

To date, there are limited studies available in the literature that examined the 

incidence of IK and the majority of studies were conducted more than a decade ago 

(Ung et al., 2019b, Ting et al., 2021j). Depending on the geographical location and 

study design, the incidence of IK has been estimated to be in the range of 2.5-799 

cases per 100,000 population/year (Erie et al., 1993, Upadhyay et al., 2001), 

particularly more prevalent in the low-income countries. Previous IK studies reported 

an estimated incidence of 2.5-27.6 per 100,000 population-year in the US (Erie et al., 

1993, Jeng et al., 2010) and 2.6-40.3 per 100,000 population-year in the UK (Seal et 

al., 1999, Ibrahim et al., 2012). The recent Nottingham Infectious Keratitis Study 

concurred with the findings of these older studies. It was shown that the incidence 

remain relatively stable at a rate of 34.7 per 100,000 population-year in Nottingham, 

UK, between 2007 and 2019 (Ting et al., 2021h), highlighting a persistent burden of 

IK in the developed countries. Another recent study conducted in Australia similarly 

demonstrated a low IK incidence of 6.6 per 100,000 population-year during the period 

of 2005-2015 (Green et al., 2019a). However, it is noteworthy that the incidence 

reported in these two studies is likely to be underestimated as the numbers were 

based on IK patients who underwent corneal scraping.  

 

In contrast, a substantially higher rate of IK has been reported in under-resourced 

countries such as South India (113 per 100,000 population-year) (Gonzales et al., 

1996) and Nepal (799 per 100,000 population-year) (Upadhyay et al., 2001). The 

higher incidence observed in these regions was primarily attributable to the poorer 

environmental and personal hygiene, lower level of education, agricultural industry, 

increased risk to work-related corneal trauma, and poorer access to sanitation and 

healthcare facility. 
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1.2.1.2. Age  

The epidemiological patterns and risk factors have been found to vary with 

demographic factors such as age, gender, and socioeconomic status. A tabulated 

summary of the demographic factors and microbiological profiles of IK is provided in 

Table 1.1 (Kaye et al., 2013, Tan et al., 2017, Ting et al., 2018, Tavassoli et al., 2019, 

Ting et al., 2021h, Tam et al., 2017, Peng et al., 2018, Kowalski et al., 2020, Asbell 

et al., 2020, Cariello et al., 2011, Marujo et al., 2013, Hernandez-Camarena et al., 

2015, Yu et al., 2016, Rautaraya et al., 2011, Lin et al., 2012, Kaliamurthy et al., 2013, 

Lalitha et al., 2015, Wang et al., 2015, Hsiao et al., 2016, Zhang et al., 2017b, Khor 

et al., 2018, Acharya et al., 2019, Lin et al., 2019, Politis et al., 2016, Cabrera-Aguas 

et al., 2019, Green et al., 2019a).  

 

IK has been shown to affect individuals across all age groups. Based on large-scale 

studies (>500 patients), IK most commonly affected people aged between 30 and 55 

years (Table 1.1) (Tan et al., 2017, Ting et al., 2018, Tavassoli et al., 2019, Ting et 

al., 2021h, Tam et al., 2017, Cariello et al., 2011, Hernandez-Camarena et al., 2015, 

Kaliamurthy et al., 2013, Wang et al., 2015, Politis et al., 2016, Zhang et al., 2017b, 

Khor et al., 2018, Cabrera-Aguas et al., 2019, Green et al., 2019a), primarily attributed 

to the underlying risk factors such as CL wear and ocular trauma associated with the 

working age group. Patients affected by trauma-related IK secondary to agricultural 

products and foreign bodies are usually around 45 to 55 years old (Keay et al., 2011, 

Jeng et al., 2010). The employed workforce of some developing countries is mainly 

composed of farmers and manual labourers, rendering them more susceptible to IK 

of traumatic aetiology (Khor et al., 2018, Chidambaram et al., 2018b). On the other 

hand, patients affected by CL-related IK are usually between 25 and 40 years old 

(Keay et al., 2011, Jeng et al., 2010, Tong et al., 2019, Stapleton, 2020). 

 



 8 

Although prevalence of IK is generally low in the extremes of age (Ferreira et al., 

2018b, Jeng et al., 2010, Ganguly et al., 2011, Al-Ghafri and Al-Raisi, 2018, Mandour 

et al., 2016), IK may serve as a major contributor to childhood blindness in some 

countries. For instance, IK was shown to be the second most common cause of visual 

impairment in children aged less than 15 years in Uganda (Waddell, 1998). 

Ophthalmia neonatorum, defined as conjunctivitis occurring in newborns within 28 

days of life, is another important cause of childhood corneal blindness in developing 

countries, particularly when it is affected by Neisseria gonorrhoea where bilateral 

ocular involvement is common (Whitcher et al., 2001). 

 

In addition, some studies have demonstrated that elderly patients affected by IK were 

associated with poor visual outcome (around 40-75% with visual acuity of <6/60) and 

higher rate of complications such as corneal melting, perforation and loss of eye (i.e. 

evisceration or enucleation) (Butler et al., 2005, Kunimoto et al., 2000, Khoo et al., 

2020). This might be related to the higher rate of ocular co-morbidities and the delay 

in presentation and/or diagnosis of IK as elderly patients are usually dependent on 

spouse or family when seeking medical care and they may relate their condition to 

“normal” age-related changes (Barua et al., 2017, Srivastava and Gill, 2020). 

 

1.2.1.3. Gender 

The majority of studies did not observe any gender predilection in IK (Table 1.1). 

However, when gender difference or predominance exists, it is usually attributed to 

the underlying risk factors in different regions. For instance, CL-related IK has been 

shown to exhibit a female predominance of 57-69% (Keay et al., 2011, Tong et al., 

2019, Jeng et al., 2010, Green et al., 2019b), whereas trauma-related IK is associated 

with a male predominance of 74-78% (Keay et al., 2011, Tong et al., 2019, Jeng et 

al., 2010), correlating with a high male prevalence (58-75%) of IK in the under-

resourced regions such as South America (Cariello et al., 2011, Yu et al., 2016), Asia 
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(Ganguly et al., 2011, Pan et al., 2016, Chidambaram et al., 2018b, Khor et al., 2018), 

and Africa (Oladigbolu et al., 2013, Mandour et al., 2016, Zbiba and Abdesslem, 

2018). Interestingly, a study in Nepal (Ganguly et al., 2011) found that there are 

significantly more male than female patients across all the age groups. This might be 

due to a combination of higher rate of trauma, lower number of CL wear, and reduced 

opportunities among the females to access medical services due to cultural customs.  

 

1.2.1.4. Socioeconomic status and level of education  

Low socioeconomic status has been shown to increase the risk of developing IK, 

primarily attributed to poor education, lack of ocular protection and personal hygiene, 

and limited access to eye care in rural communities (Chidambaram et al., 2018b, Khor 

et al., 2018, Mandour et al., 2016, Gautam et al., 2018, Song et al., 2014). In Asia 

and Africa, amongst those who were diagnosed with IK, approximately 45-71% of the 

patients were illiterate and 62-79% of them resided in rural areas with a poorer access 

to healthcare facilities (Kumar et al., 2011, Mandour et al., 2016, Zbiba and 

Abdesslem, 2018). In addition, it was found that farmers, rural residents and illiterates 

were at a higher risk of refractory IK with poorer outcomes (Mandour et al., 2016). 

 

In some countries such as Nigeria and Malawi, residents in rural communities were 

shown to be more likely to self-medicate or approach village healers for traditional 

eye medicine (Oladigbolu et al., 2013, Courtright et al., 1994). Although it would be 

unfair to conclude that all therapies performed by traditional healers are inimical, 

common beliefs or practises of applying breast milk or plant products directly to the 

eye may actually worsen their keratitis (Courtright et al., 1994). In addition, patients 

who had prior use of traditional eye medicine tended to present later to the eye care 

professionals, resulting in delayed treatment and poorer visual outcome (Courtright 

et al., 1994).  
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Table 1.1. Summary of IK studies in the literature. 
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1.2.1.5. Seasonal variations 

Pathogens are tremendously adaptive to climate and seasonality. Many studies have 

shown that IK was most prevalent during the summer season, with P. aeruginosa 

being one of the most frequently isolated microbes (Lin et al., 2012, Gorski et al., 

2016, Walkden et al., 2018, Ting et al., 2021i). P. aeruginosa is a well-recognised 

organisms associated with environmental water as in swimming pools (Shankar et 

al., 2012) and CL solution (Dethorey et al., 2013, Ferreira et al., 2018b, Keay et al., 

2011, Tong et al., 2019, Khor et al., 2020). The seasonal predilection of IK during 

summer is attributed to the likely increased use of CL wear and engagement in water 

activities. On the other hand, several studies have shown that the incidence of fungal 

keratitis in India peaked during the windy and harvest seasons, primarily related to a 

higher risk of trauma secondary to agricultural activities and agricultural debris being 

blown in the eyes by the wind (Lin et al., 2012, Kumar et al., 2011).  

 

Seasonal variation was similarly observed in Acanthamoeba keratitis, though with 

conflicting results. Lin et al. (2012) observed that Acanthamoeba keratitis occurred 

more commonly during summer in South India, potentially related to the higher 

temperature and increased risk of corneal trauma during windy seasons, whereas 

Walkden et al. (2018) reported an increase in Acanthamoeba keratitis during the 

winter in the UK.  

 

1.2.2. Causative microorganisms  

A wide range of microorganisms, including bacteria, fungi, protozoa (particularly 

Acanthamoeba), and viruses, are capable of causing IK. A summary of large IK 

studies (>500 sample size) published during 2010-2020 is provided in Table 1.1 

(Kaye et al., 2013, Tan et al., 2017, Ting et al., 2018, Tavassoli et al., 2019, Ting et 

al., 2021h, Tam et al., 2017, Peng et al., 2018, Kowalski et al., 2020, Asbell et al., 
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2020, Cariello et al., 2011, Marujo et al., 2013, Hernandez-Camarena et al., 2015, Yu 

et al., 2016, Rautaraya et al., 2011, Lin et al., 2012, Kaliamurthy et al., 2013, Lalitha 

et al., 2015, Wang et al., 2015, Hsiao et al., 2016, Politis et al., 2016, Zhang et al., 

2017b, Khor et al., 2018, Acharya et al., 2019, Lin et al., 2019, Cabrera-Aguas et al., 

2019, Green et al., 2019a).  

 

1.2.2.1. Bacteria 

Bacteria are commonly categorised into Gram-positive and Gram-negative bacteria 

based on the difference in the compositions of bacterial cell envelope. In addition to 

the universal structure of inner / cytoplasmic membrane, Gram-positive bacteria 

possess a thick outer cell wall, which is composed of layers of peptidoglycan 

interspersed with teichoic acids and lipotechoic acids, whereas Gram-negative 

bacteria consist of a thin middle-layer peptidoglycan and an additional outer 

membrane primarily made of lipopolysaccharide, which has been shown to play an 

important role in the pathogenesis of infection (including IK) and the contribution to 

host inflammatory responses (Silhavy et al., 2010, Fleiszig et al., 2020). 

 

Bacterial keratitis represents the most common type of IK in most regions, including 

the UK (91-93%) (Tan et al., 2017, Ting et al., 2021h, Ting et al., 2018, Tavassoli et 

al., 2019), North America (86-92%) (Tam et al., 2017), South America (79-88%) 

(Cariello et al., 2011, Marujo et al., 2013, Hernandez-Camarena et al., 2015), Middle 

East (91.8%) (Politis et al., 2016), and Australasia (93-100%) (Cabrera-Aguas et al., 

2019, Green et al., 2019a). In terms of specific bacterial strains, coagulase negative 

staphylococci (CoNS), which are a group of common ocular commensal (Becker et 

al., 2014), were shown to be the most commonly isolated organism (24-46%) in about 

half of the included studies (Kaye et al., 2013, Tan et al., 2017, Tam et al., 2017, 

Tavassoli et al., 2019, Ting et al., 2018, Cariello et al., 2011, Hernandez-Camarena 

et al., 2015, Yu et al., 2016, Kaliamurthy et al., 2013, Politis et al., 2016, Zhang et al., 
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2017b, Acharya et al., 2019, Cabrera-Aguas et al., 2019, Green et al., 2019a, Lin et 

al., 2019). Other common bacteria implicated in IK included S. aureus (5-36%), 

Streptococci spp. (7-16%), Pseudomonas aeruginosa (5-24%), Enterobacteriaceae 

spp. (15%), Corynebacterium spp. (14%), and Propionibacterium spp. (9%; see 

Table 1.1). Interestingly, there were a few studies in the UK documenting a significant 

increase over the past decade, in the proportion of IK caused by Moraxella spp., 

which are often associated with longer corneal healing time (Tan et al., 2017, Ting et 

al., 2021h, Ting et al., 2018). 

 

Interestingly, Nocardia keratitis, a rare cause of IK, was identified as the third most 

common microorganism (11% of all cases) in the Steroids for Corneal Ulcers Trial 

(SCUT), and the outcome was found to be negatively influenced by the use of topical 

steroids (Lalitha et al., 2012b, Srinivasan et al., 2012). Acid-fast bacilli such as non-

tuberculous mycobacteria (NTM) serve as another important group of pathogens that 

are capable of causing IK (Chu and Hu, 2013). NTM keratitis is commonly associated 

with refractive surgery and trauma, and it often requires prolonged and aggressive 

treatment for complete eradication, largely attributed to their propensity to form 

biofilms (Faria et al., 2015). 

 

1.2.2.2. Fungi  

Fungi can be broadly divided into two categories, namely filamentous and yeast or 

yeast-like fungi. Filamentous fungi such as Fusarium spp. and Aspergillus spp. 

normally thrives in tropical climates whereas yeast-like fungi such as Candida spp. 

were more commonly observed in temperate regions (Castano et al., 2020). Several 

studies have demonstrated that Fusarium spp. (13-24%) and Aspergillus spp. (8-

30%) were the main causes of IK in Asia, particularly India and China (Table 1.1) (Lin 

et al., 2012, Rautaraya et al., 2011, Lalitha et al., 2015, Wang et al., 2015, Khor et 

al., 2018, Lin et al., 2019). In 2018, the Asian Cornea Society Infectious Keratitis 
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Study (ACSIKS) included more than 6000 patients from eight Asian countries and re-

confirmed the dominance of Fusarium spp. keratitis within China (26%) and India 

(31%) established two decades ago (Leck et al., 2002, Sharma et al., 2002, Sun et 

al., 2004). Although the prevalence of fungal keratitis in temperate regions such as 

the UK, Europe and North America was reportedly lower, the growth of yeast-like 

fungi such as Candida spp. is relatively common in patients with history of corneal 

transplantation or OS diseases (Keay et al., 2011). In view of the recent improvement 

in the diagnostic techniques, rare pathogens such as Cryptococcus curvatus, 

Arthrographis kalrae, Pythium spp., and many others are increasingly being identified 

and reported as rare causes of fungal keratitis (Ting et al., 2019c, Ting et al., 2020e, 

Sahay et al., 2020). 

 

1.2.2.3. Protozoa 

Acanthamoeba is a free-living protozoan that is found ubiquitously in the environment 

such as water, soil, air and dust (Somani et al., 2020). Although not as common as 

bacterial or fungal keratitis, Acanthamoeba keratitis (AK) serves as another important 

cause of IK as it is often associated with prolonged treatment course and poor visual 

outcome (Somani et al., 2020). It was estimated that AK affects 1-33 per million CL 

wearers per year (Somani et al., 2020). In the UK, Carnt et al. (2018a) recently 

confirmed an outbreak of Acanthamoeba keratitis in the South East England during 

2010-2016, with an approximately threefold increase compared to the preceding 

decade. 

 

Based on recent large studies, AK accounts for approximately 0-5% of all IK (Table 

1.1). Most of the AK were observed in CL wearers (71-91%) (Dart et al., 2009, Yu et 

al., 2016, Zbiba and Abdesslem, 2018). However, non-CL wearers can also develop 

this infection if their eyes are exposed to contaminated water, soil or dust (Brown et 

al., 2018, Garg et al., 2017b). One of the Indian studies reported that only 4% of AK 
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cases were associated with CL wear and the remainder were associated with trauma 

and/or exposure to contaminated water (Garg et al., 2017b). In addition, the clinical 

features of non-CL related AK may differ from CL-related cases (Garg et al., 2017b). 

Moreover, Acanthamoeba sclerokeratitis may manifest as a rare but difficult-to-treat 

clinical entity that is usually associated with poor clinical outcomes (Iovieno et al., 

2014). 

 

Microsporidial keratitis represents another type of parasitic IK that accounts for 

approximately 0.4% cases of all IK (Moshirfar et al., 2020). It is mainly observed in 

Asian countries and may manifest as superficial keratoconjunctivitis or stromal 

keratitis. It is commonly associated with ocular trauma, exposure to contaminated 

water / soil, and potentially acquired immunodeficiency syndrome (Moshirfar et al., 

2020, Friedberg et al., 1990). 

 

1.2.2.4. Viruses  

Viral keratitis, most commonly in the form of herpes simplex keratitis (HSK) and 

herpes zoster keratitis (HZK), represents a common cause of IK (Ting et al., 2019d, 

Ting et al., 2021j). However, as viral keratitis cases are commonly treated based on 

their typical clinical appearance (e.g. dendritic corneal ulcer in HSK) and/or previous 

ocular history, the majority of cases did not require any microbiological investigation 

and hence were not captured in many IK studies. Nonetheless, the ACSIKS study 

demonstrated that viral keratitis represented the most common cause (46%) of IK in 

China, primarily attributed to HSK (24%) and HZK (17%) (Khor et al., 2018). Another 

two studies, conducted in Egypt and China, respectively, observed that 15-21% of IK 

were caused by herpetic keratitis (Mandour et al., 2016, Pan et al., 2016). Based on 

these results, it is likely that viral keratitis represents an important and common cause 

of IK in many other regions, though further studies are required to elucidate this. 

Herpetic keratitis is often associated with neurotrophic keratopathy, which can result 
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in poor corneal healing, increased risk of further IK and other corneal complications 

such as melting and perforation (Ting et al., 2019d, Tuli et al., 2018). 

 

1.2.2.5. Polymicrobial infection 

Polymicrobial keratitis (IK caused by two or more causative microorganisms) has 

been reported in around 2-15% of all IK cases (Ting et al., 2021h, Ting et al., 2018, 

Tan et al., 2017, Green et al., 2019a, Khoo et al., 2020). Depending on the study 

design and the definition used, polymicrobial keratitis may include two or more types 

of organisms from the same category (e.g. bacteria-bacteria, fungus-fungus) or 

different categories (bacteria-fungus, fungus-Acanthamoeba). It is also noteworthy to 

mention that the incidence of polymicrobial keratitis is likely to be underestimated due 

to the variably low culture rate and the current conventional microbiological technique 

(i.e. microscopy and culture) may fail to unveil all the causative microorganisms in 

each IK case. 

 

Polymicrobial keratitis often poses significant diagnostic and therapeutic challenges, 

and usually fares worse than monomicrobial keratitis (Ting et al., 2019c, Lim et al., 

2013, Khoo et al., 2020). Khoo et al. (2020) observed that patients affected by 

polymicrobial keratitis (median of 6/60 vision) had a significantly worse visual 

outcome as compared to those affected by bacterial keratitis (median of 6/18 vision) 

or culture negative IK (median of 6/9 vision). In another retrospective comparative 

study, Lim et al. (2013) demonstrated that medical therapy was sufficient to resolve 

all monomicrobial IK cases but only 81% of polymicrobial IK. In view of the relatively 

common occurrence of polymicrobial keratitis and variably low culture yield of current 

microbiological investigation, clinicians should always maintain a low threshold of 

repeating corneal scraping if patients are not responding to either antibacterial or 

antifungal therapy, even in the presence of positive culture results. 
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1.2.3. Major risk factors  

In the majority of IK cases, local and/or systemic risk factors are usually present. The 

most common risk factors include CL wear, ocular trauma, OS diseases (e.g. dry eye 

diseases, neurotrophic keratopathy, rosacea, etc.), lid diseases, post-corneal surgery 

(e.g. keratoplasty, corneal cross-linking), and systemic diseases (e.g. diabetes, 

immunosuppression), amongst others. A tabulated summary of large IK studies 

reporting the risk factors of IK is provided in Table 1.2 (Dethorey et al., 2013, Ferreira 

et al., 2018b, Sagerfors et al., 2019, Jeng et al., 2010, Keay et al., 2011, French and 

Margo, 2013, Truong et al., 2015, Cariello et al., 2011, Yu et al., 2016, Kumar et al., 

2011, Ganguly et al., 2011, Dhakhwa et al., 2012, Hussain et al., 2012, Deorukhkar 

et al., 2012, Kaliamurthy et al., 2013, Pan et al., 2016, Sitoula et al., 2015, Al-Ghafri 

and Al-Raisi, 2018, Chidambaram et al., 2018b, Khor et al., 2018, Gautam et al., 

2018, Khor et al., 2020, Mandour et al., 2016, Oladigbolu et al., 2013, Tong et al., 

2019, Khoo et al., 2020, Zbiba and Abdesslem, 2018). 

 

1.2.3.1. Contact lens (CL) wear 

CL wear has been recognised as one of the most common risk factors of IK, 

particularly in developed countries. A study conducted in Northern California reported 

that the incidence of IK among CL wearers was approximately 9.3 times higher than 

the non-CL wearers (130.4 vs. 14.0 per 100,000 person-years) (Jeng et al., 2010). 

Based on the large studies (>200 patients) published in the recent literature, CL wear 

was shown to be the main predisposing factor (29-64%) of IK in developed countries 

like Portugal (Ferreira et al., 2018b), France (Dethorey et al., 2013), Sweden 

(Sagerfors et al., 2019), the US (Jeng et al., 2010, Keay et al., 2011, Truong et al., 

2015), Singapore (Tong et al., 2019), and Australia (Khoo et al., 2020). On the 

contrary, CL-related IK was considerably less common (0-18%) in developing 

countries due to less number of CL wearers (Oladigbolu et al., 2013, Khor et al., 2018, 
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Kaliamurthy et al., 2013, Al-Ghafri and Al-Raisi, 2018, Zbiba and Abdesslem, 2018), 

highlighting the geographical disparity in the risk factors as well as the causative 

microorganisms of IK between high income and low-income countries (Table 1.2).  

 

The pathogenesis of CL-related IK is complex and multifactorial. Although it is 

commonly believed that CL-related IK is triggered by superficial injury secondary to 

CL wear, several studies have refuted this hypothesis as it is shown that the presence 

or absence of epithelial injury did not influence the risk or severity of IK (Fleiszig et 

al., 2020). Plausible mechanisms of CL-related IK include reduction of tear exchange 

during blinking (which leads to potential degradation of protective components at OS), 

tear stagnation under CL (particularly soft CL) resulting in accumulation and 

adherence of microbes to the cornea, reduced corneal epithelial cell desquamation, 

and alteration of tear fluid biochemistry (Fleiszig et al., 2020). In addition, multiple 

predisposing factors of CL-related IK have been identified, including the types of CL 

used (higher risk in soft CL than rigid gas permeable CL), poor CL and CL case 

hygiene, overnight wear, use of expired CL, types of CL solution used, and CL being 

prescribed / dispensed by non-ophthalmologists or non-opticians (Yildiz et al., 2012, 

Sauer et al., 2020, Carnt et al., 2018b, Stapleton et al., 2017b, Dethorey et al., 2013, 

Hoddenbach et al., 2014). Reports of IK secondary to the use of cosmetic lens and 

orthokeratology lens have also been highlighted (Sauer et al., 2016, Scanzera et al., 

2020). 

 

In terms of underlying aetiologies, CL-related keratitis is most commonly associated 

with P. aeruginosa and Acanthamoeba spp., which are both free-living 

microorganisms that are ubiquitously present in the environment, including water and 

CL solutions (Stapleton, 2020). As noted above, Pseudomonas keratitis is one of the 

most common causes of IK, especially in the developed countries where there is 

increased prevalence of CL wear. Yildiz et al. (2012) and Tong et al. (2019) observed 
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that P. aeruginosa was responsible for 63% and 70% of the CL-related IK, 

respectively. While AK is uncommon, most of these cases (71-91%) were observed 

in CL wearers (Dart et al., 2009, Zbiba and Abdesslem, 2018, Yu et al., 2016). Yu et 

al. (2016) observed that more than 90% of the AK were associated with CL use. In a 

32-year Brazilian study of over 6000 IK cases, Cariello et al. (2011) reported that CL 

wearers had a 1.7 times higher risk of developing culture-positive AK than non-CL 

wearers. Interestingly, CL wear was also shown to be a major risk factor for fungal 

keratitis in a US study (Keay et al., 2011). 

 

1.2.3.2. Trauma 

Trauma serves as another common risk factor for IK in both developed and 

developing countries. Based on the IK studies reported in the literature, farmers (54-

70%) and manual labour workers (11-17%) constituted the main occupations in Asia 

(Kumar et al., 2019, Ganguly et al., 2011, Pan et al., 2016, Chidambaram et al., 

2018b, Mandour et al., 2016, Oladigbolu et al., 2013, Khor et al., 2018). These groups 

of workers were at a high risk of developing IK due to the increased occupational 

exposure to plant materials and foreign bodies, which was frequently compounded 

by the lack of eye protection (Chidambaram et al., 2018b, Kumar et al., 2019, 

Mandour et al., 2016, Pan et al., 2016, Dhakhwa et al., 2012). 

 

Fungal keratitis was by far the most common cause (47-83%) of trauma-related IK, 

especially in regions such as Asia and Africa which are dominated by agricultural 

communities (Pan et al., 2016, Chidambaram et al., 2018b, Mandour et al., 2016, 

Zbiba and Abdesslem, 2018, Khor et al., 2020). Occupational exposures to vegetative 

matter, organic materials and animal products, predominantly in males in the working 

age group, are the main causes in these regions. The risk of fungal keratitis was 

further magnified by tropical climates, which are conducive to fungal growth (Mandour 

et al., 2016, Zbiba and Abdesslem, 2018). Cariello et al. (2011) observed that the risk 
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of developing culture-positive fungal keratitis was increased by 4 times if the patients 

suffered from plant-related trauma. In addition, some studies demonstrated that 

trauma-related IK fared worse than non-traumatic cases (Tong et al., 2019, Pan et 

al., 2016). Pan et al. (2016) conducted a 10-year study in China and revealed that 

patients who presented with trauma-related IK were at a high risk of developing fungal 

keratitis and requiring surgical interventions (89%), including therapeutic keratoplasty 

and evisceration / enucleation.   

 

On the other hand, the majority of the trauma-related IK reported in European 

countries were caused by Gram-positive bacteria, including CoNS, S. aureus, 

Streptococci, and Corynebacterium (Ferreira et al., 2018b, Sagerfors et al., 2019). 

These are common OS commensals which have the ability to tolerate hot and dry 

climates in temperate and sub-tropical zones (Mandour et al., 2016, Suzuki et al., 

2020, Graham et al., 2007). Corneal trauma resulting from non-vegetative matter with 

consequent secondary opportunistic infection with OS commensals could explain the 

high rate of Gram-positive infection in trauma-related IK in this region.  

 

1.2.3.3. Ocular surface and eyelid diseases 

OS diseases, encompassing dry eye disease (DED), blepharitis, neurotrophic 

keratopathy, Steven-Johnson syndrome, ocular cicatricial pemphigoid and bullous 

keratopathy, have been identified as one of the main risk factors for IK in both 

developed and developing countries (Khoo et al., 2019, Zbiba and Abdesslem, 2018, 

Truong et al., 2015, Ganguly et al., 2011, Keay et al., 2011, Jeng et al., 2010). OS 

disease-related IK is most commonly caused by Gram-positive bacteria (around 60-

80%) (Sagerfors et al., 2019, Zbiba and Abdesslem, 2018, Khoo et al., 2020, Khoo 

et al., 2019), which constitute the main group of OS commensals. In particular, CoNS 

and S. aureus were shown to be the main culprits in OS disease-related IK (Khoo et 

al., 2019, Sagerfors et al., 2019, Ting et al., 2021a). 
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DED is the most common OS disease that is characterised by “a loss of tear film 

homeostasis with ocular symptoms, in which tear film instability and hyperosmolarity, 

ocular surface inflammation and damage, and neurosensory abnormalities play 

etiological roles” (Craig et al., 2017). The dysregulated OS health could lead to 

breakdown of the corneal epithelium, a vital OS defence, and OS inflammation, 

consequently increasing the risk of IK (Bron et al., 2017, Zbiba and Abdesslem, 2018). 

 

Posterior blepharitis or meibomian gland disease (MGD) is a common eyelid disease 

which is difficult to cure. It can lead to an array of OS complications, including 

evaporative DED, marginal keratitis and IK, amongst others (McCulley and Shine, 

2000). Meibomian gland abnormalities (e.g. gland dropout and hyperkeratinisation), 

alteration of the secreted lipid products, and the dysregulation of bacterial populations 

and their corresponding lipase or esterase activity are believed to contribute to the 

OS inflammation and infection. In a 5-year Australian study, MGD was shown to be 

the most common cause (79%) of OS disease implicated in IK (Khoo et al., 2019). In 

addition, nasolacrimal duct obstruction could also increase the risk of IK, primarily 

attributed to tear stagnation and reduction of tear exchange, resulting in the 

accumulation of microbes and debris on the OS with increased risk of IK. 

Chidambaram et al. (2018b) showed that nasolacrimal duct obstruction could 

increase the risk of fungal and bacterial IK, particularly S. pneumonia keratitis. 
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Table 1.2. Summary of risk factors of IK in the literature. 
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1.2.3.4. Post-ocular surgery 

IK may occur following various ocular surgeries, including corneal transplant, 

refractive surgery, corneal cross-linking (CXL), pterygium surgery, cataract surgery, 

and others (Cariello et al., 2011, Dohse et al., 2020, Maharana et al., 2018, Mandour 

et al., 2016, Song et al., 2021). Corneal transplant serves as the main sight-restoring 

surgery for a wide range of corneal diseases, though postoperative complications 

such as graft failure and IK may develop. In a retrospective study of over 2000 corneal 

transplants, Dohse et al. (2020) reported an incidence of post-keratoplasty IK of 4%, 

with loose and broken sutures being reported as one of the most common risk factors 

(24%). Cariello et al. (2011) demonstrated that 22% of the IK cases were associated 

with prior ocular surgery, particularly corneal graft (56%). In addition, the paradigm 

shift of penetrating keratoplasty to lamellar keratoplasty has created a new array of 

host-graft interface complications such as interface infectious keratitis (IIK), which 

often causes diagnostic and therapeutic challenges due to the deep-seated location 

of the infection (Ting et al., 2019g, Fontana et al., 2019). A clinically challenging case 

of post-endothelial keratoplasty interface fungal keratitis has also been recently 

highlighted, which required in vivo confocal microscopy for confirmatory diagnosis in 

the absence of positive culture results (Figure 1.2) (Ting et al., 2019g). Fortunately, 

the interface infection resolved quickly after the discontinuation of topical steroids and 

initiation of appropriate antifungal treatment.  

 

Although IK rarely develops after refractive surgery, the significant amount of 

refractive surgeries performed globally render this an important clinical entity 

(Randleman and Shah, 2012). This was supported by a Brazilian study where 

refractive surgery was shown to be the second commonest surgery associated with 

IK (Cariello et al., 2011). Post-refractive surgery IK is most commonly caused by 

Gram-positive bacteria and non-tuberculous Mycobacteria, though fungal and 

Acanthamoeba infection may also occur (Randleman and Shah, 2012). The high rate 



 27 

of Gram-positive bacterial IK following other types of ocular surgeries (e.g. cataract 

surgery, pterygium surgery) were also observed, most likely as a result of 

opportunistic infection secondary to OS commensals (Sagerfors et al., 2019, 

Dethorey et al., 2013, Mandour et al., 2016). 

 

In the recent years, corneal cross-linking (CXL) has emerged as a therapeutic 

modality for managing corneal ectactic conditions (Elmassry et al., 2020, Ting et al., 

2019f) and moderate-to-severe IK (Ting et al., 2019e, Prajna et al., 2020, Said et al., 

2014). However, the intraoperative removal of corneal epithelium and postoperative 

insertion of bandage CL (which is the current standard practice in most institutes) can 

increase the risk of IK following CXL, particularly in patients with OS diseases such 

as vernal or atopic keratoconjunctivitis (Dhawan et al., 2011, Ting et al., 2019b, 

Maharana et al., 2018). Post-CXL IK may be further complicated by the reactivation 

of herpetic keratitis (Dhawan et al., 2011) and manifestation of acute hydrops (Ting 

et al., 2019b) and corneal melt/perforation (Maharana et al., 2018). 

 

       

Figure 1.3. Interface infectious keratitis after DSAEK.  
Slit-lamp photography demonstrating an inflamed right eye with diffused stromal haze in 

crisscross pattern at the graft-host interface and a mild opacity at the temporal host cornea. 

B, In vivo confocal micrograph demonstrating diffuse hyperreflective crisscross changes at 

the graft-host interface (at the depth of 598 μm). The image is in the scale of 400 × 400 μm. 

The figure is reproduced from a study published by Ting et al. (2019g).  
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1.2.3.5. Use of topical steroids 

Steroids are commonly used in ophthalmology as a topical immunosuppressive / 

immunomodulatory agent to manage a wide range of intraocular and OS 

inflammatory diseases, including dry eye disease, allergic eye disease, non-infectious 

keratitis, chemical eye injury, cicatricial conjunctivitis, and many others (Jones et al., 

2017, Tempest-Roe et al., 2013). The recent SCUT study also demonstrated the 

benefit of adjuvant topical steroids in improving the visual outcome in patients with 

severe and central bacterial keratitis (Srinivasan et al., 2012). In addition to managing 

OS diseases, topical steroids are also frequently used as postoperative topical 

treatment following intraocular and OS surgeries, including corneal transplantation 

(Di Zazzo et al., 2017). 

 

However, topical steroids could sometimes act as a double-edge sword. Studies have 

shown that topical steroids could increase the risk of IK, particularly fungal keratitis 

and/or polymicrobial keratitis (Khoo et al., 2020, Keay et al., 2011, Ting et al., 2019g). 

In a study of 733 fungal keratitis, Keay et al. (2011) reported that 13% of the cases 

were associated with chronic use of topical steroids. In addition, a study has shown 

that previous use of topical steroids could negatively impact on the clinical outcome 

of IK, with 73% ending with poor outcome (defined as worse than 6/60 vision, 

decreased vision during treatment, or perforation) (Khoo et al., 2020). While topical 

steroids serve as an effective treatment for stromal HSK, which is primarily an 

immune-related keratitis (Wilhelmus et al., 2020), its use can potentially exacerbate 

epithelial HSK and culminate in geographic ulcer (Liesegang, 2001). Interestingly, an 

Indian study showed that 41% of the AK cases were associated with the use of topical 

steroids (Chidambaram et al., 2018b). The high rate of prior steroid use might be 

related to the fact that Acanthamoeba keratitis often presents with non-specific 

corneal epithelial changes and is mismanaged as viral keratitis (Carnt et al., 2018b). 
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1.2.3.6. Systemic immunosuppression  

Systemic immunosuppression, either secondary to diseases or immunosuppressive 

agents, has been shown to increase the risk of IK. Diabetes mellitus serves as one 

of the most important systemic risk factors for IK. Hyperglycaemia has been shown 

to facilitate microbial growth and alter the microbiota of OS, including an upregulation 

of Pseudomonas spp. and Acinetobacter spp. (Li et al., 2019b), as well as affect the 

homeostasis, corneal sensation and wound healing of the corneal epithelium, thereby 

increasing the risk of IK (Zhu et al., 2019). Sub-basal corneal nerve plexus of patients 

with diabetic neuropathy is often affected and can lead to neuropathic keratopathy 

with complications such as corneal melt and IK (Al-Aqaba et al., 2019). 

 

Several large studies have highlighted the association between diabetes and IK 

(around 8-16%), particularly fungal and bacterial keratitis (Dan et al., 2018, Pan et al., 

2016, Chidambaram et al., 2018b, Zbiba and Abdesslem, 2018, Wang et al., 2018). 

Zbiba and Abdesslem (2018) observed that diabetes was relatively common in 

patients with bacterial keratitis (15%) and fungal keratitis (16%) as well as mixed 

bacterial and fungal keratitis (29%). In addition, viral keratitis was also reported to 

have a high prevalence amongst patients with diabetes (Kaiserman et al., 2005). 

Viruses, particularly HSV, are omnipresent in the general population, with an 

estimated prevalence of 1.5 per 1000 population (Liesegang, 1989). Kaiserman et al. 

(Kaiserman et al., 2005) demonstrated that patients with diabetes had a significantly 

higher incidence and recurrence rate of herpetic eye disease when compared to non-

diabetic patients. Pan et al. (2016) observed that 17% patients with diabetes had a 

substantially higher rate of HSK as compared to bacterial or fungal keratitis. Another 

study described that all patients with diabetes presented with IK were of viral origin, 

though the sample size was small (Mandour et al., 2016). The heterogeneity in the 

subtypes of microorganisms associated with diabetes observed in different studies 

was likely related to the disparity in the ocular predisposing factors of the studied 
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cohort since more than one risk factor is often present in patients with IK (Khoo et al., 

2020).  

 

Apart from diabetes, Jeng et al. (2010) observed an approximately 10-fold increased 

risk of IK in individuals affected by human immunodeficiency virus (HIV) compared to 

healthy individuals (238.1 vs. 27.6 per 100,000 population-year), highlighting the 

importance of host immunity in OS defence. Intriguingly, a study demonstrated that 

55% of the patients with HSK had a history of upper respiratory tract infection prior to 

the infection or recurrence (Pan et al., 2016). This could be potentially explained by 

the mechanism linked to a host cell enzyme called heparinase (Lobo et al., 2019), 

which is a known contributing factor to the pathogenesis of several viruses, including 

HSV, respiratory syncytial virus, human papilloma virus, and others. End-stage renal 

disease, particularly associated with diabetes, was also shown to be a risk factor for 

IK (Jan et al., 2018). 

 

1.2.4. Antimicrobial resistance (AMR) 

1.2.4.1. Overview 

Antimicrobial resistance (AMR) has been recognised as a major public health crisis 

in the past two decades with many infectious organisms developing resistance 

against previously effective successful antimicrobial agents thus limiting therapeutic 

options (Laxminarayan et al., 2013). The development of AMR is largely driven by a 

multitude of factors, including the overuse / abuse of antimicrobial agents in 

agricultural sectors due to commercial pressure, uncertainty in diagnosis (e.g. 

bacterial infection vs. viral infection) leading to inappropriate use of antibiotics, 

financial incentives for prescribing antibiotic, and use of non-prescription antibiotics 

among the general public, particularly in low- and middle-income countries 

(Laxminarayan et al., 2013, Munita and Arias, 2016). From the genetic point of view, 
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bacteria primarily develop AMR through two strategies, namely genetic mutational 

resistance and horizontal gene transfer. The genetic and mechanistic basis of AMR 

can be referred to a recent excellent review provided by Munita and Arias (Munita 

and Arias, 2016). 

 

1.2.4.2. AMR in the context of IK 

Broad-spectrum topical antibiotic therapy is the gold standard treatment for IK. 

Depending on the disease severity and clinicians’ preference, antibiotic therapy is 

commonly administered in the form of dual therapy using cephalosporin and 

aminoglycoside or monotherapy using fluoroquinolone (McDonald et al., 2014). As 

intensive topical antibiotics are applied directly and frequently during the treatment of 

IK, high concentration of antibiotics can be effectively achieved at the target site (i.e. 

the infected cornea), which can potentially reduce the risk of AMR in ocular infections. 

However, a few recent IK studies have highlighted the emergence of AMR in ocular 

infections, particularly in the US (Asbell et al., 2020), China (Lin et al., 2019), and 

India (Acharya et al., 2019). The driving force is likely to be multifactorial, including 

the injudicious widespread use of antibiotics in both ocular and systemic infections 

(Brown, 2007), incorrect dosing regimen (Martinez et al., 2012), and representations 

of the community prevalence of drug resistance, with consequent colonisation of OS 

by drug resistant pathogens (Blomquist, 2006). For instance, in the SCUT study, there 

was a 3.5-fold higher MIC for bacteria isolated from patients who had previous 

treatment with fluoroquinolones compared to treatment naive patients (Ray et al., 

2013). 

 

A tabulated summary of the literature concerning the in vitro antibiotic susceptibility 

and resistance of IK-related bacteria is provided in Table 1.3 (Tam et al., 2017, Tan 

et al., 2017, Tavassoli et al., 2019, Ting et al., 2021h, Peng et al., 2018, Asbell et al., 

2020, Vola et al., 2013, Hernandez-Camarena et al., 2015, Kaliamurthy et al., 2013, 
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Hsiao et al., 2016, Politis et al., 2016, Acharya et al., 2019, Lin et al., 2019, Cabrera-

Aguas et al., 2019, Green et al., 2019a). Overall, fluoroquinolone-resistant, 

methicillin-resistant, and multidrug resistant (MDR; i.e. resistant to three or more 

antibiotics) infections are being increasingly reported in IK (Asbell et al., 2020, 

Hernandez-Camarena et al., 2015, Kaliamurthy et al., 2013, Acharya et al., 2019, Lin 

et al., 2019, Vola et al., 2013). Geographical and temporal factors play a role in the 

variation of AMR pattern in ocular infections. Reports from Southern India 

demonstrated that multidrug resistance (i.e. resistant to three or more antibiotics) was 

most commonly observed among S. pneumoniae (44%), S. epidermidis (14.8%), S. 

aureus (14%), and P. aeruginosa (6%) (Kaliamurthy et al., 2013). However, 

gatifloxacin – a fourth-generation fluoroquinolone – was effective against the majority 

of Gram-negative bacteria (~90%), including P. aeruginosa and Acinetobacter spp., 

thus its use as a monotherapy in Gram-negative IK was recommended in that region 

(Kaliamurthy et al., 2013). Another study from Southern China similarly reported an 

increase in MDR among Gram-positive cocci to several antibiotics from 2010 to 2018, 

while susceptibility to fluoroquinolone and aminoglycoside among Gram-negative 

bacilli remained stable (Lin et al., 2019). In contrast, a Northern India study reported 

a high rate of resistance of P. aeruginosa against ciprofloxacin (57%), moxifloxacin 

(47%), and aminoglycoside (52-60%) (Acharya et al., 2019), highlighting the 

geographical disparity in the AMR pattern and the importance of region-specific 

interrogation of the AMR profile in ocular infections.   

 

An increasing trend in MRSA-related ocular infection has also been reported in 

several studies in the past decade. The Antibiotic Resistance Among Ocular 

Microorganisms (ARMOR) study in the US observed that a high rate of AMR, 

specifically methicillin resistance, was observed among Staphylococci spp. and 

Streptococci spp. and the risk increased with age (Asbell et al., 2020). More 

worryingly, ~75% of the MRSA and MR-CoNS were MDR. Another US study 
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demonstrated an increased rate of MRSA-related IK as well as resistance against 

fluoroquinolones, which questioned their ongoing use as primary monotherapy (Peng 

et al., 2018). Similarly, a 10-year Mexico study showed that 21-79% of the S. aureus 

and 48-71% of the CoNS were resistant to oxacillin (or methicillin). P. aeruginosa and 

other Gram-negative infections displayed resistance against oxacillin (86% and 90%, 

respectively) and vancomycin (97% and 70%, respectively), with an increasing trend 

of resistance to ceftazidime over time (Hernandez-Camarena et al., 2015). Another 

study conducted in Taiwan also highlighted the emerging issue of methicillin 

resistance, with MRSA accounting for 43% of all Gram-positive IK (Hsiao et al., 2016). 

On the other hand, an increase in voriconazole resistance was observed in the 

Mycotic Ulcer Treatment Trial (MUTT)-I for fungal keratitis, with a 2.1-fold increase in 

the mean MIC per year after adjustment for causative organism (Prajna et al., 2016). 

 

Reassuringly, reports from the UK showed that Gram-positive bacteria exhibited a 

high susceptibility to cephalosporin (87-100%), but a moderate susceptibility to 

fluoroquinolone (61-81%) (Tan et al., 2017, Tavassoli et al., 2019, Ting et al., 2021b). 

However, Gram-negative bacteria were highly susceptible to both aminoglycoside 

(97-100%) and fluoroquinolone (91-100%) (Tan et al., 2017, Tavassoli et al., 2019, 

Ting et al., 2021h), suggesting that current antibiotic regimen (fluoroquinolone 

monotherapy or cephalosporin-aminoglycoside dual therapy) can safely remain as 

the first-line treatment in the UK. In the recent 12-year Nottingham Infectious Keratitis 

Study, an increasing trend of resistance against penicillin over time in both Gram-

positive and Gram-negative isolates was observed, but a generally good susceptibility 

to aminoglycosides and fluoroquinolones was maintained; therefore, no change of 

antibiotic regimen was required (Ting et al., 2021h). 
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Table 1.3. Summary of antimicrobial susceptibility related to IK. 
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1.2.4.3. Clinical impact 

AMR represents a global challenge with a huge impact on morbidity and mortality. It 

was estimated that 2 million people / year in the US are infected with antimicrobial 

resistant organisms, with a $20 billion cost incurred on the healthcare system. A 

recent UK report predicted a global loss of $100 trillion by 2050 related to AMR 

(O’Neill, 2016).  

 

Within the context of IK, AMR was found to negatively affect the clinical outcome of 

IK. Kaye et al. (2010) observed that the corneal healing time of IK was prolonged with 

the increase of minimum inhibitory concentration (MIC; i.e. antibiotic resistance) of 

the causative organisms, including P. aeruginosa, S. aureus and Enterobacteriaceae 

spp., against fluoroquinolone monotherapy. In addition, Lalitha et al. (2012a) 

demonstrated that higher level of MIC was associated with a significantly increased 

risk of corneal perforation in fungal keratitis. 

 

AMR is continuing to increase in an alarming way. There is a pressing need to 

increase the awareness amongst prescribers on judicious use of antimicrobials, to 

tighten the control of over-the-counter antimicrobials in many countries, and to 

develop novel therapeutic modalities and strategies for IK, including therapeutic CXL 

and host defence peptides (or previously known as antimicrobial peptides), which 

hold great promises as a new class of antimicrobials in the future (Ting et al., 2020a, 

Mayandi et al., 2020, Mohammed et al., 2019, Ting et al., 2019e).    

 

1.2.5. Medical management 

1.2.5.1. Topical treatment 

Broad-spectrum topical antimicrobial treatment represents the mainstay of treatment 

for treating IK. Depending on the disease severity, clinicians’ preference and region-

specific microbiological profiles, fluoroquinolone monotherapy (e.g. levofloxacin) and 
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dual therapy, consisting of a cephalosporine (e.g. cefuroxime) and aminoglycoside 

(e.g. amikacin), are the most common choices of antimicrobial agents (McDonald et 

al., 2014, Ting et al., 2021a). In regions where there is a relatively higher rate of 

MRSA-related IK, topical vancomycin instead of topical cephalosporin will be the 

preferred choice (Austin et al., 2017b). Common topical antifungal treatment includes 

amphotericin, natamycin and voriconazole whereas topical anti-acanthamoebic 

treatment includes biguanide (e.g. polyhexamethylene biguanide (PHMB) and 

chlorhexidine) and diamidines (e.g. propamidine and hexamidine) (Austin et al., 

2017a). In view of excessive tearing during infection, blinking and tear drainage, 

topical antimicrobial treatment is commonly administered hourly during the initial 

phase to achieve the desired therapeutic concentration at the ocular surface, followed 

by a tapering course of treatment subject to satisfactory clinical improvement. 

 

1.2.5.2. Subconjunctival / intrastromal injection 

In refractory or severe cases, other modes of antimicrobial drug delivery such as 

subconjunctival and intrastromal injections can be given (Tsai et al., 2016). The 

rationale of these injections is to create a reservoir of antimicrobial drugs which will 

allow for a more sustained release of treatment at the ocular surface. Such mode of 

treatment also obviates the issue of excess tearing, which can wash out the 

administered topical antimicrobial treatment. Aydin et al. (2020) demonstrated that 

combined intrastromal amphotericin B and voriconazole serve as an effective 

adjuvant treatment to topical antifungal treatment for managing persistent fungal 

keratitis. Similarly, in a 10-year fungal keratitis study in the UK, Ting et al.(2021d) 

highlighted that adjuvant intrastromal voriconazole served as a useful adjuvant 

treatment for managing refractory fungal keratitis that did not respond to intensive 

topical antifungal treatment. However, in a randomised controlled trial of 70 eyes, the 

study did not demonstrate any additional benefit of intrastromal voriconazole for 

treating severe filamentous fungal keratitis compared to topical natamycin alone 
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(Narayana et al., 2019b), suggesting that the efficacy of intrastromal injection may be 

dependent on the type of antifungal agent and the underlying causative organism. 

 

1.2.5.3. Systemic treatment 

Although uncommonly used, oral antimicrobial treatment may provide additional 

therapeutic effect for IK, particularly those that involve the limbus or the sclera (i.e. 

sclerokeratitis). In addition, the Mycotic Ulcer Treatment Trial (MUTT)-2 has shown 

that adjuvant oral voriconazole could reduce the risk of severe complications such as 

corneal perforation in patients with severe Fusarium keratitis (Prajna et al., 2017). 

Recently, oral miltefosine, an anti-Leishmaniasis drug, has been shown to be 

effective against refractory Acanthamoeba keratitis (Thulasi et al., 2021).  

 

1.2.6. Surgical management 

1.2.6.1. Therapeutic corneal cross-linking 

Corneal collagen cross-linking (CXL) was first introduced in 2003 by Wollensak et 

al.(2003) to stabilise the progression of keratoconus. It utilises a combination of 

ultraviolet-A (UVA) light of 370 nm and photosensitising agent “riboflavin” to increase 

the corneal biomechanical stability and rigidity. The long-term efficacy and safety of 

CXL for corneal ectatic disorders have been well established by many long-term 

studies (Caporossi et al., 2010, Hashemi et al., 2013, Mazzotta et al., 2018, Ting et 

al., 2019f). In addition to the stiffening effect on the cornea, CXL has been 

increasingly used for IK in the recent years. The rationale for using CXL for infection 

is based on the strong inherent antimicrobial activity of the UV light, which can directly 

damage the DNA and RNA of various types of microorganisms. Furthermore, the 

reactive oxygen species released from photoactivated riboflavin can directly affect 

the DNA and cell membranes of the microorganisms, culminating in a powerful 

synergistic antimicrobial action (Kumar et al., 2004, Naseem et al., 1988, Tsugita et 

al., 1965). These effects together with the increased corneal rigidity and hence 
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resistance to proteolytic enzymatic digestion of stromal collagen has made CXL an 

attractive adjuvant in the management of IK (Garg et al., 2017a). 

 

In view of the emerging evidence of CXL for infectious keratitis, a new terminology – 

Photo-Activated Chromophore for Keratitis – Corneal Collagen Cross-Linking (PACK-

CXL) – was coined in 2013 at the ninth CXL congress in Dublin, Ireland, to help 

distinguish its use from CXL for corneal ectasia and to avoid scientific confusion 

(Hafezi and Randleman, 2014). However, PACK-CXL is not routinely used in clinical 

practice due to the uncertainty of its efficacy and safety. This is primarily attributed to 

the wide heterogeneity of the literature in relation to the patient cohort, causative 

microorganisms, characteristics and severity of the ulcers, and treatment protocol, 

and the lack of large randomised control trials (RCTs).  

 

1.2.6.2. Amniotic membrane transplantation 

Amniotic membrane (AM) is the innermost layer of the fetal membrane, comprising a 

monolayer of metabolically active epithelium, a thick basement membrane, and an 

avascular stromal matrix (van Herendael et al., 1978). AM has been shown to 

possess a plethora of beneficial biological properties, including anti-inflammatory, 

anti-angiogenic, antimicrobial, wound healing, and anti-fibrotic functions (Dua et al., 

2004). In view of the multi-faceted functions, easy accessibility to AM donor tissues, 

refinement of preservation and storage methods, and lack of donor tissue-related 

immunogenicity, AMT is now widely deployed as part of the management of many 

ocular surface diseases, including persistent epithelial defect / non-healing corneal 

ulcer, IK, corneal perforation, chemical eye injury, limbal stem cell deficiency, 

cicatricial conjunctivitis, radiation keratopathy, symptomatic bullous keratopathy and 

pterygium surgery, amongst others (Jirsova and Jones, 2017, Dua et al., 2020, Dua 

et al., 2017, Dua et al., 2018, Maharajan et al., 2007, Paris Fdos et al., 2013, Ting et 

al., 2021n, Dua et al., 2021, Ahmmed et al., 2021). 



 39 

 

To date, a number of studies have evaluated the benefit of AMT for treating active IK, 

though the majority of them were of small case series or case reports. In clinical 

practice, AMT is usually reserved as a second-line therapy in IK, mainly to promote 

cornea healing in non-healing ulcer after the sterilisation phase. Therefore, the value 

of employing AMT in addition to standard antimicrobial treatment (SAT) during the 

active phase of IK remains uncertain.  

 

1.2.6.3. Conjunctival hooding 

Conjunctival hooding, or also known as Gunderson flap, is a surgical technique that 

involves covering an area of corneal defect with a conjunctival graft / pedicle. While 

uncommon, this technique can be employed to manage persistent epithelial defect, 

severe infection and threatened / actual corneal perforation (usually with guarded 

visual prognosis) (Ting et al., 2021a, Trinh et al., 2021). Nizeyimana et al.(2017) 

demonstrated that conjunctival hooding serve as a useful alternative surgery for 

managing refractory fungal keratitis, particularly in countries where donor corneas are 

lacking for keratoplasty.  

 

1.2.6.4. Therapeutic / tectonic keratoplasty 

Over the past few decades, the field of corneal transplantation has undergone rapid 

evolution, primarily attributed to the improved understanding of immunological 

rejection, innovation in surgical instrumentation and technique, and advancement in 

cell therapy (Tan et al., 2012, Ting et al., 2012, Kinoshita et al., 2018, Ting et al., 

2021m). However, the success of keratoplasty is limited by the global shortage of 

donor corneas (Gain et al., 2016), for which important measures such as improving 

public awareness of eye donation, introduction of telephone consent, opt-out donation 

system, improvement of eye bank systems, and cornea bioengineering have been 
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considered and implemented (Gopal et al., 2021, Gupta et al., 2018, Ting et al., 

2016a, b, Ting et al., 2021b). 

 

Indications for keratoplasty can be broadly divided into four categories, namely 

optical, therapeutic, tectonic and cosmetic keratoplasty. Therapeutic keratoplasty is 

performed to treat severe and/or refractory corneal infection or disease by 

replacement of the damaged host cornea with a healthy cornea whereas tectonic 

keratoplasty is indicated in cases with actual or threatened corneal perforation to 

preserve the anatomical integrity of the globe (Said et al., 2021). The terms 

therapeutic and tectonic are at times used interchangeably and often there is an 

overlap between categories as more than one purpose is served by the procedure. 

Therapeutic and tectonic keratoplasty serve as important eye-saving surgeries to 

maintain the globe integrity and/or treat recalcitrant corneal infection (Hossain et al., 

2018, Ting et al., 2019c, Ting et al., 2021d). However, studies have shown that 

therapeutic / tectonic keratoplasty in “hot eyes” usually carries a worse prognosis than 

those performed for optical purpose (Khor et al., 2018, Ting et al., 2021d). 

 

1.3. Host defense peptides (HDPs) 

Being constantly exposed to pathogens, environmental irritants and stress, the OS 

relies on a highly functional innate immunity. Innate immunity mechanisms for the OS 

are composed of three major components, including the physical barrier (e.g. 

epithelial layers of conjunctiva, cornea and adjacent epidermis, blinking reflex, and 

others), chemical barriers (e.g. presence of antimicrobial components in tears) and 

cellular responses (e.g. macrophages, neutrophils, and others), for which the host 

defense peptides play important roles in the latter two.  
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Antimicrobial peptides (AMPs) are a group of evolutionarily conserved molecules of 

the innate immunity (Hancock and Lehrer, 1998). To better capture the increasingly 

recognised multi-faceted roles of AMPs, a broader term “host defense peptides 

(HDPs)” has been subsequently introduced (Haney et al., 2019). They are 

ubiquitously expressed at epithelial surfaces (e.g. eye, skin, respiratory, 

gastrointestinal linings, etc.) and secreted by immune cells (e.g. polymorphonuclear 

leukocytes and macrophages) (Mansour et al., 2014, Mohammed et al., 2017). So far 

more than 3000 naturally occurring and synthetic HDPs have been discovered across 

six life kingdoms (Zhao et al., 2013, Wang et al., 2016). These HDPs are usually 

cationic (due to the relative excess of arginine and lysine residues) and amphiphilic, 

with 30-50% hydrophobicity. They have recently shown promise as potential 

therapeutic agents due to their broad-spectrum antimicrobial properties against a 

wide array of infection, including drug-resistant bacteria, fungi, Acanthamoeba, and 

viruses, with minimal risk of developing AMR. In principle, HDPs are shown to 

primarily exert their broad-spectrum and rapid antimicrobial action through three main 

mechanisms of action, namely the barrel-stave, toroidal and carpet models (Li et al., 

2017, Bechinger, 2011, Mookherjee et al., 2020) (Figure 1.3). The positively charged 

amino acid residues are responsible for the adsorption of AMPs onto the anionic 

bacterial membrane (via electrostatic interaction) and the hydrophobic residues 

interact with the lipid tail region of the membrane, culminating in membrane 

permeation, leakage of fluid into the bacterial cytoplasm and subsequent bacterial 

cell death (Li et al., 2017). In addition to the membrane-targeting action, emerging 

evidence has highlighted that HDPs can kill microorganisms through several non-

membrane perturbing mechanisms, such as biosynthesis of disorganised bacterial 

membranes and direct  intercalation into the membrane, interfering with the 

intracellular DNA and RNA molecules, and others (Haney et al., 2019). HDPs are also 

shown to participate in chemotaxis, immunomodulation, wound healing, anti-biofilm 

and anti-cancer activities (Steinstraesser et al., 2008, Hancock et al., 2016, Pletzer 
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et al., 2016, Riedl et al., 2011), offering a wide range of potential therapeutic 

applications.  

 

The history of HDPs (or AMPs) dates back to 1922 when lysozyme was first 

discovered in various human tissues and body secretions, including the tear fluids 

(Fleming, 1922). Since then, a wide spectrum of human HDPs have been identified 

and reported at the OS. Haynes et al. (1998) were the first to scrutinise and report 

the expression of alpha- and beta-defensins at the OS, particularly in tears, 

conjunctiva, cornea and lacrimal gland. Since then, a number of HDPs, including 

lactoferrin, human alpha- and beta-defensins, human cathelicidin (LL-37), 

ribonuclease, psoriasin and dermcidin, amongst others, have been discovered at the 

OS (Abedin et al., 2008, Dua et al., 2014, Haynes et al., 1999, McIntosh et al., 2005, 

Mohammed et al., 2017, Otri et al., 2012b, Gordon et al., 2005, Huang et al., 2007a, 

Kolar and McDermott, 2011). Many of these HDPs are constitutively expressed and 

readily inducible during inflammation and infection of the OS, highlighting their role in 

the innate immunity of OS.  

 

1.3.1. Spectrum and characterisation of HDPs at ocular surface  

A wide array of HDPs have been identified and reported at the OS. In this section, 

the sources, characteristics, and functions of important HDPs, including lysozyme, 

lactoferrin, alpha- and beta-defensins, cathelicidin, ribonucleases, psoriasin, and 

dermcidin are summarised in Table 1.4.  
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Figure 1.4. Mechanisms of action of host defense peptides (HDPs). 
CHDP = Cationic host defense peptide; AMP = Antimicrobial peptide 

This figure was reproduced from the paper published by Mookherjee et al. (2020) with 

permission. 
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1.3.1.1. Lysozyme 

In 1922, lysozyme was discovered by Sir Alexander Fleming during the investigation 

of his patient with acute coryza. The nasal secretion of this patient was found to 

completely inhibit the growth of Micrococcus spp. (a Gram-positive bacteria). This 

striking observation prompted a series of experiments, which led to the discovery of 

lysozyme in various human tissues and body secretions, including tear fluids, saliva, 

blood, semen, respiratory tract linings, and connective tissues, amongst others 

(Fleming, 1922). Interestingly, the antibacterial potency of lysozyme was influenced 

by the location of the tissues and types of microbes (e.g. lysozyme in tears was very 

active against micrococci, but was much less effective against other cocci in other 

parts of the body), highlighting the specific adaptation of the human immune system 

against specific pathogens at defined sties (Fleming, 1922). 

 

Lysozyme is primarily secreted in the tear fluid by the tubuloacinar cells of the main 

and accessory lacrimal glands (McDermott, 2013) and, to a lesser extent, expressed 

by corneal epithelium and meibomian glands (Tsai et al., 2006). It constitutes around 

20-30% of the total protein in tear fluids (McDermott, 2013). Lysozyme exhibits its 

broad-spectrum antimicrobial activity via dual mechanisms of action (Ragland and 

Criss, 2017). First, it hydrolyses the bacterial cell wall by breaking down the β-1,4 

glycosidic linkages between the disaccharides, N-acetylmuramic acid (NAM) and N-

acetylglucosamine (NAG), which forms the backbone of peptidoglycan in the bacterial 

membrane. Second, the cationic property of lysozyme enables pore formation in the 

anionic bacterial membrane, which is responsible for its rapid and broad-spectrum 

antimicrobial activity against a wide range of organisms. 

 

In addition to its antimicrobial activity, lysozyme plays an important 

immunomodulatory role in host defense. Particularly, it activates lysozyme-

dependent degradation of the engulfed bacteria within the phagolysosomes of 
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macrophages and releases pathogen associated molecular patterns from the lysed 

bacteria, resulting in a pro-inflammatory response via interaction with various pattern 

recognition receptors such as Toll-like receptors (TLRs), nucleotide-binding 

oligomerisation domain-like receptors (NLRs), and inflammasomes (Ragland and 

Criss, 2017). Lysozyme may decrease systemic inflammation by restricting bacterial 

growth (Ganz et al., 2003). In view of the ubiquitous presence and inherent 

antimicrobial and immunomodulatory activities of host lysozyme, bacteria have 

evolved several ingenious resistant mechanisms to survive against lysozyme. These 

include modification of membrane peptidoglycan, alteration of the membrane 

charges, and production of protein inhibitors against lysozyme (Ragland and Criss, 

2017). The understanding of the mechanisms of AMR related to lysozyme (and 

potentially other naturally occurring HDPs) is pivotal for development of the next 

generation of synthetic HDP-based therapeutics for tackling AMR.  

 

1.3.1.2. Lactoferrin 

Lactoferrin, belongs to the transferrin family, is an 80 kDa iron-sequestering HDP. It 

consists of a polypeptide chain that is folded into two highly symmetrical lobes (N- 

and C-lobes), which are capable of binding a variety of metal ions including ferric and 

ferrous ions (Garcia-Montoya et al., 2012). It is found abundantly in milk and in many 

other body tissues and secretions, including tears, saliva, sweat, nasal secretion, 

bronchial mucus, hepatic bile and others (Hao et al., 2019). Similar to lysozyme, 

lactoferrin is also primarily synthesised by the acinar cells of the main and accessory 

lacrimal glands (Gillette and Allansmith, 1980). Some evidence has suggested the 

expression of lactoferrin in meibomian glands (Tsai et al., 2006) and epithelium of 

conjunctiva and cornea (Tsai et al., 2006, Santagati et al., 2005). It constitutes around 

25% of the total protein in tear fluids, with a concentration of ~2.2 mg/ml (Flanagan 

and Willcox, 2009).  
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Table 1.4. Common HDPs at the ocular surface (OS) and skin. 
Type Source Functions 

Lysozyme OS: Tear fluid (secreted by tubuloacinar 
cells of lacrimal glands), corneal 
epithelium, meibomian glands 
Skin: Cytoplasm of epidermal cells, 
eccrine sweat glands, pilosebaceous 
follicles and dermal collagen bundles 

- Antimicrobial property (via 
hydrolysis and pore formation 
of cell wall) 

- Immunomodulatory function 
via interaction with various 
PRRs 

Lactoferrin OS: Tear fluid (secreted by acinar cells 
of lacrimal glands), conjunctival 
epithelium, corneal epithelium, and 
meibomian glands 

- Antimicrobial activity (via 
binding to free iron and 
membrane permeabilization) 
and anti-biofilm 

- Anti-inflammatory 
- Antioxidant (via inhibition of 

iron-dependent formation of 
hydroxyl radicals) 

- Wound healing 
Defensins OS: (a) HNP1-4: Azurophil granules of 

neutrophils; (b) HBD: Conjunctival and 
corneal epithelium 
Skin: HNP1-4: Epidermis and/or 
keratinocytes;  

- Antimicrobial activity (via 
membrane perturbation) 

- Immunomodulatory function 
(pro- and anti-inflammatory) 

- Wound healing 
- Anti-cancer 

Cathelicidin OS: Conjunctival epithelium, corneal 
epithelium 
Skin: Epidermis, keratinocytes (during 
infection or injury) 

- Antimicrobial activity and anti-
biofilm 

- Immunomodulatory function 
(pro- and anti-inflammatory) 

- Wound healing 
- Anti-cancer 

RNases OS: RNase-5: Tear fluid and corneal 
endothelium; RNase-7: Corneal 
epithelium and stroma 
Skin: RNase-5: Keratinocytes; RNase-
7: Epidermis  

- Antimicrobial activity  
- Immunomodulatory function 

(activates adaptive immunity) 
- Angiogenic and neurogenic 
- Wound healing 

Psoriasin OS: Conjunctiva, cornea, lacrimal 
gland, and nasolacrimal duct 
Skin: Epidermis (low level) and 
keratinocytes 

- Antimicrobial activity (via zinc-
dependent mechanism) 

- Immunomodulatory function 
(chemotaxis, activates 
adaptive immune system) 

Dermcidin OS: Corneal epithelium and tear fluid 
Skin: Eccrine sweat (from secretory 
granules)  

- Antimicrobial activity (via zinc-
dependent mechanism) 

PRR = Pattern recognition receptors; HNP = Human neutrophil peptide / human alpha-
defensin; HBD = Human beta-defensins 
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Lactoferrin has been shown to play multi-functional roles in host defense, armed with 

antimicrobial, anti-biofilm, anti-inflammatory, anti-cancer and anti-complement 

functions (Garcia-Montoya et al., 2012, Samuelsen et al., 2004). The antimicrobial 

activity of lactoferrin is attributed to its underlying dual mechanisms of action: (a) 

binding to free iron, an essential element for microbial growth; and (b) interaction and 

permeabilisation of the anionic bacterial membrane through its positively charged N-

terminal, which accounts for its rapid antimicrobial action (Garcia-Montoya et al., 

2012). At the OS, it has been shown to exert broad-spectrum antimicrobial activity 

against Gram-positive and Gram-negative bacteria, fungi, and viruses (Flanagan and 

Willcox, 2009). It has a strong affinity toward the lipopolysaccharides (LPS) of the 

Gram-negative bacterial membrane, resulting in increased permeability. Studies have 

also shown that lysozyme and lactoferrin work in synergy where lactoferrin binds to 

the lipotechoic acid of staphylococcal membrane and enables a greater access of 

lysozyme to the peptidoglycan (Leitch and Willcox, 1999). Interestingly, lactoferrin is 

ineffective against Acanthamoeba trophozoites and this is attributed to the effect of 

proteases released by Acanthamoeba (Ramirez-Rico et al., 2015). 

 

Lactoferrin also acts as an antioxidant via inhibition of iron-dependent formation of 

hydroxyl radicals, thereby protecting corneal epithelium from oxidation-mediated 

tissue injury (Kijlstra, 1990). Furthermore, reduced levels of lactoferrin have been 

associated with systemic mucosal immunity incompetence. Hanstock et al. (2019) 

observed that patients affected by upper respiratory tract infection had a significantly 

lower concentration of tear lysozyme and/or lactoferrin compared to healthy 

volunteers, suggesting that lysozyme and lactoferrin may serve as clinically relevant 

biomarkers for mucosal immune competence.  
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1.3.1.3. Defensins 

Defensins are a large family of cysteine-rich HDPs that consist of a predominantly 

triple-stranded beta-sheet core structure stabilised with three pairs of intramolecular 

disulfide bridges (Ganz, 2003). Depending on the pattern of the disulfide linkage, 

human defensins can be broadly divided into two groups, namely the alpha- and beta-

defensins. Alpha-defensins have a cysteine pairing motif of Cys1-Cys6, Cys2-Cys4, 

and Cys3-Cys5 whereas beta-defensins form disulfide bridges at Cys1-Cys5, Cys2-

Cys4, and Cys3-Cys6 (Lehrer and Lu, 2012, Ganz, 2003). Interestingly, this 

evolutionarily conserved disulphide bridge motif is similarly observed in defensins 

found in plants and invertebrates (Stotz et al., 2009, Bulet et al., 2004). 

 

Human alpha-defensins, also known as human neutrophil peptides (HNPs) due to 

their abundant presence in neutrophils, can be subclassified into 6 main subtypes 

(HNP-1 to -6). HNP-1 to -4 are found primarily in the azurophil granules of neutrophils 

(Lehrer and Lu, 2012). HNP-1 to -3 sequences are highly homologous with only 

difference in a single N-terminal residue; removal of the alanine (the first amino acid 

of HNP-1 at the N-terminal) gives rise to HNP-2 and substitution of the alanine with 

aspartic acid yields HNP-3. On the other hand, more than 30 types of human beta-

defensins (HBDs) have been described in the literature (Pazgier et al., 2006). HBDs 

are mainly synthesised by the epithelial cells, including the conjunctiva, cornea, skin, 

oral mucosa, lining of respiratory and gastrointestinal tracts, and others (Weinberg et 

al., 2012). As described by McIntosh et al. (McIntosh et al., 2005), about 28 novel 

beta defensins were identified in human genome using the hidden Markov model. 

Thus far, only few, namely the HBD-1 to -4 and HBD-9 were shown to be involved in 

host immunity at the OS (Mohammed et al., 2017).  

 

In view of the diverse function of defensins, it is not surprising that a plethora of HNPs 

and HBDs are abundantly present at a variety of bodily surfaces. At the OS, HNP-1 
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to -3 have been identified in normal human tears, conjunctival and corneal epithelium, 

lacrimal gland, and inflamed conjunctiva (in relation to infiltrating polymorphonuclear 

cells) (Haynes et al., 1999, 1998, Ikeda et al., 2005). Similarly, McIntosh et al. (2005) 

discovered an array of HBDs, including HBD-1 to -4, at the corneal and conjunctival 

epithelium, though the level of HBD-4 was relatively low. Another novel HDP, HBD-

9, was discovered at the OS epithelia and corneal stroma by Dua’s group 

(Mohammed et al., 2010, Abedin et al., 2008). However, possible antimicrobial 

functions of HBD-9 remain unknown. Further studies have also shown that the 

expressions of HBDs are modulated by various pattern recognition receptors, 

including TLRs and NLRs (Redfern et al., 2011, Mohammed et al., 2010, Redfern and 

McDermott, 2010). The expression of HBD-1 to -3 are upregulated in the event of 

infection and inflammation, albeit the mechanisms of induction/upregulation are 

different from each other (Harder et al., 1997, Sorensen et al., 2005). 

 

Defensins have been shown to exhibit broad-spectrum antimicrobial activity against 

bacteria, fungi, enveloped viruses, and parasites (Semple and Dorin, 2012, Lehrer 

and Lu, 2012). Similar to most cationic HDPs, the defensins also perturb the microbial 

membrane through direct interaction with the anionic and lipid microbial membrane. 

The antimicrobial efficacy of defensins is likely related to their inherent 

physicochemical characteristics such as cationicity, hydrophobicity, and 

amphiphilicity (Lehrer and Lu, 2012). It has been shown that cationicity plays a more 

important role in Gram-negative infections, whereas increased hydrophobicity 

enhances the antimicrobial action against Gram-positive infections (Jiang et al., 

2018). In addition, synergy between different families of HDPs have been reported; 

for instance, HBD-2 and LL-37 exhibit synergistic antimicrobial killing of S. aureus 

(Ong et al., 2002). 
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In addition to the antimicrobial function, defensins are endowed with a wide range of 

functions, including immunomodulatory (pro-inflammatory and anti-inflammatory), 

wound healing, and anti-cancer (Hancock et al., 2016, Semple and Dorin, 2012, 

Kiatsurayanon et al., 2018). HBD has been shown to orchestrate the crosstalk 

between innate and adaptive immunity by recruiting T cells and dendritic cells to the 

infection site through interaction with chemokine (CCR6) receptor (Yang et al., 1999). 

HNP-1 regulates inflammation by inhibiting macrophage mRNA translation and 

secretion of proinflammatory cytokines and nitric oxide, enabling clearance of 

pathogen and resolution of inflammation with minimal collateral tissue damage (Brook 

et al., 2016, Miles et al., 2009). 

 

To gain a better understanding of the structure-activity relationship, many research 

groups have investigated the functional role of the evolutionarily conserved cysteine 

disulfide bridge moiety of defensins. Although this moiety is widely observed in 

vertebrate and invertebrate defensins, Wu et al. (2003) demonstrated that removal of 

this structure has no influence on their inherent antibacterial activity against 

Escherichia coli. On the other hand, the chemotactic function (e.g. HBD-3) (Wu et al., 

2003), anti-tumour necrosis factor (TNF)-alpha (e.g. HNP-1) (Miles et al., 2009), and 

antiviral activity (e.g. HNP-1 to -3) (Daher et al., 1986) are abolished when this 

disulfide moiety is destabilised or removed, suggesting that the disulfide bridges play 

important immunomodulatory and antiviral roles in innate immunity. These 

observations provide invaluable insight into the design and development of 

antimicrobial HDPs that are based on cysteine-rich native templates 

(Lakshminarayanan et al., 2016). 

 

1.3.1.4. Cathelicidin  

Cathelicidins are a large family of AMPs widely found in vertebrates (Bulet et al., 

2004, Coorens et al., 2017). The hallmark of cathelicidin is the presence of highly 
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conserved cathelin domain, which was first identified in pig leukocytes as a cathepsin-

L inhibitor and termed ‘cathelin’ based on this property. Cathelicidin proteins 

comprised of a conserved 14 kDa cathelin domain flanked by a signal peptide (up to 

30 residues) on N-terminus and an antimicrobial peptide region on its C-terminus. 

hCAP18, an 18 kDa preprotein, is the lone member of cathelicidin found in humans 

(Zanetti et al., 2002, Cowland et al., 1995). Its derivative, hCAP18(104-140), was 

shown to neutralise LPS activity both in vitro and in vivo (Larrick et al., 1995). 

Proteinase-3, a proteolytic enzyme in human neutrophils can cleave hCAP18 into an 

active 37 amino-acid AMP, known as LL-37 (Zanetti et al., 2002, Zasloff, 2019, 

Gudmundsson et al., 1996). Moreover, another serum protease, gastricsin, at low 

vaginal pH was shown to cleave hCAP18 into a slightly longer active peptide, termed 

ALL-38 (Sørensen et al., 2003). Since its first discovery in 1988 (Romeo et al., 1988), 

cathelicidin is the most studied cationic HDP due to its wide-spectrum of activity, 

including anti-infective, anti-biofilm, anti-cancer, immunomodulatory, chemotactic, 

and wound healing properties (Mookherjee and Hancock, 2007, Scheenstra et al., 

2020, Ren et al., 2013, Ren et al., 2012). 

 

The protective function of LL-37 against OS has been widely established (Huang et 

al., 2006, Huang et al., 2007b). LL-37 is constitutively expressed in OS epithelial 

specimens from healthy living patients and donor cadaveric tissues, including 

conjunctival and corneal epithelium (McIntosh et al., 2005, Gordon et al., 2005). It 

has been shown to play an important role in corneal wound healing and protection 

against various types of microbes at the OS (Huang et al., 2006, Gordon et al., 2005).  

 

Biochemical studies have elegantly demonstrated that smaller synthetic fragments 

derived from the parent LL-37 sequence were as effective as the full-length LL-37 (Li 

et al., 2006, Wang et al., 2014, Engelberg and Landau, 2020, Wang, 2008b, Wang et 

al., 2012b). Studies have revealed that the middle region of LL-3717-29 (i.e. FK13) 
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and/or LL-3718-29 (i.e. KR12) is largely responsible for the antimicrobial activity of LL-

37 and has the ability to form amphipathic helix rich in positive charge, which enables 

effective interaction with the anionic membrane and subsequent microbial killing 

(Rajasekaran et al., 2017, Wang, 2008b, Engelberg and Landau, 2020). In view of its 

therapeutic promise, a variety of strategies have been adopted to enhance the safety 

and efficacy of LL-37 and its derivatives (Ting et al., 2020a, Ting et al., 2021e). Similar 

to LL-37, its smaller derivatives have shown considerable activity against a range of 

pathogens, including ESKAPE bacteria, fungi and viruses (Yu et al., 2020, Luo et al., 

2017, Narayana et al., 2019a, He et al., 2018). Mohammed et al. (2019) recently 

demonstrated that LL-3717-32 (FK16 peptide with free N- and C-termini) could also be 

utilised to improve the activity of conventional antibiotics such as vancomycin against 

P. aeruginosa, as a strategy to repurpose the antibiotics and tackle AMR. 

 

1.3.1.5. Ribonucleases 

Human ribonucleases (RNases) have an inherent ability to hydrolyse polymeric RNA 

and share a unique structural similarity to bovine pancreatic RNase A, therefore, also 

referred to as RNase A superfamily (Rosenberg, 2008, Beintema et al., 1984). Similar 

to defensins, members of RNase A superfamily are comprised of 6 to 8 conserved 

cysteine residues forming disulfide bridges. Genes encoding for human RNases 1 to 

13 are clustered on chromosome 14q11.2 (Raines, 1998, Beintema et al., 1984). 

RNases are highly cationic and exhibit strong cytotoxic and microbicidal properties. 

Human RNase-2 (eosinophil derived neurotoxin) and RNase-3 (eosinophil cationic 

protein) were the first members of RNase A superfamily to show a strong role in host 

defense against an RNA virus, respiratory syncytial virus (RSV) (Domachowske et 

al., 1998b, Domachowske et al., 1998a). Further studies have demonstrated that 

RNase-2 and -3 also have an ability to activate adaptive immunity (Yang et al., 2004, 

Yang et al., 2003) and possess potent bactericidal and anti-helminthic properties 

(Lehrer et al., 1989, Ackerman et al., 1983, Ackerman et al., 1985, Molina et al., 
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1988). RNase-4 and -5 were shown to display potent angiogenic and neurogenic 

properties (Li et al., 2013a, Ferguson and Subramanian, 2018). RNase-5, also known 

as angiogenin, has been widely studied due to its immunomodulatory properties. It is 

shown to be produced by skin keratinocytes and mast cells and has been detected in 

lacrimal secretions. However, the function of RNase-4 and -5 in OS defense still 

remains unknown. RNase-6 is ubiquitously expressed in immune cells including 

neutrophils and monocytes. Similar to RNase-3, it also exhibits bactericidal effect 

through agglutination and membrane disruption (Lu et al., 2018). Against 

Mycobacterium spp., it has been shown to induce autophagy in the infected 

macrophages leading to intracellular growth inhibition (Lu et al., 2019).  

 

RNase-7 and -8 despite being structurally similar, their expression in different bodily 

tissues is greatly varied. On the OS, RNase-7 is constitutively expressed in healthy 

corneal epithelium and stroma (Mohammed et al., 2011). Further studies have 

demonstrated elevated levels of RNase-7 in samples collected from patients with 

bacterial, viral and Acanthamoeba keratitis as well as in corneal epithelial cells 

(CECs) treated with cytokines, live bacteria and different pathogenic proteins that 

activates innate immune receptor signalling (Mohammed et al., 2011, Otri et al., 

2010). Specifically, the signalling mechanisms that are involved in elevation of 

RNase-7 levels in CECs in response to activation of interleukin 1b  (IL-1b)/IL-1 

receptor (IL-1R) axis was mapped by Mohammed et al. (2011). Notably, the canonical 

nuclear factor kB (NFkB) transcription factor which mediates transcription of most 

HDPs in OS epithelium was found to be non-redundant in regulation of RNase-7. It 

was shown that IL-1b/IL-1R triggered mitogen activated protein kinases (MAPKs) 

signalling was responsible for RNase-7 regulation in CECs. Further analysis showed 

that the transcription factors, c-JUN and ATF, are involved in transcription of RNase-
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7 in CECs. This suggested that a biomarker or protein that directly activates these 

transcription factors could elicit HDPs in CECs during infection.   

 

1.3.1.6. Psoriasin 

Psoriasin, or S100A7, represents one of the main members of the S100 family of 

calcium-binding proteins (Donato, 1999). It is a low molecular weight protein (~11 

kDa) which consists of five alpha-helices and the structure relies on binding of calcium 

(Brodersen et al., 1998). The term “psoriasin” was first coined in 1991 by Madsen et 

al., who observed the upregulation of this novel HDP in psoriatic skin (Madsen et al., 

1991). Subsequently, its immunomodulatory role in psoriasis was shown to be related 

to the downstream stimulation of interleukin-1a (IL-1a) expression in human 

epidermal keratinocytes via the receptor for advanced glycation endproducts 

(RAGE)-p38 MAPK and calpain-1 pathways (Lei et al., 2017). Psoriasin was also 

found to be constitutively present in healthy skin (at a low concentration) and at the 

OS, including the conjunctiva, cornea, lacrimal gland and nasolacrimal ducts (Gläser 

et al., 2005, Garreis et al., 2011), highlighting its protective role at the skin and OS. 

 

Psoriasin has been shown to exhibit strong antimicrobial activity against E. coli and 

S. aureus, likely via a zinc-dependent mechanism (Gläser et al., 2005, Lee and 

Eckert, 2007). The upregulation of psoriasin against E. coli was found to be mediated 

via TLR5 (Abtin et al., 2008). Interestingly, studies have shown that the antibacterial 

efficacy of psoriasin is likely conferred by the central region of the protein (amino 

acids at 35-80) (Lee and Eckert, 2007). In addition to its antimicrobial activity, 

psoriasin has been shown to play essential important immunomodulatory roles, 

including chemotaxis for CD4+ and neutrophils, production of cytokines and 

chemokines by neutrophils, generation of reactive oxygen species, and release of 

HNP-1 to -3 (Jinquan et al., 1996, Zheng et al., 2008). 
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1.3.2. Roles of HDPs in infectious keratitis 

The pivotal roles of HDPs in IK are supported by a number of in vitro and in vivo 

observations and experiments (Mohammed et al., 2017, Huang et al., 2007a, Huang 

et al., 2006). McIntosh et al. (2005) investigated differential gene expression of HDPs 

in non-infected and infected eyes and demonstrated that some HDPs, notably HBD-

3 and LL-37, were significantly elevated during OS infection. In addition, HBD-2 and 

-3, LL-37, MIP-3a, and thymosin b-4 were shown to exhibit moderate to strong in vitro 

antimicrobial activity against a range of ocular pathogens, including S. aureus, P. 

aeruginosa, adenovirus and HSV-1 (Huang et al., 2007a, Gordon et al., 2005). 

Furthermore, LL-37 deficient knockout mice were found to be more susceptible to P. 

aeruginosa corneal infection when compared to the wild type mice, underlining the 

antimicrobial function of LL-37 at the OS (Huang et al., 2007b). Synergistic 

antimicrobial action among different HDPs has also been reported in several studies 

(Chen et al., 2005, Singh et al., 2000). For instance, Chen et al. (2005) demonstrated 

that various combinations of skin-derived HDPs, including HBD-1 to -3, LL-37 and 

lysozyme, exhibited synergistic or additive antimicrobial effect against S. aureus and 

E. coli. 

 

The role of HDPs has also been implicated in other types of IK such as fungal keratitis 

and AK (Mohammed et al., 2017). A recent study demonstrated that a range of HDPs, 

including HBD-1, -2, -3 and -9, LL-37 and S100A7, were upregulated during the active 

phase of fungal keratitis and returned to the baseline level upon resolution of the 

infection (Mohammed et al., 2020). Interestingly, there was a preferential increase in 

mRNA expression of different types of HDPs, with HBD-1 and -2 being most 

commonly upregulated (90% of the cases) and LL-37 being least commonly 

upregulated (35% of the cases), highlighting the pathogen-specificity of HDPs. 

Similarly in AK, a wide range of HDPs such as HBD-2 and -3, LL-37, liver-expressed 

antimicrobial peptide (LEAP)-1 and -2, and RNase-7 (but not HBD-1), were shown to 
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be upregulated (Otri et al., 2010). Interestingly, HBD-1 and HBD-9 were significantly 

downregulated in AK (Otri et al., 2012b, Otri et al., 2010). Taken together, it is evident 

that HDPs serve as an integral component of the innate immunity of the OS, via their 

broad-spectrum antimicrobial activity against a wide range of ocular pathogens. This 

unique characteristic also renders them an attractive class of antimicrobial agent for 

managing IK, particularly in the face of polymicrobial keratitis and emerging AMR 

(Ting et al., 2021j, Ting et al., 2019c, Asbell et al., 2020). 

 

1.3.3. Strategies for enhancing antimicrobial efficacy and safety of 

HDPs  

Despite their promising potential as effective antimicrobial and immunomodulatory 

therapies, several issues have impeded the successful translation of HDPs into 

clinical use. Complex structure-activity relationship (SAR), susceptibility to host / 

bacterial proteases and physiological conditions, pro-inflammatory properties, 

discrepancy between in vitro and in vivo efficacy, and toxicity to the host tissues are 

the main barriers (Kolar and McDermott, 2011, Hancock and Sahl, 2006, Fjell et al., 

2011, Li et al., 2017, Ting et al., 2020a). Furthermore the dwindling interest and 

investment from the pharmaceutical companies, stemming from limited life-span of 

antimicrobial therapy and low profits, poses another significant hurdle for the 

development of new antimicrobial agent (Christoffersen, 2006). 

 

Structurally, HDPs are mainly characterised by the presence of key charged residues 

(e.g. Arg and Lys), with a high proportion of hydrophobic residues (constituting 50% 

or more) and amphipathicity (Haney et al., 2017, Haney et al., 2019). To translate the 

therapeutic potential of HDPs, a number of strategies have been proposed and 

performed (Haney and Hancock, 2013, Haney et al., 2017, Ting et al., 2020a). In this 
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section, several key strategies to improve the selectivity of HDPs toward microbial 

membranes are summarized in Table 1.5, 

 

1.3.3.1. Residue substitution with natural amino acids 

HDPs should fulfil key functional requirements to qualify for clinical use, including low 

toxicity, high antimicrobial activity, and good in vivo stability (Fjell et al., 2011, Ting et 

al., 2020a). These requirements are closely linked to their biochemical selectivity 

toward anionic and zwitterionic surfaces (Fjell et al., 2011). The antimicrobial activity 

is attributed to a fine balance of hydrophobicity, cationic residues, amphipathicity and 

structural conformation (e.g. a-helical, b-sheet, and cyclised) (Raheem and Straus, 

2019). On the other hand, the hydrophobic interaction between specific residues of 

HDPs (e.g. Leu, Ile, Val, Phe, Tyr, Trp) and zwitterionic phospholipids on host cell 

surfaces is responsible for its toxicity. For example, peptide derivatives of mastoparan 

(a key constituent of wasp venom) that were designed based on fixed five rules 

utilising the quantitative structure-activity relationship (QSAR) approach showed 

potent antimicrobial efficacy against Bacillus subtilis (Avram et al., 2012). It was 

shown that the potency of these derivatives was mainly dependent on the presence 

of Trp, Lys, and His (Avram et al., 2012). Lata et al. (2007) analysed 486 HDPs from 

the antimicrobial peptide database (APD) for amino acid frequency in these 

sequences using the bioinformatic tools. Residues such as Gly, Arg, Lys, and Leu 

were shown to be commonly found in HDPs, whilst AAs such as Ser, Pro, Glu, and 

Asp were least common at both N- and C-terminus. A recent study from Hilpert group 

has demonstrated through in silico designed library of 3000 de novo short peptides 

(9-mer in length) that the specific design characteristics of HDPs did not apply to short 

peptides (Mikut et al., 2016). The peptide sequences that were grouped as ‘super 

active’ based on their activity toward P. aeruginosa were mainly composed of Lys, 
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Arg, Trp, and Val/Ile/Leu (Mikut et al., 2016). However, the activity of these super 

peptides toward host cells and in vivo stability was not yet reported.  

 

Melittin, a key constituent of honey-bee venom, is a potent HDP with strong 

antimicrobial activity (Memariani et al., 2019). However, its clinical use is largely 

limited by the high haemolytic activity (Memariani et al., 2019). Blondelle et al. 

(Blondelle et al., 1993) studied the function of Trp in melittin activity through serial Trp 

substitution starting from N- to C-terminus. Substitution of LeuàTrp at 9th position 

was shown to decrease the haemolytic activity whereas substitution of ProàTrp at 

14th position improved the alpha-helical conformation and reduced the haemolytic 

effects compared to parent melittin peptide.  

 

HDPs with Pro residues are widely known to display a disrupted helix conformation, 

which eventually affects their surface retention time and penetration into microbe 

cytoplasm (O'Neil and DeGrado, 1990, Creamer and Rose, 1992). A recent study 

using peptide analogue (Anal 3, 19-AA long) from N-terminus of Helicobacter pylori 

ribosomal protein L1 has demonstrated that an insertion of Pro-hinge into Anal 3 (via 

GluàPro substitution at 9th position) significantly improves the peptide selectivity 

toward microbes with no effect on host cells (Lee et al., 2013, Putsep et al., 1999). 

This was attributed to the helix-hinge-helix conformation of Anal 3-Pro analogue at 

the surface of bacteria allowing peptide penetration and DNA binding in the 

cytoplasm. This study suggested that rational insertion of Pro residue through SAR 

analysis could improve the biological membrane selectivity of microbicidal peptides. 

Proline-rich designed HDPs such as ARV-1502 (Brakel et al., 2019), oncocin (Knappe 

et al., 2010), and Bac-5 (Mardirossian et al., 2019a, Mardirossian et al., 2019b) have 

shown significant efficacy against Gram-negative pathogens but not host cells 

membranes. Unlike cationic HDPs, proline-rich peptides kill bacteria through 

inhibition of protein synthesis (Mardirossian et al., 2019b, Mardirossian et al., 2018, 
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Graf et al., 2017, Cardoso et al., 2019a). Histidine-rich (Mason et al., 2006, Mason et 

al., 2009), alanine-rich (Migliolo et al., 2012), and tryptophan-rich (Deslouches et al., 

2013) short HDPs have also been developed. These were shown to be highly 

effective at acidic pH against a range of Gram-negative and Gram-positive bacteria 

(Mishra et al., 2018). 

 

Magainin-2 is 23 residues long AMP isolated from frog skin, Xenopus laevis (Zasloff, 

1987). Due to its non-haemolytic and broad-spectrum antimicrobial properties, 

magainin-2 was widely studied as a model peptide to understand the SAR of naturally 

occurring AMPs (Zasloff et al., 1988, Esmaili and Shahlaei, 2015, Nguyen et al., 2009, 

Westerhoff et al., 1989, Maloy and Kari, 1995). Chen et al. (1988) have demonstrated 

that the alpha-helical conformation of magainin-2 could be stabilised through 

GlyàAla substitution (at both 13th and 18th position) and C-terminal amidation. This 

was shown to increase the antibacterial activity by two-fold against a range of bacteria 

without modulating its safety against erythrocytes (Chen et al., 1988). Numerous 

groups have made attempts to improve the activity of magainin-2 against Gram-

negative bacteria through residue substitution. It was demonstrated that the 

substitution of PheàTrp in magainin-2 (F12W mutant) increased its activity against 

Gram-negative bacteria; however, this increased its selectivity toward erythrocytes, 

causing significant haemolysis (Matsuzaki et al., 1997). This could be attributed to 

the bulkiness of Trp compared to Phe and the presence of NH-group in Trp that is 

capable of forming hydrogen bonds with zwitterionic phospholipids (Creamer and 

Rose, 1992, Manikandan and Ramakumar, 2004). Further modification through 

reduction of net charge of F12W mutant (LysàGlu substitution at 10th position) was 

shown to reduce the haemolytic effect. However, this made the mutant magainin-2 

less effective against Gram-negative bacteria (Matsuzaki et al., 1997). Extensive SAR 

studies from Zasloff’s laboratory led to the development of MSI-78 (also known as 

pexiganan), a derivative of magainin-2, which showed improved safety/efficacy profile 
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compared to parent magainin-2 sequence (Gottler and Ramamoorthy, 2009, Ge et 

al., 1999). However, it failed in the phase III clinical trial for the treatment of infective 

diabetic foot ulcers.  

 

Typically, natural HDPs display a net positive charge between +2 to +13. It has been 

widely demonstrated that modification of total net charge of synthetic HDPs through 

cationic residue substitution enhances electrostatic interaction between HDPs and 

LPS (Haney et al., 2017, Matsuzaki et al., 1997). However, this approach has shown 

to increase the toxicity of certain HDPs. For example, magainin-2 analogues with 

positive charge above +5 were shown to display haemolytic effects (rank order +6 > 

+5 > +4 > +3) (Dathe et al., 2001). To overcome the inherent issues associated with 

peptide optimisation, Mishra and Wang (2012) adopted an ab initio design approach 

which involved utilisation of novel database-filtering technology (DFT). This led to the 

development of a 13-AA long, leucine-rich, anti-MRSA peptide template - termed 

‘DFTamP1’ (Mishra and Wang, 2012). A subsequent study demonstrated that 

DFT503, an optimised variant of DFTamP1, was shown to be safe and effective in in 

vivo killing of MRSA in a neutropenic mouse model. This anti-MRSA activity was 

attributed to its eight Leu residues and a single Lys at position 11 (net charge +1) 

(Mishra et al., 2019). These studies suggested that lower cationic charge and high 

hydrophobicity is preferred for anti-MRSA synthetic peptides. This strategy could form 

the basis for the development of species-specific peptide-based therapy against MDR 

pathogens.  

 

LL-37 is a lone member of the cathelicidin family of HDPs reported in humans (Scott 

et al., 2002, Harder et al., 1997, Cowland et al., 1995). It was widely studied due to 

its multi-functional abilities, including microbicidal (Zanetti et al., 1995), anti-cancer, 

immunomodulatory (Bowdish et al., 2005), chemotactic (De et al., 2000), and wound-

healing properties (Ramos et al., 2011). Numerous groups have exploited the 
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structure of LL-37 to design a range of synthetic antimicrobial analogues through 

residue substitution (Wang et al., 2019b, Wang et al., 2014). FK-13 (residues 17-29 

of LL-37) was identified as a core antimicrobial and anti-cancer domain using nuclear 

magnetic resonance technique (Wang, 2008a). Subsequently, the deletion of Phe at 

17th position led to the development of KR-12, which showed potent antimicrobial 

efficacy equivalent to LL-37 and FK-13 against Escherichia coli, but devoid of toxic 

activity against host cells (Wang, 2008b). KR-12 and KE-18 analogues were recently 

shown to possess anti-Candida and anti-Staphylococcal properties (Luo et al., 2017). 

Specifically, KE-18 showed anti-biofilm activity even at sub-killing concentration 

against yeast and bacteria (Luo et al., 2017). Further variants of KR-12 were also 

reported and the less cationic analogues, a5 and a6, were shown to possess potent 

immunomodulatory, antibiofilm, antimicrobial, and osteogenic properties (Jacob et 

al., 2013, Kim et al., 2017, Li et al., 2019a, Fu et al., 2020). Variants of LL-23, 

corresponding to 23 N-terminal residues of LL-37, were generated through 

substitution of SeràAla and SeràVal at the 9th position. LL-23V9 peptide was shown 

to display increased antimicrobial and immunosuppressive activities compared to LL-

23 and parent LL-37 (Wang et al., 2012a). Wang’s group (Mishra and Wang, 2017, 

Wang et al., 2019b) have recently demonstrated that titanium surface immobilised 

FK-16 (a short variant of LL-37) is highly antimicrobial against ESKAPE pathogens. 

Mohammed et al. (2019) recently demonstrated that FK-16 could be used for 

repurposing conventional antibiotics such as vancomycin as a strategy to counter 

AMR. Further improvement of FK-16 by Wang’s group (Narayana et al., 2019a) have 

also led to the development of GF-17, 17BIPHE2, and other related variants of 

superior efficacy and safety compared to LL-37. Nell et al. (2006) designed a range 

of short peptides through residue substitution based on the LL-37 sequence for 

neutralisation of lipopolysaccharide (LPS) and lipoteichoic acid (LTA). P60.4, a 24-

AA derivative, was shown to possess similar LPS/LTA neutralisation ability and 

antimicrobial effects compared to LL-37, but with negligible in vivo toxicity toward 
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audible canal, skin, and eyes. This peptide was subsequently termed as OP-145 and 

was proven to be safe and efficacious in the treatment of chronic otitis media in phase 

I/II clinical trials (Malanovic et al., 2015). However, the activity of OP-145 was recently 

shown to be reduced in human plasma (Riool et al., 2017). Subsequent modification 

led to the development of synthetic antimicrobial and antibiofilm peptides (SAAPs) 

such as SAAP-145, -148, and -276, which showed potent anti-biofilm activity against 

a range of MDR pathogens (Riool et al., 2017). 

 

1.3.3.2. Residue substitution with unnatural amino acids 

HDPs are essentially a group of small bioactive molecules made of different 

combinations of 20 naturally occurring amino acids. The nearly infinite chemical 

space (20n) and varying physicochemical properties account for the vast structural 

and functional diversities of naturally occurring HDPs (Zhao et al., 2013, Wang et al., 

2016). However, susceptibility to host cell interaction (e.g. human erythrocytes, 

albumin, etc.) (Starr et al., 2016, Svenson et al., 2007) and proteolytic degradation 

from the host and bacterial proteases (e.g. human proteases in serum, 

staphylococcus aureolysin, pseudomonas elastase, etc.) (Starr and Wimley, 2017, 

Sieprawska-Lupa et al., 2004, Moncla et al., 2011, Bottger et al., 2017) remains one 

of the key impediments in translating HDP-based treatment to clinical therapeutics. 

For instance, the anti-staphylococcal activity of cathelicidin (LL-37) – one of the most 

widely studied human HDPs – was shown to be inhibited by the proteases produced 

by S. aureus, namely the aureolysin (a metalloproteinase) and V8 protease 

(glutamylendopeptidase), via cleavage and hydrolysis of the intramolecular peptide 

bonds (Sieprawska-Lupa et al., 2004). 

 

To overcome this barrier, incorporation of unnatural or non-proteinogenic amino acids 

has been employed to increase the proteolytic stability and/or antimicrobial efficacy 

of HDPs. It is known that the antimicrobial efficacy of HDPs is greatly influenced by 
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the cationicity (Nguyen et al., 2011). To preserve the cationicity and thence efficacy, 

researchers have attempted to optimise the HDPs by replacing the cationic residues 

(e.g. lysine) with its analogues such as ornithine, 2,4-diamino-butyric acid (DAB), and 

2,3-diamino-propionic acid (DAP), which have three, two, and one methylene (CH2) 

groups in the side chain, respectively (Clemens et al., 2017, Arias et al., 2018). Using 

Trp-rich peptides as the design template, Arias et al. (2018) reported a 4-fold length-

dependent increase in the antibacterial activity against E. coli when the side chain of 

lysine was shortened from 4-carbon (lysine) to 1-carbon (DAP). Such effect was likely 

attributed to an increase in membrane permeabilisation based on calcein leakage 

study. In addition, a substantial improvement in the stability against trypsin was 

observed when the side chain of arginine or lysine was shortened (Arias et al., 2018). 

Oliva et al. (2018) investigated the potential role of integrating unnatural amino acids 

within the 9-residue synthetic HDPs and discovered that unnatural amino acids such 

as 2-naphthyl-L-alanine (an aromatic residue) and S-tert-butylthio-L-cysteine 

residues enhanced the antimicrobial efficacy and proteolytic stability in 10% serum 

for 1 hour and 16 hours (to a lesser extent). In addition, incorporation of unnatural 

amino acids dipeptides (tetrahydroisoquionolinecarboxylic acid - 

octahydroindolecarboxylic acid; or Tic-Oic) within magainin analogues has been 

shown to induce an amphipathic and loose alpha-helical structure with enhanced 

antimicrobial potency and selectivity against Gram-positive, Gram-negative and 

mycobacterium (Hicks et al., 2007). 

 

Unnatural amino acids have been successfully utilised for improving the efficacy and 

stability of various peptidomimetics (Qvit et al., 2017).  For example, Saralasin, a 

partial angiotensin II receptor agonist, was developed by incorporation of sarcosine 

(an unnatural amino acid) at a key position in angiotensin II molecule (Gavras and 

Brunner, 2001).  This provided resistance against aminopeptidases and improved 

bioactivity. Carbetocin, a cyclic 8-AA derivative of oxytocin is currently used for the 
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treatment of post-partum hemorrhage, was developed through incorporation of 

unnatural AAs such as methyltyrosine which improved its metabolic stability and 

overall therapeutic benefits (Gruber et al., 2012). 

 

1.3.3.3. Hybridisation 

Hybridisation is a concept used to describe rational combinations of two different 

peptide sequences of interest, with an aim to improve the therapeutic potential of the 

hybridised molecules. It is widely known that a cocktail of HDPs are produced at the 

tissue sites in response to infection (Grassi et al., 2017, Yan and Hancock, 2001). 

This natural synergism between HDPs was shown to be beneficial to the host, 

providing the first line of defence against pathogens. This was very well exploited 

through in vitro and in vivo studies, which proved that the combination of two HDPs 

produces strong activity against bacteria (Grassi et al., 2017, Yan and Hancock, 

2001). However, this was not deemed as a cost-effective approach and the issue of 

host toxicity remains unresolved. Hybridisation strategy was shown to circumvent 

these known issues, which involves the combination of key residues from two to three 

HDPs of different mechanisms of actions into a single sequence (Almaaytah et al., 

2018, Wade et al., 2019, Wang et al., 2019a). Boman et al. (1989) elegantly showed 

that a hybrid of cecropin-A (1-13) and melittin (1-13) was highly bactericidal and less 

toxic toward host cells compared to parent cecropin-A and melittin. Subsequent 

modifications led to the development of numerous short hybrids of cecropin-A and 

melittin (15 to 18 residues in length), which showed similar activity as the first-

generation hybrids (Andreu et al., 1992, Wade et al., 1992). Chimeras of cecropin-A 

(CA) and magainin-2 (MA) were also developed that exhibited potent antibacterial 

and antitumor activities. Insertion of hydrophobic residues through residue 

substitution in the hinge region (at 16th position) of CA(1-8)-MA(1-12) hybrid was 

shown to improve its antibacterial and antitumor activity with no haemolytic effects 

(Shin et al., 1999). A recent study has demonstrated that substitution of key residues 
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in CA(1-8)-MA(1-12), specifically Phe5Lys, Lys7His, Phe13His, Leu14Phe, and 

His17Leu, could stabilise the alpha-helical conformation, resulting in improved LPS 

binding affinity, increased bactericidal activity against clinical Gram-negative isolates, 

and low cytotoxicity (Lee et al., 2016b). Hybrids of human-derived and animal-derived 

HDPs were also developed to comprise the membrane-lytic and immunomodulatory 

properties of cationic HDPs. For example, hybrids of cecropin-A (1-8)-LL37(17-20) 

(Wei et al., 2016), melittin(1-13)-LL37(17-30) (Wu et al., 2014), and BMAP27(9-20)-

LL37(17-29) (Tall et al., 2020) were shown to be highly bactericidal and improved the 

efficacy of conventional antibiotics against a variety of bacteria. Another study 

involving ‘triple hybrid’ of cecropin-A, melittin, and LL-37 showed that this approach 

could significantly enhance the bactericidal against a range of Gram-negative and 

Gram-positive organisms (Fox et al., 2012). Similarly, Dutta et al. (2016) reported 

good in vitro and in vivo efficacies of an antimicrobial CL coated with melimine 

(derived from melittin and protamine) for treating IK in a rabbit model. These studies 

have clearly indicated that an optimised rational design approach could enable 

development of chimeras with improved biological selectivity.  

 

In addition to overcoming the issue of host toxicity (as described above), the hybrid 

strategy has also led to the development of numerous species-specific and targeted 

bactericidal peptides to prevent damage to useful microbiome (Kim et al., 2020, Xu 

et al., 2020, Eckert et al., 2006). Kim et al. (2020) have developed a targeted chimeric 

peptide for the treatment of P. aeruginosa infection. Through phage-display library 

screening, they identified an outer-membrane porin F (OprF) binding peptide motif, 

termed PA2. Hybridisation of this tag sequence to a membrane-lytic short peptide, 

GNU-7, was shown to improve the antimicrobial efficacy of parent GNU-7 by 16-fold 

toward P. aeruginosa both in in vitro and in vivo model systems. LPS-targeting GNU-

7 variants were also developed through hybridisation with lactoferrin (28-34), BPI (84-

99), and de novo sequence (Kim et al., 2016). Chimeric bactericidal peptides targeted 
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to E. faecalis (Xu et al., 2020) and S. mutans (Eckert et al., 2006) were also developed 

based on the species-specific pheromones. This approach was proven to be highly 

targeted and would prevent the damage to commensal microbes.  

 

1.3.3.4. L-to-D heterochiral isomerisation 

Depending on the geometric arrangement, all naturally occurring amino acids (except 

for glycine) can exist as stereoisomers, either in L- or D-form, albeit only the L-

configuration can be utilised by cells (Aliashkevich et al., 2018). That said, there is 

emerging evidence showing that most organisms are able to produce D-amino acids, 

primarily through spontaneous racemisation of L-amino acids or post-translational 

enzymatic modification (Li et al., 2016). In addition, D-amino acids such as D-alanine 

and D-glutamic acid are found in peptidoglycan, which is a key component of the cell 

wall of Gram-positive bacteria. These D-amino acids have been shown to increase 

resistance to host proteases that usually cleave the peptide bonds between L-amino 

acids, thereby maintaining their virulence (Aliashkevich et al., 2018). 

 

Capitalising on the evolutionarily advantageous strategy equipped by microbes, L-to-

D isomerisation has been utilised to enhance the proteolytic stability of HDPs against 

a range of host and microbes’ proteases (Wade et al., 1990, Cardoso et al., 2018, 

Carmona et al., 2013, Jia et al., 2017, Manabe and Kawasaki, 2017, Mangoni et al., 

2006). L-to-D isomerisation can be utilised to either modify specifically one or several 

L-amino acids (Jia et al., 2017, Heidary et al., 2018), or the entire sequence of a L-

form HDP (Carmona et al., 2013, Jia et al., 2017, Manabe and Kawasaki, 2017). 

Carmona et al. (2013) demonstrated that L-to-D isomerisation of Panidin-2 (D-Pin2) 

improved the cell selectivity (i.e. reduced haemolysis) and proteolytic stability in 

human serum, elastase, and trypsin, while maintaining the antimicrobial activity 

against a range of Gram-positive and Gram-negative bacteria. In a similar vein, Jia 

et al. (2017) reported an improved stability of D-amino acid derivative of polybia-CP 
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(which was originally derived from the venom of social wasp Polybia paulista), in 

chymotrypsin and trypsin for 1 hour and 6 hours and reduced haemolytic activity (D-

lysine derivative). In addition to the beneficial effect of proteolytic stability and/or cell 

selectivity, the D-form amino acids may enhance the antimicrobial efficacy of HDPs. 

For example, the D-form KLKLLLLLKLK-NH2 (derived from sapesin B) was shown to 

exhibit increased antimicrobial efficacy against S. aureus (due to increased 

interaction with the peptidoglycan), E. coli and Candida albicans when compared to 

the L-form (Manabe and Kawasaki, 2017). However, the enhanced antimicrobial 

efficacy was not observed in other tested D-forms of HDPs such as mastoparan M 

and temporin A, suggesting that the D-isomerisation effect is sequence-dependent 

(Manabe and Kawasaki, 2017). 

 

L-to-D isomerisation has also been shown to confer unique changes to the peptide-

folding and secondary structure of HDPs (Mangoni et al., 2006, Jia et al., 2017, Wade 

et al., 1990). Based on circular dichroism analysis, the D-form derivatives of naturally 

occurring alpha-helical HDPs typically exhibit a left-hand alpha-helical spectrum 

(instead of a right-hand spectrum) whereas partial D-isomerisation of HDPs may 

result in some degree of loss of alpha-helicity, depending on the position and number 

of D-amino acids being introduced (Wade et al., 1990, Jia et al., 2017, Mangoni et 

al., 2006). Such changes in the secondary structure are likely accountable for the 

reduced host toxicity and improved cell selectivity in some HDPs (Jia et al., 2017). 

 

This strategy was found to be successful in the development of daptomycin, an 

antibacterial cyclic lipopeptide, which was approved by the US Food and Drug 

Administration (FDA) in 2003 for the treatment of skin and systemic Gram-positive 

infections (Liu et al., 2011, Qvit et al., 2017). Structurally, daptomycin is comprised of 

13 residues including D-alanine and D-serine (Heidary et al., 2018). In addition, it also 
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contains non-canonical amino acids such as ornithine, L-kynurenine, and L-3-

methylglutamic acid (Heidary et al., 2018). 

 

1.3.3.5. C- and N-terminal modification 

A range of N- and C-terminal modification strategies have been proposed to enhance 

the antimicrobial efficacy and/or cell selectivity of natural and synthetic HDPs (Oliva 

et al., 2018, Dahiya et al., 2018, Wang, 2012). Amongst all, N-terminal acetylation 

(CH3CO-) and C-terminal amidation (-NH2) are the two most commonly attempted 

strategies (Oliva et al., 2018). N-acetylation is a common protein modification 

observed in eukaryotic and prokaryotic cells (Ree et al., 2018). By neutralising the 

positive charge (NH3
+) at the N-terminal, N-acetylation can result in a range of 

irreversible changes to the protein properties, including the folding, stability, and 

protein-protein interactions (Ree et al., 2018). Saikia et al. (2017) examined the 

antimicrobial efficacy and salt sensitivity of E. coli-derived MreB (a bacterial 

cytoskeleton protein found in non-spherical cells) and its N-acetylated analogues and 

found that N-acetylated W-MreB1-9 demonstrated a higher antimicrobial efficacy (in 

salt) compared to W-MreB1-9. However, N-acetylation may result in a decrease in 

antimicrobial efficacy of certain synthetic HDPs due to a reduction in the overall 

cationicity (Saikia et al., 2017, Crusca et al., 2011), suggesting that the benefit of this 

modification strategy is only selective for certain HDPs. 
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Table 1.5. Strategies in translating the therapeutic potentials of HDPs.  
Authors Year HDPs template Strategies Biological Effects 
Residue substitution 
Lee et al. 2013 HP ribosomal 

protein 1 

Pro substitution Increased efficacy 

Wang et al. 2012 LL-37 Ala/Val substitution Increased efficacy 

Blondelle et al. 1993 Melittin Trp substitution Reduced toxicity 

Hybridisation 
Wei et al. 2016 Cecropin and LL-

37 
Hybridisation Increased efficacy and 

reduced toxicity 

Wu et al. 2014 Melittin and LL-37 Hybridisation Increased efficacy and 

reduced toxicity 

Boman et al. 1989 Cecropin and 

melittin 

Hybridisation Improved efficacy and 

reduced toxicity 

Unnatural AA 
Arias et al. 2018 Indolicidin Ornithine, DAB, 

DAP, Agb and hArg 

Improved efficacy 

against GN and 

proteolytic stability 
Clemens et al.  2017 Cecropin and 

magainin 

Ornithine Antimicrobial and anti-

biofilm efficacies  

Hicks et al. 2007 Magainin Tic-Oic Increased efficacy and 

reduced toxicity 

L-to-D isomerisation 
Jia et al. 2017 Polybia-CP LDI Improved proteolytic 

stability and reduced 

toxicity 

Manabe et al. 2017 Sapesin B LDI Improved efficacy 
against GP, GN and 

fungi 

Carmona et al. 2013 Pandinin 2 LDI Reduced host tissue 

toxicity 

C- and N- terminal modifications 
Saikia et al. 2017 MreB N-acetylation Improved antimicrobial 

efficacy in salt 

Falciani et al. 2014 M33 C-pegylation Increased proteolytic 

stability 
Dennison & 

Phoenix 

2011 Modelin-5 C-amidation Improved stabilisation 

of alpha-helix and 

antimicrobial efficacy 
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Cyclisation     

Mwangi et al. 2019 Cathelicidin-BF Cyclisation Antimicrobial and 

antibiofilm efficacies 

against MDR-GN and 

good stability 

Scudiero et al. 2015 HBD-1 and -3 Cyclisation Increased proteolytic 
stability 

Fernandez-

Lopez et al. 

2001 De novo Cyclisation of D,L-

alpha peptides 

Increased efficacy 

Incorporation with nanoparticles 

Comune et al. 2017 LL-37 Gold NP Improved wound 

healing 

Casciaro et al. 2017 Esculentin-1a Gold NP Improved antimicrobial 

efficacy, wound 
healing and stability 

Chereddy et 

al. 

2014 LL-37 PLGA NP Improved wound 

healing 

Smart design with artificial intelligence technology 
Yount et al. 2019 5200 12-mer 

peptide sequence 

SVM-based 

classifier 

Identification of a 

unifying alpha-core 

signature with good 

correlation with ability 

to generate NGC 
Lee et al. 2016 572 alpha-helical 

peptides 

SVM-based 

classifier 

Accurate prediction of 

peptide ability to 

generate NGC 

Cherkasov et 

al. 

2009 Random 9-mer 

peptide database 

QSAR model using 

ANN 

Generation of active 

synthetic peptides 

against MDR GP and 

GN, with low toxicity 

HP = Helicobacter pylori; GP = Gram-positive bacteria; GN = Gram-negative bacteria; DAB = 

2,4-diamino-butyric acid; DAP = 2,3-diamino-propionic acid (DAP); Agb = (S)-2-amino-4-
guanidinobutyric acid; hArg = homo-arginine; Tic-Oic = tetrahydroisoquionolinecarboxylic 

acid-octahydroindolecarboxylic acid dipeptide; HBD = Human-beta-defensin; PLGA = Poly 

lactic-co-glycolic acid; SVM = support vector machine; NGC = Negative Gaussian curvature; 

ANN = Artificial neural network; MDR = Multidrug resistant 
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On the other hand, C-amidation is a common post-translational modification that is 

widely observed in nature, including the natural synthesis of HDPs (Wang, 2012). C-

amidation has been shown to improve the antimicrobial efficacy of certain HDPs, 

including aurein (Mura et al., 2016), melittin (Irudayam and Berkowitz, 2012), 

modelin-5 (Dennison and Phoenix, 2011), anoplin (Dos Santos Cabrera et al., 2008), 

and esculentin-1 (Islas-Rodriguez et al., 2009), amongst others. The enhanced 

antimicrobial efficacy of these HDPs is likely ascribed to the increased alpha-helix 

stability at the peptide-membrane interfaces, enabling a greater membrane disruption 

and pore formation (Dos Santos Cabrera et al., 2008, Dennison and Phoenix, 2011, 

Mura et al., 2016, Irudayam and Berkowitz, 2012). In addition, Oliva et al. (2018) 

demonstrated that simultaneous N-acetylation and C-amidation enhanced the 

proteolytic stability of HDP derived from human apolipoprotein B by more than four-

fold when exposed to fetal bovine serum 10% for 1 hour. Similarly, the proteolytic 

stability of tachyplesin I (a beta-hairpin HDP from the horseshoe crab, Tachypleus 

tridentatus) in fresh human serum was significantly enhanced using the similar N-

acetylation and C-amidation strategy (Kuzmin et al., 2017). 

 

Other N- or C-terminal modification strategies have also been described in the 

literature, including N-methylation of certain cyclic HDPs to enhance the antimicrobial 

efficacy (Dahiya et al., 2018), introduction of 6-aminocaproic acid at the N- and C-

terminals to protect HDPs from the action of exopeptidases (Oliva et al., 2018, Purwin 

et al., 2017), and pegylation of the C-terminus of M33, a branched peptide, to increase 

the resistance against P. aeruginosa elastase (Falciani et al., 2014). 

 

1.3.3.6. Cyclisation 

Cyclisation is a common phenomenon observed in natural HDPs that can exist in 

three main forms: (a) sidechain to sidechain; (b) backbone to backbone; and (c) 

sidechain to backbone (Wang, 2012). It has been shown to demonstrate several 
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favorable biological properties, including enhanced antimicrobial efficacy, stability 

against proteases (due to conformational rigidity), enhanced cell selectivity, and 

reduced host toxicity (Zorzi et al., 2017, Wang, 2012), rendering it an attractive 

strategy for translating HDPs from bench to bedside. Some of the notable examples 

of cyclic glyco- or lipopeptides that are already in clinical use include vancomycin, 

daptomycin, and colistin/polymyxin, which are commonly used as last resorts for 

combatting MDR bacteria, albeit their widespread use is hindered by the inherent 

toxicity and emergence of AMR (Zorzi et al., 2017, Falagas and Kasiakou, 2005, 

Johnson et al., 1990). 

 

In view of the structural stability, Dathe et al. (2004) were able to create a series of 

short cyclic hexapeptides (based on AcRRWWRF-NH2) with enhanced antimicrobial 

efficacy (up to >16-fold increase) against Bacillus subtilis and E. coli compared to the 

linear form, though the haemolytic activity was increased by threefold (Dathe et al., 

2004). It was also found that the antimicrobial activities of those small Arg/Trp-rich 

cyclic peptides were influenced by the self-assembling behavior of peptides at the 

bacterial membrane instead of their hydrophobic surface area, amphiphilicity, and 

ring size (Bagheri et al., 2018). In addition, a number of small cyclic D,L-alpha-

peptides (with six or eight alternating D- and L-form residues) have also demonstrated 

strong antimicrobial efficacy against Gram-positive and/or Gram-negative bacteria via 

self-assembly on the bacterial membranes as organic nanotubules, which could 

increase membrane permeability and disrupt transmembrane ion potentials with 

resultant cell lysis (Fernandez-Lopez et al., 2001, Dartois et al., 2005). Furthermore, 

molecular dynamic simulations and biophysical assays have provided further 

supportive evidence that cyclic peptides are able to bind to negatively charged 

membrane more strongly than the linear peptides and adopt a beta-sheet structure 

at the membrane surface (Mika et al., 2011). 
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Another form of cyclisation that is found abundantly in natural HDPs, mainly in 

defensins, is the disulfide intramolecular cross-link between cysteine residues, which 

has been shown to enhance proteolytic stability (Falanga et al., 2017, Menendez and 

Brett Finlay, 2007, Sher Khan et al., 2019, Scudiero et al., 2015). Inspired by the 

nature, Scudiero et al. (2015) engineered a 17-residue cyclic synthetic hybrid HDP, 

based on the internal hydrophobic domain of human-beta defensin (HBD)-1 and 

positively charged C-terminal of HBD-3 (RRKK residues), and demonstrated good 

antimicrobial efficacy against Gram-positive and Gram-negative bacteria and herpes 

simplex virus, with low toxicity and good proteolytic stability. Similarly, Mwangi et al. 

(2019) successfully developed a cyclic HDP-based molecule called ZY4 by 

introducing a disulfide bond to a derivative of cathelicidin-BF, which is an antimicrobial 

peptide derived from the snake venom of Bungarus fasciatus. This molecule was 

shown to exhibit significant in vivo antimicrobial efficacy against MDR P. aeruginosa 

and A. baumannii with high stability in mice lung infection and septicemia models 

(Mwangi et al., 2019). 

 

1.3.3.7. Incorporation with nanoparticles (NPs) 

Nanotechnology is a rapidly growing field in biotechnology that involves 

characterisation, manipulation and synthesis of materials that are in nanoscales (or 

one billionth of meter; 10-9 m) (Bayda et al., 2019). NPs, with sizes ranging from 1 nm 

to 100 nm, can exist in many forms, including lipid-based, metal-based, carbon-

based, ceramics, semiconductor, and polymeric NPs (Khan et al., 2019). It has 

increasingly been applied in the field of antimicrobials, either employed as 

antimicrobial agents or nano-carriers for drug/peptide delivery in view of their 

enhanced protection against extracellular degradation, improved bioavailability and 

cell selectivity (Reshma et al., 2017, Natan and Banin, 2017, Biswaro et al., 2018, 

Lakshminarayanan et al., 2018). Recently, Biswaro et al. (2018) have provided an 

excellent review on the role of nanotechnology in delivering HDPs. To avoid any 
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significant overlap, this section aims to only recapitulate the fundamental principles 

of NPs and provide some notable examples regarding the potential values of 

incorporating NPs with HDPs.  

 

In principle, there are two types of nano-delivery systems: (a) passive delivery where 

the intended drugs/peptides are encapsulated within the nanocarriers through 

hydrophobic interaction without any surface modification; and (b) active delivery 

where the drugs/peptides are directly conjugated with the nanocarriers with surface 

modification with ligands or other moieties to facilitate delivery to the targeted site 

(Patra et al., 2018). Among all, LL-37 and its mimics are some of the most commonly 

explored HDPs that have been incorporated with different types of NPs, including 

polymeric NPs [e.g. poly lactic-co-glycolic acid (PLGA)] (Chereddy et al., 2014), gold 

NP (Ferreira et al., 2018a, Comune et al., 2017), and magnetic NPs (Wnorowska et 

al., 2020). 

 

PLGA is a FDA-approved biodegradable and biocompatible polymer that has 

demonstrated promising potential as a drug delivery carrier (Makadia and Siegel, 

2011). Chereddy et al. (2014) described using PLGA as a nanoparticle carrier for 

delivering a sustained release of LL-37 treatment. Compared to PLGA or LL-37 alone, 

PLGA-LL37 nanoparticles were reported to expedite the wound healing process with 

significantly higher collagen deposition, re-epithelialisation and neovascularisation 

(Chereddy et al., 2014). It also demonstrated better antimicrobial activity against E. 

coli compared to PGLA alone, though the efficacy was lower than LL-37 alone 

(Chereddy et al., 2014). Cruz et al. (2017) similarly reported that the encapsulated 

form of GIBIM-P5S9K peptide within PLGA or polylactic acid exhibited around 20 

times stronger antimicrobial efficacy against methicillin-resistant S. aureus (MRSA), 

P. aeruginosa, and E. coli when compared to the free peptide. 
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In addition, gold NPs have been increasingly applied in the field of HDPs (Yeh et al., 

2012). Comune et al. (2017) demonstrated that LL-37 conjugated with gold NPs (via 

an additional cysteine residue at the C-terminus of LL-37) demonstrated superior in 

vitro and in vivo wound healing properties compared to LL-37 alone. This was 

attributed to the prolonged phosphorylation of epidermal growth factor receptor 

(EGFR) and extracellular-signal-regulated kinase (ERK)1/2, which increased the 

migration of keratinocytes. Gold NPs have also been used as nanocarriers for other 

HDPs such as Esc(1-21), a derivative of a frog skin HDP called esculentin-1a 

(Casciaro et al., 2017). Compared to Esc(1-21), it was found that the conjugated form 

of Esc(1-21) with gold NPs via a poly-ethylene glycol linker improved the antimicrobial 

efficacy against P. aeruginosa by around 15-fold, with increased resistance to 

proteolytic degradation (Casciaro et al., 2017). Certain peptides have also 

demonstrated self-assembling ability as a nanocarrier for drug delivery (Biswaro et 

al., 2018). 

 

1.3.3.8. Smart design using artificial intelligence (AI) technology 

AI serves as one of the major breakthroughs in the mankind’s history. Long been 

deployed in the automobile and technology industries, AI has only started gaining 

traction in the field of science and medicine, owing to the advancement in computer 

power, availability of big data, publicly available neural networks, and improvement 

in AI algorithms using machine learning and deep learning (Hamet and Tremblay, 

2017, Ting et al., 2019a, Schneider et al., 2019, LeCun et al., 2015, Ting et al., 2020a, 

Ting et al., 2021c). In view of the infinite chemical space and complex SAR of natural 

and synthetic HDPs, AI serves as an attractive solution to identify and predict novel 

peptide sequences with potentially good antimicrobial efficacy (Cardoso et al., 2019b, 

Cherkasov et al., 2009, Lee et al., 2016a, Yount et al., 2019).  
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To date, a number of machine learning algorithms such as artificial neural network 

(ANN) (Cherkasov et al., 2009, Lata et al., 2007), support vector machine (SVM)-

based classifier (Lee et al., 2016a, Yount et al., 2019, Lata et al., 2007), quantitative 

matrices (Lata et al., 2007), and fuzzy K-nearest neighbor (Xiao et al., 2013) have 

been developed to search for the ideal synthetic HDPs. Cherkasov et al. (2009) 

trained an atomic-based QSAR model using ANN and inductive chemical descriptors 

based on two large 9-mer peptide libraries. The model was then tested against 200 

peptides that were chosen from a virtual library of 100,000 random 9-mer peptides. 

The model not only successfully predicted the antimicrobial efficacy of the synthetic 

peptides but also identified potent peptide candidates (HHC-10 and HHC-36) which 

were highly active against a range of Gram-positive and Gram-negative superbugs, 

with low risk of toxicity (Cherkasov et al., 2009). 

 

On the other hand, Lee et al. (2016a) developed a SVM-based classifier coupled with 

Pareto-optimisation (Shoval et al., 2012) to deduce the functional and structural 

similarities of alpha-helical HDPs. By employing antimicrobial assays and small-angle 

X-ray scattering, it was found that the SVM distance to hyperplane σ correlated 

strongly with the ability of HDP in generating a negative Gaussian curvature (NGC), 

which is commonly responsible for the membrane disruption mechanism of HDP (Lee 

et al., 2016a). Subsequently, Yount et al. (2019) were able to identify a unifying 

physicochemical characteristic of alpha-helical HDPs in a 3-dimensional space, 

termed the alpha-core signature, using knowledge-based annotation and pattern 

recognition analysis of bioinformatics databases. The antimicrobial efficacy of this 

alpha-core signature (i.e. the ability to induce NGC) was further validated with the 

previously developed SVM-based classifier (Yount et al., 2019). 
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1.3.4. Therapeutic potentials of HDPs for ocular surface diseases  

A wide range of HDPs have so far been developed but none has reached the market. 

In this section, some of the key HDP-based molecules that have completed in vivo 

animal studies and are in the developmental pipeline for treating OS diseases are 

highlighted. These include B2088 branched peptide, Esculentin1-21(NH2), RP444, 

melimine/Mel4 antimicrobial coating for CL, epsilon-lysylated melittin (MEL-4), and 

endogenous LL-37. 

 

1.3.4.1. B2088 branched peptide 

B2088 is a covalent dimeric peptide that is derived from the C-terminal of HBD-3 

[peptide sequence: (RGRKVVRR)2KK] (Zhou et al., 2011). The development of this 

branched peptide was started in 2007 where Liu et al. (2008) demonstrated that the 

linear form of HBD3 maintained similar antimicrobial efficacy and exhibited lower 

cytotoxicity and haemolytic activity compared to the native form of HBD3, after 

refining the hydrophobicity and substituting the cysteine residues with various amino 

acids. Such properties were postulated to be related to the removal of the disulfide 

bridges and the loss of secondary structure. Bai et al. (2009) further enhanced the 

antimicrobial activity and reduced the host toxicity of linear HBD3 analogues by 

shortening the HBD3 to 10 amino acids from the C-terminal end. Taking it further, the 

antimicrobial efficacy of the truncated HBD3 were further optimised via dimerisation 

at the lysine, which yielded the final lead compound of B2088 (Zhou et al., 2011, 

Lakshminarayanan et al., 2016). 

 

B2088 has been shown to demonstrate strong antimicrobial activity against Gram-

negative bacteria, particularly P. aeruginosa (Zhou et al., 2011, Lakshminarayanan 

et al., 2016). It exerts its bacterial killing through the binding of lipid A and disruption 

of supramolecular organisation of lipopolysaccharides, a major component of the 
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outer membrane of Gram-negative bacteria. In addition, B2088 strong synergism with 

various antibiotics through time-kill and checkerboard assays. This was further 

validated in an in vivo murine P. aeruginosa keratitis study where B2088 0.05%-

gatifloxacin 0.15% combination treatment reduced the bacterial burden of corneal 

infection by an additional 1 LogCFU compared to gatifloxacin 0.3% alone 

(Lakshminarayanan et al., 2016). 

 

1.3.4.2. Esculentin-1a(1-21)NH2 

The skin of amphibians contains a rich source of HDPs (Ladram and Nicolas, 2016). 

Esculentin-1a is a type of frog-derived HDP isolated from the skin of Rana esculenta, 

or now known as Pelophylax lessonae/ridibundus. The modified version, Esculentin-

1a(1-21)NH2, is composed of the first 20 amino acids of esculentin-1a with a 

glycinamide residue at the C-terminal end (peptide sequence: 

GIFSKLAGKKIKNLLISGLKG-NH2) (Kolar et al., 2015). It has been shown to 

demonstrate strong in vitro antimicrobial activity against various P. aeruginosa 

laboratory strains (both invasive and cytotoxic strains) and clinical strains (isolated 

from eyes with keratitis and conjunctivitis), and Staphylococci species (with a MIC 

range of 1 – 16 µM) (Kolar et al., 2015). In an in vivo murine bacterial IK model 

infected with cytotoxic P. aeruginosa strain, topical treatment of esculentin-1a(1-

21)NH2 significantly reduces the bacterial load, clinical severity and recruitment of 

inflammatory cells to the infected corneas measured by the relative myeloperoxidase 

activity (Kolar et al., 2015). In addition, it was shown to exhibit anti-biofilm activity 

against P. aeruginosa and prolong the survival of PAO1-infected mice in both sepsis 

and pneumonia models (Luca et al., 2013). The potent activity against both planktonic 

and sessile forms of P. aeruginosa was ascribed to its underlying membrane 

perturbation activity (Luca et al., 2013). 
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1.3.4.3. RP444 

The development of RP444 was inspired by the “freedom from infection” observed in 

Cecropia moth and African clawed frog, which is attributed to the cecropins and 

magainins peptides, respectively (Zasloff, 2019). RP444 is a 23-amino acid designed 

HDP primarily composed of phenylalanine, alanine and ornithine, which is an 

unnatural amino acid used to replace lysine residue to enhance antimicrobial activity 

and proteolytic stability (peptide sequence: FAOOFAOOFOOFAOOFAOFAFAF) 

(Clemens et al., 2017). This designed HDP possesses a broad-spectrum 

antimicrobial activity against a range of Gram-positive and Gram-negative bacteria 

(MIC ranges between 4 – 64 µg/ml) and anti-biofilm efficacy. Similar to other natural 

and synthetic HDPs, RP444 exhibits rapid bacterial killing within 30-60 mins with no 

risk of developing resistance. Further in vivo murine bacterial keratitis study showed 

that RP444 was able to significantly reduce the bacterial load and clinical severity of 

P. aeruginosa keratitis and reduce inflammatory cell infiltration towards the infected 

site (Clemens et al., 2017). 

 

1.3.4.4. Melimine and Mel4 antimicrobial coating for contact lenses 

Melimine is a 29-amino acid cationic synthetic HDP derived from melittin (from 

honeybee venom) and protamine (from salmon sperm) (Willcox et al., 2008). This 

hybrid HDP combines the C-terminals of both melittin and protamine, yielding a total 

cationic charge of +14 (peptide sequence: TLISWIKNKRKQRPRVSRRR 

RRRGGRRRR). When attached to CLs, either through adsorption or covalent 

binding, melimine demonstrates higher antimicrobial activities against both Gram-

positive and Gram-negative bacteria than melittin or protamine alone (Willcox et al., 

2008). In addition, the haemolytic activity of melimine is significantly lower than 

melittin. Furthermore, in vivo rabbit models successfully showed that melimine-coated 

CLs were safe to wear and they prevented bacterial growth on CLs, which 

consequently reduced the rate and severity of adverse reactions such as CL-induced 
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acute red eye (CLARE), CL-induced peripheral ulcers (CLPUs) and IK (Cole et al., 

2010, Dutta et al., 2014, Dutta et al., 2016). This suggests that hybridisation of two 

different HDPs serves as a novel strategy to enhance antimicrobial efficacy and 

reduce toxicity.  

 

However, when the melimine-coated CLs were tested in a human clinical trial, these 

CLs were paradoxically associated with significantly higher corneal staining 

compared to uncoated lenses at day 1 (Dutta et al., 2014). To overcome this 

unforeseen corneal toxicity, the same research group has further refined the hybrid 

HDP, which has led to the creation of Mel4 – a truncated version of melimine with 

+14 net charge (peptide sequence: KNKRKRRRRRRGGRRRR) (Dutta et al., 2017). 

This modified HDP exhibits modest antimicrobial activity against a broad range of 

Gram-positive and Gram-negative bacteria, with good in vivo safety demonstrated in 

rabbit and human trials (Dutta et al., 2017). The mechanism of action of Mel4 against 

P. aeruginosa was found to be related to the neutralisation of LPS and disruption of 

cytoplasmic membrane whereas its action against Staphylococcus aureus was likely 

attributed to the release of autolysins with resultant cell death instead of pore 

formation (Yasir et al., 2019a, b). 

 

1.3.4.5. Epsilon lysylated melittin (MEL-4) 

Being as one of the main basic and cationic amino acids, lysine serves as a major 

constituent of many naturally occurring and synthetic HDPs (Jin et al., 2016, 

Bradshaw, 2003). In addition to the L- and D-form, lysine can also exist in epsilon 

form (Ɛ-) where the NH2 group at the side chain of L-lysine is linked to the alpha-

carbon. Ɛ-Poly-L-lysine (EPL) is a basic polyamide consisting of 25-30 Ɛ-lysine that 

is naturally produced by Streptomycetaceae and Ergot fungi (Shukla et al., 2012). It 

is commonly used as a food preservative with strong antimicrobial activity (Geornaras 

et al., 2007, Shima et al., 1984). Compared to alpha-poly-L-lysine, EPL exhibits 
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enhanced antimicrobial efficacy against a range of Gram-positive and Gram-negative 

bacteria (Shima et al., 1984, Venkatesh et al., 2017). Employing the similar strategy, 

Mayandi et al. (2020) explored the selective incorporation of Ɛ-lysine in melittin, which 

is a potent yet toxic HDP that is found in honeybee venom. They showed that Ɛ-

lysylation of melittin, in particular MEL-4 (different from the Mel4 described above) 

improved the cell selectivity of the synthetic HDP towards a range of Gram-positive 

and Gram-negative bacteria with reduced host cytotoxic and haemolytic activities, 

whilst maintaining the in vivo efficacy of melittin (Mayandi et al., 2020). This suggests 

that Ɛ-lysylation may serve as a novel strategy for improving the cell selectivity in 

lysine-rich HDPs. 

 

1.4. Aims 

In light of the evidence presented above, it is apparent that there is a significant gap 

in the literature concerning the epidemiology and outcome of IK, particularly in the 

UK. While adjuvant therapies such as therapeutic corneal cross-linking and amniotic 

membrane transplantation have been shown to improve the outcome of IK, high-

quality evidence remains lacking in the literature. In addition, there is an unmet need 

for new and novel antimicrobial therapies for IK. 

 

Bearing these issues in mind, the aims of this PhD work are fourfold. The first part of 

this work aimed to determine the epidemiology, risk factors, clinical outcomes and 

antimicrobial resistance in relation to IK. The second part aimed to systematically 

examine the effectiveness and safety of two adjuvant antimicrobial treatment, 

including therapeutic corneal cross-linking and amniotic membrane transplant for 

treating IK. The final part of this work aimed to develop a novel HDP-based 

antimicrobial therapy for treating IK and to decipher the underlying mechanism of 
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action of the HDP using biophysical assays and molecular dynamics simulation 

studies. 

 

1.5. Hypotheses 

This PhD work aimed to examine the following hypotheses: 

1. Infectious keratitis represents a significant ocular morbidity in the UK, and it 

poses significant negative impact on the patient and the healthcare system. 

2. Surgical interventions such as therapeutic corneal cross-linking and amniotic 

membrane transplant serve as useful adjuvant treatment to expedite the 

corneal healing in IK.  

3. Rational hybridisation of human-derived host defense peptides, particularly 

human beta-defensins and human cathelicidin (LL-37), can lead to the 

development of efficacious and safe topical antimicrobial therapy for treating 

infectious keratitis.  

4. Molecular dynamics simulations study can expedite the optimisation of the 

developed hybrid peptides and help decipher the underlying mechanism of 

action. 
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CHAPTER 2  

A 12-Year Analysis of Incidence, Microbiological Profiles, 

and In Vitro Antimicrobial Susceptibility of Infectious 

Keratitis: The Nottingham Infectious keratitis Study 

 

 

2.1. Introduction 

Infectious keratitis (IK) represents a major cause of corneal blindness globally, 

accounting for ~3.2% of all blindness (Ting et al., 2021j). It has also been estimated 

to cause 1.5-2.0 million monocular blindness each year. Based on the limited 

evidence in the literature, the incidence of IK has been estimated at 0.04-8.0 per 1000 

people per year, with a substantially higher rate noted in developing countries such 

as India, Nepal, and Burma (Ting et al., 2021j). 

 

A wide array of microorganisms, including bacteria, fungi, viruses, and parasites, 

notably Acanthamoeba, have been implicated in IK. In view of the diverse causative 

microorganisms and potentially rapid clinical progression, intensive broad-spectrum 

antimicrobial treatment, either with cephalosporin/aminoglycoside dual therapy or 

fluoroquinolone monotherapy, is usually commenced to provide an initial 

comprehensive coverage for IK (Austin et al., 2017a, McDonald et al., 2014). 

Uncommonly, adjuvant therapies such as tetracyclines (protease inhibitors), amniotic 

membrane transplantation, and the recently introduced modality of therapeutic 

corneal cross-linking (PACK-CXL) may be required to halt the progression of IK 

(Mencucci et al., 2011, Gicquel et al., 2007, Ting et al., 2019e, Robaei et al., 2016). 
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The diagnosis of IK is primarily made on clinical grounds, supplemented by 

microbiological investigations such as corneal scraping for microscopy, culture and 

sensitivity testing (Ung et al., 2019b, Ting et al., 2021f). Depending on the 

geographical and temporal variations, the profile of causative microorganisms of IK 

may differ significantly across different regions (Shah et al., 2011). For instance, fungi 

were shown to be the most common organism for IK in China and India whereas 

bacteria were most commonly identified in USA and UK (Ung et al., 2019b). In 

addition, the in vitro antimicrobial susceptibility and resistance of ocular isolates 

similarly varied significantly across the world, with the rate of methicillin-resistant 

Staphylococcus aureus (MRSA) ranging from 0.1% to 36.6% (Ting et al., 2018, 

Thomas et al., 2019). Moreover, the proportion of multidrug resistant (MDR) ocular 

isolates is reportedly rising in some regions (Thomas et al., 2019). 

 
To date, there are only two studies in the literature that reported the incidence of IK 

in the UK, which was estimated at 3.6-52.1 per 100,000 population/year during the 

period of 1995-2006 (Seal et al., 1999, Ibrahim et al., 2012). A number of studies 

have recently examined the microbiological profiles and/or in vitro antibiotic 

susceptibility and resistance profiles of IK in the UK (Orlans et al., 2011, Tan et al., 

2017, Ting et al., 2018, Tavassoli et al., 2019). Within the region of Nottingham, UK, 

the most recent review on IK was conducted during the period of 2007-2010 and only 

focussed on severe and sight-threatening cases (Otri et al., 2013). 

 

The aim of this study was to provide an up-to-date and comprehensive analysis on 

the incidence, microbiological profiles, and in vitro antimicrobial susceptibility and 

resistance of IK in Nottingham, UK, over the past 12 years and to compare the 

findings with the recent literature.  
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2.2. Materials and methods  

2.2.1. Case identification and data collection 

This was a retrospective study of all patients who were diagnosed with IK and 

underwent corneal scraping between July 2007 and October 2019 (a 12-year period) 

at the Queen’s Medical Centre (QMC), Nottingham. Cases were identified through 

the local microbiology electronic database. QMC was the only tertiary referral centre 

for managing ophthalmic diseases in Nottingham. The eye casualty embedded within 

the QMC was open 24/7 to manage patients with emergency ophthalmic conditions, 

including infectious keratitis. There were 2 other nearby hospitals in the East Midlands 

regions, including Derby Royal Hospital and Kings Mill Hospital, but they covered a 

different subset of the population and were not included in Nottingham population or 

the local IK database. 

 

Based on the departmental guideline for IK, all patients presented with moderate 

sized corneal ulcers (>1 mm diameter) or atypical presentation of corneal ulcer were 

subjected to microbiological investigation, which included corneal scraping for 

microscopy (with Gram staining), microbiological culture and sensitivity testing. 

Corneal scrapes were inoculated on chocolate agar (for fastidious organisms), blood 

agar (for bacteria), and Sabouraud dextrose agar (for fungi). For suspected cases of 

Acanthamoeba keratitis, non-nutrient Escherichia coli-enriched agar plate was used 

for inoculation. All cultures were incubated for at least 1 week (and up to 3 weeks for 

suspected Acanthamoeba keratitis). The identity of the microorganisms was 

confirmed through standard culture and bacteriology tests. For example, S. aureus 

was identified by cultural characteristics and positive Pasteurex test whereas 

Streptococcus pneumonia was identified by cultural characteristics and sensitivity to 

optochin disc. Corneal scraping was repeated in the same eye when the patient was 
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unresponsive to treatment regardless of positive or negative outcome of the first 

culture. These cases were only counted as one clinical episode. 

 

Causative microorganisms were categorised into Gram-positive and Gram-negative 

bacteria, fungi, and Acanthamoeba. Polymicrobial keratitis was defined as IK caused 

by two or more types of microorganisms simultaneously during the same infective 

episode. Combined cefuroxime and gentamicin/amikacin were used for deemed sight 

threatening keratitis (greater than 1 mm lesion, location within the central 6 mm zone 

and/or related to contact lens wear); or levofloxacin monotherapy for non-sight 

threatening keratitis (infiltrate size of 1 mm or less, peripheral location and not related 

to contact lens wear) were the first-line antimicrobial therapy used during the entire 

study period. In vitro antimicrobial susceptibility and resistance were determined 

using the standard disc diffusion assay or Microscan (MIC) and interpreted according 

to the clinical breakpoints set by the European Committee on Antimicrobial 

Susceptibility Testing (EUCAST) (http://www.eucast.org/clinical_breakpoints/). 

Multidrug resistance (MDR) was defined as resistance to three or more classes of 

antibiotic.  

 

2.2.2. Calculation of the population 

The population in Nottingham was estimated at between 300,000 and 328,000 people 

during the study period (https://www.ukpopulation.org/nottingham-population/), and 

these figures were used to estimate the incidence of IK within the region of 

Nottingham, UK. For study years of 2007 and 2019 (without the full-year data), the 

incidence was extrapolated from 6 months’ and 10 months’ data, respectively. This 

was because the electronic database was only introduced in July 2007 and the study 

was concluded in October 2019. 
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Ethical approval was waived by the local research ethics committee as this 

retrospective study was classified as a service evaluation (reference number: 19-

265C). The study was conducted in accordance with the tenets of Declaration of 

Helsinki. 

 
2.2.3. Statistical analysis 

For descriptive and analytic purposes, the study was divided into two time periods, 

2007-2013 (which included the study period of previous study) (Otri et al., 2013) and 

2014-2019. Statistical analysis was performed using SPSS version 26.0 (IBM SPSS 

Statistics for Windows, Armonk, NY, USA). Comparison between groups was 

conducted using Pearson’s Chi square or Fisher’s Exact test where appropriate for 

categorical variables and unpaired T test or Mann-Whitney U test for continuous 

variables. Normality of data distribution was assumed if the skewness and kurtosis z-

values were between -1.96 and +1.96 and the Shapiro-Wilk test p-value was >0.05. 

All continuous data were presented as mean ± standard deviation (SD) and/or 95% 

confidence interval (CI). Pearson’s correlation coefficient (r) analysis was performed 

to examine the incidence of IK over time and was interpreted as follows: weak 

(r=0.00-0.40), moderate (r=0.41-0.69), and strong (r=0.70-1.00), with negative values 

being interpreted in the same way (Schober et al., 2018). P-value of <0.05 was 

considered statistically significant.  

 

2.3. Results 

2.3.1. Overall description and incidence of IK 

During the 12-year study period, a total of 1400 corneal scrapes were performed in 

patients with IK; the mean age was 49.9 ± 22.2 years and 50.4% were male. There 

were 67 cases where repeat corneal scrapings were performed in the same eye. On 

no occasion were both cultures positive. After excluding 67 repeat corneal scrapings, 
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there were a total of 1333 cases of IK. The overall incidence of IK in the Nottingham 

region was estimated at 34.7 per 100,000 population/year (95% CI, 32.4 to 37.1 per 

100,000 population/year), with a stable trend observed over time (r = -0.08; p=0.79; 

Figure 2.1).  

 

          

Figure 2.1. Annual incidence of IK in Nottingham in 2007-2019. 

 

 

 

2.3.2. Types of causative organisms 

Of all 1333 corneal scrapes, 502 (37.7%) were culture-positive and 572 causative 

microorganisms were identified (Table 2.1). Gram-positive bacteria (308, 53.8%) 

were most commonly isolated, followed by Gram-negative bacteria (223, 39.0%), 

Acanthamoeba (24, 4.2%), and fungi (17, 3.0%). In terms of specific isolates, 

Pseudomonas aeruginosa (135, 23.6%), S. aureus (91, 15.9%), and Streptococci 

spp. (77, 13.5%) were the three most common causative microorganisms identified. 

Sixty (4.5%) cases were of polymicrobial origin (caused by ³2 different 
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microorganisms), with 50 (3.8%) cases having two causative microorganisms and 10 

(0.8%) cases having three causative microorganisms. Of the 60 cases, the majority 

(57, 95%) were mixed bacteria / bacteria infection with only 3 (5%) cases of mixed 

fungi / bacteria infection. The most common combination of isolates for polymicrobial 

cases were Streptococci spp. combined with coagulase-negative staphylococcus (9, 

15%). There was a significant increase in Moraxella spp. (from 2.8% to 10.0%; 

p<0.001) and decrease in Klebsiella spp. (from 3.5% to 0.3%; p=0.004) over time.  

 

2.3.3. In vitro antimicrobial susceptibility and resistance profile 

The in vitro antimicrobial susceptibilities for cephalosporin, fluoroquinolone, and 

aminoglycoside were 100.0% (25/25), 91.9% (205/223) and 95.2% (177/186) for 

Gram-positive bacteria; and 81.3% (65/80), 98.1% (212/216) and 98.3% (174/177) 

for Gram-negative bacteria (Table 2.2). From 2007-2013 to 2014-2019, there was an 

increase in resistance against penicillin in Gram-positive (from 3.5% to 12.7%; 

p=0.005) and Gram-negative bacteria (from 52.6% to 65.4%; p=0.22). There were 

only four (0.3%) MDR isolates and one (0.07%) MRSA noted in this study. The first-

line treatment, either with combined therapy (cephalosporin and aminoglycoside) or 

fluoroquinolone monotherapy, provided good antibiotic coverage for 97.3% 

(n=396/407) and 95.2% (n=418/439) of the cases, respectively.  

 

Antibiotic susceptibility of the four most commonly isolated microorganisms of IK, 

including P. aeruginosa, S. aureus, Streptococci spp., and coagulase-negative 

staphylococcus, is summarised in Table 2.3. All these organisms were generally 

susceptible (>90%) to the commonly used cephalosporin (i.e. cefuroxime), 

aminoglycosides, and fluoroquinolones used in this study. 
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Table 2.1. Summary of microbiological profiles of IK in Nottingham in 2007-2019.  

Organisms 2007 – 2019 
N=572; N (%) 

2007 – 2013 
N=282; N (%) 

2014 – 2019 
N=290; N (%) 

P-
value* 

Gram-positive 

     S. aureus 

     CoNS 

     Streptococci  

     Bacilli 

     Others# 

308 (53.8) 

91 (15.9) 

75 (13.1) 

77 (13.5) 

63 (11.0) 

2 (0.3) 

153 (54.3) 

49 (17.4) 

39 (13.8) 

37 (13.1) 

28 (9.9) 

0 (0.0) 

155 (53.4) 

42 (14.5) 

36 (12.4) 

40 (13.8) 

35 (12.1) 

2 (0.7) 

0.53 

0.34 

0.64 

0.74 

0.35 

0.50 

Gram-negative 

     P. aeruginosa 

     Moraxella spp. 

     Klebsiella spp. 

     Others$ 

223 (39.0) 

135 (23.6) 

37 (6.5) 

11 (1.9) 

40 (7.0) 

108 (38.3) 

67 (23.8) 

8 (2.8) 

10 (3.5) 

23 (8.2) 

115 (39.7) 

68 (23.4) 

29 (10.0) 

1 (0.3) 

17 (5.9) 

0.74 

0.66 

<0.001 

0.004 

0.21 

Fungi 

     Yeast 

     Filamentous 

17 (3.0) 

10 (1.7) 

7 (1.2) 

10 (3.5) 

6 (2.1) 

4 (1.4) 

7 (2.4) 

4 (1.4) 

3 (1.0) 

0.43 

0.91 

0.91 

Acanthamoeba 24 (4.2) 11 (3.9) 13 (4.5) 0.72 

CoNS = Coagulase-negative staphylococci 

*Chi-square or Fisher exact test (if any variable was <5) was used to detect any 

significant changing trend of the microbiological profiles between 2017-2013 and 

2014-2019. The analysis was performed at two levels; the first level evaluated the 

changes among Gram-positive and Gram-negative organisms, fungi and 

Acanthamoeba; and the second level examined the changes of the subtypes of the 

organisms within the four groups. Significant P-values (<0.05) are underlined.  
#Others include Enterococci spp. 
$Others Include Achromobacter spp., Acinetobacter spp., Citrobacter koseri, 

Enterobacter spp., Kingella spp., Serratia marcescens, Haaemophilus spp., Proteus 

spp., Neisseria spp., and Stenotrophomonas maltophilia. 
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Table 2.2. Summary of antibiotic susceptibility of IK in Nottingham in 2007-2019.  

Organisms 2007 – 2019 

N (%) 

2007 – 2013 

N (%) 

2014 – 2019 

N (%) 

P-

value* 

Gram-positive  

     Penicillin# 

     Cefuroxime 

     Gentamicin 

     Ciprofloxacin 

     Levofloxacin 

 

 

260/283 (91.9) 

25/25 (100.0) 

177/186 (95.2) 

164/182 (90.1) 

41/41 (100.0) 

 

136/141 (96.5) 

17/17 (100.0) 

97/101 (96.0) 

92/100 (92.0) 

16/16 (100.0) 

 

124/142 (87.3) 

8/8 (100.0) 

80/85 (94.1) 

72/82 (87.8) 

25/25 (100.0) 

 

 

0.005 

1.0 

0.73 

0.35 

1.0 

Gram-negative 

     Penicillin# 

     Cefuroxime 

     Amikacin 

     Gentamicin 

     Ciprofloxacin 

     Levofloxacin 

 

36/80 (45.0) 

65/80 (81.3) 

172/174 (98.9) 

174/177 (98.3) 

175/179 (97.8) 

53/53 (100.0) 

 

18/38 (47.4) 

30/38 (78.9) 

91/92 (98.9) 

93/94 (98.9) 

92/94 (97.9) 

16/16 (100.0) 

 

18/52 (34.6) 

35/42 (83.3) 

81/82 (98.8) 

81/83 (97.6) 

83/85 (97.6) 

37/37 (100.0) 

 

0.22 

0.62 

1.0 

0.60 

1.0 

1.0 

*Chi-square was performed to determine the significant difference between the two 

time periods. Significant p-value is underlined. 

#Penicillin group includes penicillin, amoxicillin, and flucloxacillin. 
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Table 2.3. Antibiotic susceptibility of the four most common organisms of IK in 

Nottingham during 2007-2019. 
Antibiotics P. aeruginosa 

N (%) 

S. aureus 

N (%) 

Streptococci spp. 

N (%) 

CoNS 

N (%) 

Penicillin# 

Cefuroxime 

Gentamicin* 

Amikacin* 

Ciprofloxacin** 

Levofloxacin** 

0/1 (0.0%) 

- 

133/134 (99.3) 

133/133 (100.0) 

133/134 (99.3) 

6/6 (100.0) 

89/90 (98.9) 

17/17 (100.0) 

90/90 (100.0) 

2/2 (100.0) 

82/90 (91.1) 

- 

68/71 (95.8) 

4/4 (100.0) 

4/4 (100.0) 

- 

- 

39/39 (100.0) 

61/73 (83.6) 

- 

68/73 (93.2) 

- 

66/73 (90.4) 

- 

CoNS = Coagulase-negative staphylococcus 

#Penicillin group includes penicillin, amoxicillin, and flucloxacillin. 

*Gentamicin and amikacin are aminoglycosides and usually one or the other was tested. 

**Ciprofloxacin and levofloxacin are fluoroquinolone and usually one or the other was tested. 

The percentage shown refers to the antibiotic susceptibility rate of each microorganisms. 

Rate of resistance is equivalent to 100% minus the antibiotic susceptibility rate.  

 

2.4. Discussion 

IK represents a major cause of corneal blindness worldwide, particularly in the 

developing countries. To date, this represents the third study in the UK that reported 

the incidence as well as the causative microorganisms and in vitro antibiotic 

susceptibility and resistance profiles of IK. More importantly, it is the only study that 

examined the incidence of IK in the UK over the past decade. 

 

2.4.1. Incidence 

Currently, there is limited literature reporting on the incidence of IK globally. This is 

mainly due to the fact that most studies reported the incidence/prevalence of corneal 

blindness without distinguishing the underlying causes such as infective, 

inflammatory, traumatic, degenerative and others (Ung et al., 2019b, Ting et al., 
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2021j). In this study, a stable trend of IK in Nottingham, UK, was observed over the 

past decade (2007-2019), with an estimated incidence of 34.7 per 100,000 

population/year. This figure is comparable to the incidence previously reported in 

Portsmouth, UK, which was 40.1-52.1 per 100,000 population/year during 1997-2006, 

and substantially higher than the rate reported in the West of Scotland, which was 3.6 

per 100,000 population/year during 1995. Consistent with the literature, the incidence 

of IK observed in this study was considerably lower than the rate in developing 

countries such as India and Nepal, which was estimated at 1.1-8.0 per 1000 people 

(or 110-799 per 100,000 population/year) (Gonzales et al., 1996, Upadhyay et al., 

2001). Such significant variation of the incidence is primarily related to the population-

based risk factors such as agricultural industry, high-risk occupation (with increased 

risk to corneal trauma), poorer environmental and personal hygiene, lower level of 

education, and poorer access to sanitation and healthcare in the developing countries 

(Ting et al., 2021j). 

 

It is noteworthy to mention that the reported incidence of IK in this study and some 

other studies are likely to be underestimated as it was based on patients with IK who 

had undergone corneal scraping (Seal et al., 1999). Corneal scraping is usually 

performed in patients with moderate/severe IK with sizeable infiltrate where adequate 

sampling was possible or in patients with mild IK where the clinical presentation was 

atypical. Based on the local departmental protocol of QMC, Nottingham, all patients 

with a corneal infiltrate of >1mm or those with atypical infection were subjected to 

corneal scraping. This means that patients with mild and typical IK were not included 

in this study. In addition, viral keratitis cases were not captured in this study as the 

majority of cases were treated based on the typical clinical appearance of dendritic 

ulcer without any microbiological investigation. Nonetheless, the relatively stable 

incidence of IK observed in this study during the past decade suggests that IK 

represents a relatively common and persistent burden in the UK.  
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2.4.2. Microbiological profiles 

Causative microorganisms of IK are subjected to wide geographical variations across 

the world (Shah et al., 2011). A systematic review of 36 studies demonstrated that 

bacteria were the most common isolates in developed countries whereas fungi were 

most commonly reported in developing countries (Shah et al., 2011). The recent 

ACSIKS study, which was conducted in Asia and included over 6000 patients with IK, 

demonstrated that fungi were the most common group of causative microorganism in 

China and India whereas bacteria were the most common organism in developed 

countries such as Singapore (Khor et al., 2018). Another large study conducted in the 

Southern China similarly reported a predominance of fungal keratitis in the region (Lin 

et al., 2019). The variation of microorganisms is likely influenced by various factors, 

including the occupational risk of corneal trauma, agricultural industry, use of contact 

lens, national income, and others (Shah et al., 2011, Ting et al., 2021j). 

 

In this study, Gram-positive bacteria was shown to be the most common group of 

microorganisms responsible for IK during the entire study period. This finding 

parallels the results of many other studies conducted in the UK (Tan et al., 2017, Ting 

et al., 2018, Tavassoli et al., 2019, Orlans et al., 2011) and other countries 

(Hernandez-Camarena et al., 2015, Cariello et al., 2011, Peng et al., 2018). Within 

the UK, several studies (Tan et al., 2017, Tavassoli et al., 2019, Ting et al., 2018) 

have observed that coagulase-negative staphylococcus was most commonly 

isolated, which was in contrast to this study where Pseudomonas spp. was the main 

causative organism. This could be related to the differences in contact lens wear in 

different population groups, a fact that was not explored in this study and some other 

studies (Tavassoli et al., 2019, Ting et al., 2018, Tan et al., 2017). Interestingly, this 

study observed a significant increase trend in Moraxella keratitis in the Nottingham 

region that was similar to other regions in the UK such as Sunderland (Ting et al., 

2018) and Manchester (Tan et al., 2017), suggesting a potentially emerging endemic 
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issue within the UK. In addition, polymicrobial keratitis presents unique diagnostic and 

therapeutic challenges to the clinicians as the treatment outcome is often variable 

and the treatment course is prolonged (Ting et al., 2019c, Lim et al., 2013). A total of 

4.3% cases were of polymicrobial keratitis in this study, which was lower than the rate 

reported in the literature (10-14%) (Tan et al., 2017, Ting et al., 2018, Lin et al., 2019). 

It would be interesting and clinically valuable to examine the clinical outcomes of 

these polymicrobial cases as evidence on this area remains scarce (Tu et al., 2009). 

 

The culture positivity rate was shown to be 37.7%, which was comparable to some 

studies (Tan et al., 2017, Tavassoli et al., 2019, Hernandez-Camarena et al., 2015) 

but lower than the others (Ting et al., 2018, Orlans et al., 2011). Plausible 

explanations for the relatively low culture yield include possible use of antibiotic 

before the visit to hospital, inadequate sampling from the infected corneas, and a 

lower threshold for performing corneal scrapes in non-infective cases, including 

sterile corneal melt and marginal keratitis. For patients who were already on any 

antibiotics before the hospital visit, the local standard practice was to stop all the 

antibiotics for 24-48 hours before performing any corneal scrapes. Therefore, it is 

likely that any prior use of antibiotics would have lesser impact than expected on the 

culture yield.  

 

2.4.3. Antibiotic susceptibility and resistance 

Antimicrobial resistance (AMR) is emerging as a global health threat of 21st century. 

AMR has been increasingly reported in both systemic and ocular infections 

(Prestinaci et al., 2015, Ung et al., 2019b). In this study, a substantial increase in 

penicillin resistance in both Gram-positive (12.7%) and Gram-negative bacteria 

(65.4%) was observed. However, most of the bacterial isolates were susceptible to 

the current broad-spectrum antibiotics (i.e. cephalosporin/aminoglycoside dual 
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therapy and fluoroquinolone monotherapy), which was similarly reported in other 

parts of the UK (Tan et al., 2017, Tavassoli et al., 2019). Reassuringly, there were 

only four (0.3%) MDR isolates and one (0.07%) MRSA identified.  

 

Nonetheless, AMR in relation to IK is emerging as a serious concern in other parts of 

the world, including China (Lin et al., 2019), USA (Peng et al., 2018), and India 

(Oldenburg et al., 2013, Lalitha et al., 2017). For instance, the rate of MRSA ocular 

isolates was reported to be in the range of 0.1-5.0% in the UK (Tan et al., 2017, 

Tavassoli et al., 2019, Ting et al., 2018) whereas Antibiotic Resistance Monitoring in 

Ocular micRoorganisms (ARMOR) study conducted in the USA reported a 

substantially higher rate (36.6%) of MRSA ocular isolates (Thomas et al., 2019). Peng 

et al. (2018) observed that 35% of the ocular isolates were resistant to moxifloxacin 

and the rate increased over time. Similarly, Oldenburg et al. (2013) and Lalitha et al. 

(2017)  reported a significant increase in fluoroquinolone (ofloxacin / moxifloxacin) 

resistance among S. aureus and P. aeruginosa isolated in South India. In addition, 

there was a significant increase in the number of MRSA from 2002 to 2013 in the 

same region (Lalitha et al., 2017). The discrepancy in the AMR rate in ocular isolates 

observed among different regions may be related to the difference in the prescribing 

practice (e.g. inappropriate and overuse of chloramphenicol eye drops for non-

bacterial eye infection), choice of antibiotics used, environmental transmission, and 

genomic variations in the causative microorganisms.  

 

2.4.4. Strengths and limitations 

This study provides an up-to-date examination on the incidence of IK in one region of 

the UK. However, the incidence was calculated based on the number of IK cases that 

had corneal scrapings performed, thereby the incidence was likely underestimated. 

A prospective study with inclusion of all presumed IK, including those without corneal 
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scraping, could help ascertain the incidence of IK in the future. In addition, the true 

representation of the causative microorganisms is currently challenged by the low-to-

moderate yield of the conventional microbiological investigation such as corneal 

scraping. Although the culture positivity rate (37.7%) was comparable to some 

studies, the moderate diagnostic yield highlights the need for further improvement 

(Ung et al., 2019b). This issue can be potentially ameliorated by other emerging 

investigative techniques such as in vivo confocal microscopy (Chidambaram et al., 

2018a, Ting et al., 2019g), polymerase chain reaction (PCR) and/or next generation 

sequencing (Shimizu et al., 2019, Ung et al., 2020a), which have demonstrated their 

values in the diagnosis and clinical decision making in challenging IK cases. Current 

broad-spectrum antibiotics provide good treatment coverage in most IK cases; 

however, not all the antibiotics used were subjected to antibiotic susceptibility testing. 

As the commonly used topical antibiotics in ophthalmology differs from other 

specialties, a close collaboration with the microbiology department to standardise the 

in vitro antimicrobial susceptibility testing for IK would provide a more comprehensive 

evaluation of the susceptibility and resistance profiles.   

 

In conclusion, IK represents a relatively common and persistent burden in the UK and 

the reported incidence is likely to be underestimated. Current broad-spectrum 

antimicrobial treatment provides good coverage for IK, albeit challenged by some 

level of AMR and polymicrobial infection. Future surveillance of the incidence, 

causative microorganisms, and antimicrobial susceptibility resistance with well-

designed prospective studies would be beneficial. 



CHAPTER 3 

Seasonal Patterns of Incidence, Demographic 

Factors, and Microbiological Profiles of Infectious 

Keratitis: The Nottingham Infectious Keratitis Study 

 

3.1. Introduction 

Infectious keratitis (IK) is a common ophthalmic emergency characterised by a variety 

of manifestations, including corneal ulceration, stromal infiltrates and varying degree 

of anterior chamber reaction. It is primarily diagnosed on clinical grounds with the 

support of microbiological investigations, commonly in the form of corneal scraping 

for microscopy, culture and sensitivity testing. However, this current diagnostic 

approach is challenged by several issues, including the variably low culture yield, the 

slow turnaround time for positive results (usually 24-48 hours from the corneal 

samples being taken), contamination, and the possibility of polymicrobial infection 

(Fernandes et al., 2015, Ting et al., 2019c, Ung et al., 2019b). As the specific cause 

of IK is often indistinguishable from the clinical features, gaining knowledge about the 

patterns of microbiological profiles of IK in a particular region may provide additional 

guidance to the clinicians on the antimicrobial therapy. 

 

Geographical and temporal variations of IK have been well reported in the literature, 

with bacteria and fungi being shown as the most common microorganisms 

responsible for IK in developed and developing countries, respectively (Shah et al., 

2011, Khor et al., 2018, Ting et al., 2018, Ting et al., 2021h). However, examination 

of the seasonal trends in the incidence and causative microorganisms of IK remains  
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Table 3.1. Summary of seasonal trend in IK in the literature. 
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limited, particularly in the UK (Table 3.1) (Green et al., 2008, Ibrahim et al., 2009, Lin 

et al., 2012, Otri et al., 2013, Ni et al., 2015, Gorski et al., 2016, Walkden et al., 2018). 

So far, there are only three studies in the literature that examined the seasonal 

variations in the rate of IK in the UK (Walkden et al., 2018, Otri et al., 2013, Ibrahim 

et al., 2009). Otri et al. (2013) previously reported a higher proportion of IK during the 

summer season in Nottingham between 2007 and 2010; however only 129 cases of 

sight-threatening IK were included in the study. In addition, only one UK study, 

conducted in Manchester, examined the seasonal variations in the causative 

microorganisms of IK (Walkden et al., 2018). 

 

In view of the paucity of literature, this study aimed to provide an up-to-date and 

comprehensive examination of the seasonal variations in the incidence, demographic 

factors, culture positivity rate, microbiological profiles and antibiotic susceptibility of 

IK in Nottingham. 

 

3.2. Materials and methods 

3.1.1. Case identification and data collection 

This was a retrospective study of all patients who were diagnosed with IK and 

underwent corneal scraping between January 2008 and December 2019 (a 12-year 

period) at the Queen’s Medical Centre (QMC), Nottingham, UK. The study method 

used was similar to the previous study (in Chapter 2) but with a different objective 

and a slightly different study period (Ting et al., 2021h). Cases were identified through 

the local microbiology electronic database. Based on the departmental guideline for 

IK, all patients presenting with sight threatening corneal ulcers (defined as size >1 

mm diameter, central location, associated melting or hypopyon or atypical 

presentation) were subjected to microbiological investigation, which included corneal 

scraping for microscopy (with Gram staining), microbial culture and sensitivity testing 
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(Ting et al., 2021h). Corneal scraping was repeated in the same eye when the patient 

was unresponsive to treatment regardless of positive or negative outcome of the first 

culture. These cases were only counted as one clinical episode. 

 

For descriptive and analytic purposes, the causative microorganisms were 

categorised into Gram-positive and Gram-negative bacteria, fungi, and 

Acanthamoeba. Seasons were divided into winter (22 December to 21 March), spring 

(22 March to 21 June), summer (22 June to 21 September), and autumn (22 

September to 21 December), as defined by the internationally recognised 

astronomical seasons and previous studies (Ni et al., 2015, Chew et al., 2011, Gorski 

et al., 2016). The study was also divided into two time periods, namely 2008-2013 

and 2014-2019, to examine for any temporal variation in the seasonal pattern of 

incidence of IK. The population in Nottingham was estimated at the range between 

300,000 and 328,000 people during the study period 

(https://www.ukpopulation.org/nottingham-population/). These figures were used to 

estimate the incidence of IK in Nottingham, UK.  

 

The study was conducted in accordance with the tenets of Declaration of Helsinki and 

was approved by the Nottingham University Hospitals NHS Trust as a service 

evaluation study (reference number: 19-265C).  

 

3.1.2. Statistical analysis 

Statistical analysis was performed using SPSS version 26.0 (IBM SPSS Statistics for 

Windows, Armonk, NY, USA). Chi-square test or one-way analysis of variance 

(ANOVA) was performed, where appropriate, to analyse the seasonal patterns of 

incidence, demographic factors, and microbiological profiles of IK among the four 

seasons. All continuous data were presented as mean ± standard deviation (SD) 
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and/or 95% confidence interval (CI). Pearson’s correlation coefficient (r) analysis was 

performed to examine the incidence of IK in each season over time and was 

interpreted as weak (r=0.00-0.40), moderate (r=0.41-0.69), or strong (r=0.70-1.00), 

with negative values being interpreted in the same way (Ting et al., 2021l). P-value 

of ≤0.05 was considered statistically significant. When multiple subgroups were 

analysed in Chi-square test, crude Bonferroni-type adjustment was used to keep the 

overall false positive rate or alpha level at 0.05 [e.g. if comparison of 5 subgroups 

was performed, the adjusted p-value of ≤0.01 (based on 0.05/5) was considered 

significant] (Armstrong, 2014).  

 

3.3. Results 

3.3.1. Overall description  

During the 12-year study period, a total of 1272 corneal scrapes were included. The 

mean patient’s age was 50.0 ± 22.2 years and 50.2% were male. Of all corneal 

scrapes, 468 (36.8%) cases were culture positive with 549 microorganisms being 

identified (Table 3.2). 

 

3.3.2. Seasonal changes in incidence of IK 

The overall incidence of IK (in per 100,000 population-year) was highest during 

summer (37.7, 95% CI: 31.3-44.1), followed by autumn (36.7, 95% CI: 31.0-42.4), 

winter (36.4, 95% CI: 32.1-40.8), and spring (30.6, 95% CI: 26.8-34.3), though the 

overall difference was not statistically significant (p=0.14; Figure 3.1). Over the 12-

year study period, there was a significant yearly increase in the incidence of IK during 

summer (r=0.58, p=0.049), but the incidence of IK in other seasons remained stable 

over time (Figure 3.2). 
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Table 3.2.Summary of the seasonal patterns of IK in Nottingham in 2008-2019. 
 Winter 

N (%)  
Spring 
N (%) 

Summer 
N (%) 

Autumn 
N (%) 

P-
value* 

Age, years 
 

52.4 ± 22.6 
 

51.1 ± 22.5 
 

48.3 ± 22.2 
 

48.4 ± 21.5 
 

0.044 

Gender 
     Female 
     Male 

 
163 (49.7) 
165 (50.3) 

 

 
138 (50.2) 
137 (49.8) 

 
174 (51.3) 
165 (48.7) 

 
159 (48.2) 
171 (51.8) 

0.88 

Culture result 
     Positive 
     Negative 
 

 
114 (34.8) 
214 (65.2) 

 

 
101 (36.7) 
174 (63.3) 

 

 
133 (39.2) 
206 (60.8) 

 

 
120 (36.4) 
210 (63.6) 

 

0.69 

Organisms** 
Gram-positive 
     Staphylococci 
     Streptococci# 
     Bacilli 
 
Gram-negative 
     PA 
     Non-PA 

 

Fungi 
 
Acanthamoeba 

 
70 (54.7) 
46 (35.9) 
18 (14.1) 
6 (4.7) 

 
48 (37.5) 
19 (14.8) 
29 (22.7) 

 
4 (3.1) 

 
6 (4.7) 

 

 
73 (60.3) 
38 (31.4) 
17 (14.0) 
18 (14.9) 

 
38 (31.4) 
17 (14.0) 
21 (17.4) 

 
4 (3.3) 

 
6 (5.0) 

 

 
77 (49.7) 
35 (22.5) 
17 (11.0) 
25 (16.1) 

 
70 (45.2) 
51 (32.9) 
19 (12.2) 

 
4 (2.6) 

 
4 (2.6) 

 

 
78 (53.8) 
40 (27.6) 
24 (16.6) 
14 (9.7) 

 
55 (37.9) 
38 (26.2) 
17 (11.7) 

 
5 (3.4) 

 
7 (4.8) 

 

 
0.37 

0.055 
0.50 

0.014 
 

0.14 
<0.001 

0.036 
 

0.98 
 

0.70 

Antibiotics, %*** 
Cephalosporin 
Aminoglycoside 
Fluoroquinolone 

 
81.8 (27/6) 
97.5 (79/2) 
92.4 (97/8) 

 
90.9 (20/2) 
92.6 (63/5) 
93.2 (82/6) 

 
85.2 (23/4) 
97.2 (104/3) 
96.6 (115/4) 

 
90.0 (18/2) 
97.7 (86/2) 
97.2 (104/3) 

 

 
0.75 
0.28 
0.27 

PA = Pseudomonas aeruginosa 
Continuous values are presented in mean ± standard deviation. 
*Comparison was made among the four seasons using chi-square test or ANOVA test, where 
appropriate. P-value of ≤0.05 was considered statistically significant.  
**Included all culture positive cases only and some cases cultured more than 1 organism. 
Comparison of organisms among 4 seasons was performed; (1) first level examining the 4 main 
groups, namely Gram-positive and Gram-negative bacteria, fungi and acanthamoeba; and (2) 
second level examining only the difference in the 5 bacterial subgroups. 
#Included two cases of Enterococcus faecalis (one in spring and one in summer). 
***Refers to antibiotic susceptibility, presented in % of susceptibility (Y=susceptible/N=resistant). 
The total number may vary as not all organisms were tested against all 3 classes of antibiotics. 
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Figure 3.1. Seasonal patterns in the incidence of IK in Nottingham in 2008-2019.  

The monthly incidence is presented as mean with 95% confidence interval (depicted by the 
error bars). For better graphical presentation purpose, “22 Dec – 21 Jan” was referred to as 

month “January”, “22 Jan – 21 Feb” was referred to as month “February”, and so on. 
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Figure 3.2. Temporal changes of the seasonal incidence of IK in Nottingham. 
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3.3.3. Seasonal patterns of demographic factors and microbiological 

profiles of IK 

A total of 549 causative microorganisms were identified during the study period. 

There was a small but significant difference in the patient’s age among the four 

seasons (p=0.044), with a younger group of patients (48.3 ± 22.2 years) presenting 

during the summer and older group of patients (52.4 ± 22.6 years) presenting during 

the winter (Table 3.2). In addition, seasonal predilection was observed in some 

causative organisms such as P. aeruginosa (32.9% in summer vs. 14.8% in winter; 

p<0.001) and Gram-positive bacilli (16.1% in summer vs. 4.7% in winter; p=0.014), 

which included Propionibacterium spp., Corynebacterium spp., and Bacillus spp. 

Table 3.2). There were no seasonal variations in gender, culture positivity rate, and 

antibiotic susceptibility of IK demonstrated among the four seasons. 

 

3.4. Discussion 

Seasonal cyclicity is a common feature of infectious diseases in general (Martinez, 

2018). Depending on the causative pathogens, geographical and temporal factors, 

and host susceptibility, certain diseases are more common in particular seasons 

(Dowell, 2001, Martinez, 2018). For instance, influenza and rotavirus-related 

gastroenteritis were shown to be more common during the winter season (in 

temperate zones) (Cook et al., 1990, Martinez, 2018) whereas tuberculosis peaked 

during summer in some countries such as the UK (Cook et al., 1990, Koh et al., 2013). 

Therefore, understanding of the seasonal patterns of infectious diseases, including 

IK, could have important implications on the public health, disease control and biology 

(Martinez, 2018). 

 

To date, this represents the most up-to-date and largest study examining the 

seasonal variations in incidence, demographic factors, and microbiological profiles of 
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IK in Nottingham, UK. This study observed that IK was most prevalent during summer 

(37.7 per 100,000 population-year), accompanied by a significant increase over the 

past decade. This was similar to other studies conducted in the UK (Ibrahim et al., 

2009, Otri et al., 2013) and in other parts of the world such as India (Lin et al., 2012) 

and the US (Gorski et al., 2016), which also reported and a higher rate of IK during 

summer. Gaining knowledge on the seasonal rate or incidence of IK help increase 

the vigilance for IK among clinicians, including ophthalmologists and non-

ophthalmologists who work at the front-line service such as accident and emergency 

department and primary care setting, during the prevalent season. 

 

Plausible explanations for this seasonal phenomenon include raised temperature 

which may help the microorganisms to flourish, increased outdoor activities, contact 

with water, and use of contact lenses during the summer period, which could increase 

the risk of corneal injury and infection (Gorski et al., 2016). However, further studies 

examining the seasonal variations of the risk factors are required to elucidate the 

findings observed in this study. Interestingly, Walkden et al. (2018) reported that the 

culture positivity rate of IK was highest during winter and lowest during summer but it 

is uncertain whether the overall seasonal incidence of IK in their region could be 

inferred from these findings. 

 

In addition, this study observed significant seasonal variations in P. aeruginosa and 

Gram-positive bacilli during the past decade. P. aeruginosa infection was most 

commonly observed during summer and was responsible for 33% of all IK. Similarly, 

a higher rate of P. aeruginosa infection in summer has been reported in other studies 

(Green et al., 2008, Lin et al., 2012, Gorski et al., 2016, Walkden et al., 2018), which 

was attributed to warmer temperature and use of contact lens. This study also 

demonstrated a significantly higher proportion of Gram-positive bacilli infection during 

summer when compared to winter. Gram-positive bacilli, including Propionibacterium 
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spp. and Corynebacterium spp., are common ocular surface commensals (Suzuki et 

al., 2020, Zhang et al., 2017a) and the growth has been shown to be most active or 

optimal at the temperature between 30-37°C (Achermann et al., 2014), which may 

account for the higher rate of these infections during summer. Furthermore, Lin et al. 

(2012) have also demonstrated a significantly higher rate of fungal infection during 

summer in Southeast India. The number of fungal or Acanthamoeba infection were 

very low (<5%) in this study and no seasonal variation was observed. 

 

Interestingly, studies have also shown that postoperative infection may be higher 

during summer. For instance, Anthony et al. (2018) demonstrated that surgical site 

infections following knee and hip arthroplasty were most common in summer, with 

increased re-admission for treatment of post-surgical infection during the same 

season. It would be interesting to examine whether this observation can be 

generalised to IK following ocular surface and/or refractive surgeries, particularly this 

study found that there was a significant higher risk of infection related to ocular 

surface commensals (i.e. Propionibacterium spp. and Corynebacterium spp.) during 

the summer season. 

 

One of the limitations of this study is that it only included IK cases that had undergone 

corneal scraping; therefore, the overall incidence of IK in this region is likely to be 

underestimated. Nevertheless, there was no seasonal disparity in the practice pattern 

(e.g. culture method or threshold for performing corneal scraping) in QMC, 

Nottingham, suggesting that the findings related to the seasonal variations of IK 

observed in this study should not be affected. Another limitation is that the full 

representation of the causative microorganisms in this study was hindered by the 

relatively low positive culture rate, which is a common issue in many IK studies (Ung 

et al., 2019b, Ting et al., 2021j). While bacterial keratitis was shown to be the most 

common cause of IK (>90%) in this region, the relatively low incidence of fungal and 
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Acanthamoeba keratitis may be due to the inherent difficulty in identifying these 

organisms using conventional culture methods. Examining the medical case notes of 

the culture-negative cases, based on treatment response to various antimicrobial 

treatment and/or in vivo confocal microscopy (IVCM), may provide additional 

information on the potential responsible organisms for each particular case, which 

may include bacterial, fungal, Acanthamoeba, and polymicrobial infection. Emerging 

investigative techniques such as IVCM (Chidambaram et al., 2018a, Ting et al., 

2019g), MALDI-TOF mass spectrometry (Singhal et al., 2015, Ting et al., 2020e), 

polymerase chain reaction (PCR) and/or next generation sequencing (Ung et al., 

2020a), and artificial intelligence-assisted systems (Ting et al., 2021c, Rampat et al., 

2021), could potentially enhance the diagnostic yield of IK and address the 

highlighted limitation in other similar studies in the future.  

 

In conclusion, there has been a significant increase in IK during summer in 

Nottingham, UK, over the past decade. Increased awareness of IK during this season 

should be raised among the general public and the healthcare service. Gram-positive 

bacilli and P. aeruginosa infections are significantly more common in summer and 

these observations may provide additional guidance on the antimicrobial therapy 

used in the Nottingham region. Further studies investigating the correlations between 

these observations and the predisposing factors of IK will be beneficial. 
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CHAPTER 4 

Risk Factors, Clinical Outcomes and Prognostic 

Factors of Bacterial Keratitis: The Nottingham 

Infectious Keratitis Study 

 

4.1. Introduction 

Infectious keratitis is a major cause of corneal blindness in both developed and 

developing countries (Ting et al., 2021j). The incidence has been estimated at 2.5-

799 cases per 100,000 population/year (Ting et al., 2021j, Green et al., 2019a, Ting 

et al., 2021h). Subject to geographical, temporal and seasonal variations, bacteria 

and fungi are the most commonly implicated organisms in infectious keratitis (Ting et 

al., 2021h, Khor et al., 2018, Ting et al., 2021i, Lin et al., 2019, Shah et al., 2011). 

The variations are mainly attributed to the difference in the climate of the studied 

region and the population-based risk factors, particularly contact lens wear, trauma, 

and agricultural activities. 

 

Bacterial keratitis (BK) has been consistently shown to be the main causative 

organisms in the UK and other developed countries. Based on the recent literature, 

BK represents 90-93% and 72-86% of all culture-positive infectious keratitis cases in 

the UK and in North America, respectively (Tan et al., 2017, Ting et al., 2018, 

Tavassoli et al., 2019, Ting et al., 2021h, Tam et al., 2017, Kowalski et al., 2020). In 

Chapter 2, it was shown that 92.8% of the culture-positive infectious keratitis cases 

were caused by bacteria, with Pseudomonas aeruginosa being the most common 

isolate (Ting et al., 2021h). In addition, in Chapter 3, a seasonal predilection of P. 
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aeruginosa keratitis in summer was observed, which has been hypothetically linked 

to the increased use of contact lens wear and trauma during outdoor/water activity 

(Ting et al., 2021i), though such associations remain to be elucidated. 

 

In view of the prevalence of BK in the UK and other parts of the world, it is therefore 

important to understand the underlying risk factors (for preventative measures) and 

the clinical outcomes of BK. To date, the majority of UK studies had largely focussed 

on the epidemiology, causative microorganisms and antimicrobial resistance of 

bacteria (Tavassoli et al., 2019, Ting et al., 2021h, Ting et al., 2018, Tan et al., 2017), 

with limited information on the risk factors and outcomes of BK (Kaye et al., 2010, 

Otri et al., 2013). The aim of this study was to examine the risk factors, clinical 

characteristics, outcomes and prognostic factors of BK in Nottingham, UK. In addition, 

the clinical value of microbiological culture in the management of BK was examined 

as studies have shown that culture results may only be helpful in some, but not all, 

BK cases (McLeod et al., 1996, Ung et al., 2020b). 

 

4.2. Materials and methods 

This was a retrospective study of all cases of BK that presented to the Queen’s 

Medical Centre, Nottingham, UK, between January 2015 and December 2019 (a 5-

year period). The study was approved by the Clinical Governance team in the 

Nottingham University Hospitals NHS Trust as a Clinical Audit and Effectiveness 

Project (Ref: 19-265C). 

 

4.2.1. Case identification and definition 

Potential cases of BK were first identified via the local microbiological database as 

described in previous studies (Ting et al., 2021h, Ting et al., 2021i). Subsequently, 

the medical case records were examined to confirm the eligibility of the potential 
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cases prior to inclusion into the study. Both culture-positive and culture-negative 

presumed BK cases were included in this study. Culture-positive BK was defined as 

the presence of clinical BK with confirmation of the causative bacteria on 

microbiological culture. Culture-negative BK was diagnosed based on the clinical 

findings and the clinical course of the disease where improvement and/or resolution 

of the infection was achieved by intensive topical antibiotic treatment without other 

types of antimicrobial treatment. Cases that did not have complete initial and/or 

follow-up data were excluded from this study. In addition, culture-positive and culture-

negative non-BK cases, including fungal, viral and parasitic keratitis, were excluded 

from the study. 

 

4.2.2. Data collection 

Relevant data, including demographic factors, risk factors, clinical characteristics, 

types of bacteria, corrected-distance-visual-acuity (CDVA), pre-existing ocular co-

morbidities that could affect the visual prognosis, management, outcome and 

complications, were collected using a standardised excel proforma. Risk factors were 

divided into a number of categories, including: (1) contact lens wear; (2) trauma; (3) 

ocular surface diseases (e.g. dry eye, meibomian gland dysfunction, neurotrophic 

keratopathy, exposure keratopathy, previous corneal infection, recurrent corneal 

erosion syndrome, limbal stem cell deficiency, cicatricial conjunctivitis, band 

keratopathy, and bullous keratopathy); (4) use of topical corticosteroids; (5) previous 

or recent history of corneal surgery (e.g. corneal graft, pterygium surgery, corneal 

collagen cross-linking and corneal debridement / delamination); and (6) systemic 

immunosuppression (e.g. diabetes, use of systemic immunosuppressive drugs, 

malnutrition, and immunodeficiency). The size of epithelial defect and infiltrate were 

categorised as small (<3mm), moderate (3.1-6mm), or large (>6mm), based on the 

maximum linear dimension (Figure 4.1). The location of the ulcer was divided into 
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central (any part of the ulcer affecting the visual axis), paracentral (in between the 

central and peripheral location), and peripheral (the entire ulcer was within 3mm from 

the limbus; Figure 4.1). Recurrence was defined as the re-occurrence of BK after 

complete resolution of the previous BK episode, irrespective of the time interval 

between the first and subsequent infective episode. To avoid any duplication of the 

patient’s risk factors in bilateral or recurrent BK cases, only one eye was included 

from each patient in this study. For recurrent cases, only the first BK episode was 

included and analysed, regardless of the laterality of infection in the subsequent 

infective episode. 

 

 

Figure 4.1. Examples of bacterial keratitis.  
(A-C) Examples of bacterial keratitis with varying severity, including (A) small infiltrate 

(<3mm), (B) moderate infiltrate (3.1-6mm), and (C) large infiltrate (>6mm). (D-F) Examples of 

bacterial keratitis in different locations, including (D) peripheral, (E) paracentral, and (F) 
central location. 

 

4.2.3. Microbiological culture, diagnosis and treatment 

Based on the departmental guideline for infectious keratitis, all patients presented 

with corneal ulcer(s) of >1 mm diameter, central location or sight-threatening, 
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associated with significant anterior chamber reaction/hypopyon, or atypical 

presentation were subjected to microbiological investigation with corneal scraping for 

microscopy (with Gram staining), microbiological culture and sensitivity testing (Ting 

et al., 2021h, Ting et al., 2021i). Corneal scrapes were inoculated on chocolate agar 

(for fastidious organisms), blood agar (for bacteria), and Sabouraud dextrose agar 

(for fungi). For suspected cases of Acanthamoeba keratitis, corneal swab and/or 

epithelial biopsy was obtained for culture on non-nutrient agar with Escherichia coli 

overlay. All cultures were incubated for at least 1 week (and up to 3 weeks for 

suspected Acanthamoeba keratitis and fungal keratitis). The identity of 

microorganisms was confirmed through standard culture and bacteriology tests. In 

vivo confocal microscopy (IVCM) using the Heidelberg Retinal Tomography (HRT) II 

with Rostock Cornea Module (Heidelberg Engineering Ltd, Hertfordshire, UK) was 

utilised to aid the diagnosis (or exclusion) of fungal and Acanthamoeba keratitis. 

 

All patients with BK were started on hourly topical treatment using either levofloxacin 

0.5% monotherapy or combined therapy of fortified cephalosporin (cefuroxime 5%) 

and aminoglycoside (either amikacin 2.5% or gentamicin 1.5%), based on the severity 

of cases and the clinician’s preference. Hospitalisation was warranted if the ulcer was 

severe (i.e. central, infiltrate >2mm, or presence of hypopyon) or was unresponsive 

to the initial antibiotic treatment, or the patient was unable or unlikely to comply with 

the intensive treatment regimen. All patients that were admitted for treatment were 

started on the combined therapy. Further changes to the antibiotic treatment were 

made, if necessary, based on the clinical course and the microbiological results. In 

cases with positive clinical response and progress, the patients were maintained on 

the same antibiotic regimen irrespective of the culture and sensitivity results. 
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4.2.1. Statistical analysis 

Statistical analysis was performed using SPSS version 26.0 (IBM SPSS Statistics for 

Windows, Armonk, NY, USA). For descriptive and analytic purposes, the cases were 

divided into culture-positive and culture-negative BK cases. Comparison between 

groups was conducted using Pearson’s Chi square or Fisher’s Exact test where 

appropriate for categorical variables, and T test or Mann-Whitney U test for 

continuous variables. Normality of data distribution was assumed if the skewness and 

kurtosis z-values were between -1.96 and +1.96 and the Shapiro-Wilk test p-value 

was >0.05. All continuous data were presented as mean ± standard deviation (SD) 

and/or 95% confidence interval (CI).  

 

The main outcome measures were corrected-distance-visual-acuity (CDVA) and time 

to complete corneal healing, defined as complete resolution of infection with corneal 

re-epithelialisation. Snellen vision was converted to logMAR vision for analytic 

purpose. Vision of counting fingers (CF), hand movement (HM), perception of light 

(PL) and no perception of light (NPL) were quantified as 1.9 logMAR, 2.3 logMAR, 

2.8 logMAR and 3.0 logMAR respectively (Lange et al., 2009, Grinton et al., 2021). 

For cases that required therapeutic or tectonic keratoplasty, the vision prior to the 

transplant was used as the final CDVA. In enucleation or evisceration cases, a CDVA 

of 3.0 logMAR (equivalent to NPL vision) was assigned as the final vision. 

Multivariable logistic regression analysis was performed to examine for any potential 

prognostic factors for poor visual outcome, defined as CDVA of worse than 6/24 (or 

<0.6 logMAR), and poor corneal healing, defined as >30 days to achieve complete 

corneal healing, occurrence of uncontrolled infection or corneal perforation requiring 

corneal gluing, tectonic or therapeutic keratoplasty, and/or evisceration / enucleation. 

The results of logistic regression analyses were presented in odd ratios (ORs) with 

95% confidence interval (CI). P-value of <0.05 was considered statistically significant.  
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4.3. Results 

4.3.1. Overall description  

During the 5-year study period, a total of 283 patients (n = 283 eyes) with BK were 

included. The mean age was 54.4 ± 21.0 years (range, 4.9-92.7 years), 50.9% 

patients were male, and 51.2% cases affected the left eye (Table 4.1). Two bilateral 

BK cases were identified and only the right eye was included. The mean follow-up 

duration was 6.0 ± 8.9 months. Of all included cases, 128 (45.2%) and 155 (54.8%) 

cases were culture-positive and culture-negative BK (Table 4.1).  

 

4.3.2. Risk factors and causative organisms 

Nearly all (273, 96.5%) patients were found to have at least one risk factor, with 66 

(23.3%) patients having two risk factors, and 18 (6.4%) patients having three or more 

risk factors for BK. Ocular surface diseases (134, 47.3%) were the most common risk 

factor, followed by contact lens wear (100, 35.3%), systemic immunosuppression (52, 

18.4%), prior corneal surgery (39, 13.8%), use of topical corticosteroids at 

presentation (31, 11.0%), and trauma (25, 8.8%; Table 4.1). Contact lens wear was 

more commonly associated with younger patients (≤50 years) whereas systemic 

immunosuppression was more commonly associated with older patients (>50 years; 

Table 4.2). 

 

Of the 128 culture-positive cases, 10 (7.8%) cases grew more than one species, with 

a total of 138 bacteria being identified (Table 4.3). Pseudomonas aeruginosa (44, 

31.9%) was the most common isolate identified, followed by Staphylococci spp. (36, 

26.1%) and Streptococci spp. (16, 11.6%). Contact lens wear was most commonly 

associated with Gram-negative bacteria (30, 66.7%), P. aeruginosa (23, 51.1%), 

whereas Gram-positive bacteria, particularly Staphylococci spp., was most commonly 

implicated in non-contact lens-related BK cases, including those affected by ocular 
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surface disease (38, 60.3%), use of topical corticosteroids (16, 64%), and previous 

history of corneal surgery (13, 61.9%; p=0.017; Table 4.3). 

 

4.3.3. Clinical characteristics 

The baseline clinical characteristics are summarised in Table 4.1. At baseline, 124 

(43.8%) patients presented with a CDVA of <1.0 logMAR. The most commonly 

observed clinical characteristics of the ulcer were small epithelial defect size (172, 

60.8%), small infiltrate size (183, 64.7%), central location (110, 38.9%), and absence 

of hypopyon (201, 71.0%). The mean duration of symptoms prior to presentation was 

6.0 ± 13.0 days. Hospitalisation for intensive treatment was required in 162 (57.2%) 

patients, with a mean hospitalisation duration of 8.0 ± 8.3 days. The baseline clinical 

characteristics of BK were significantly different between culture-positive and culture-

negative cases. Culture-positive cases were more commonly associated with older 

age (p=0.004), prior corneal surgery (p=0.011), use of topical corticosteroids 

(p=0.008), poorer presenting CDVA (p<0.001), larger epithelial defect / infiltrate size 

(p<0.001), central or paracentral ulcer (p=0.002), presence of hypopyon (p<0.001), 

and need for hospitalisation for intensive treatment (p<0.001).    

 

4.3.4. Medical and surgical treatment  

At initial presentation, 150 (53.0%) patients and 133 (47.0%) patients were started on 

combined therapy and monotherapy, respectively. Of the 128 culture-positive cases, 

51 (39.8%) cases (equivalent to 18.2% of all included cases) had the treatment plan 

altered due to the culture and sensitivity results and/or unsatisfactory clinical 

progress. A total of 237 (83.7%) patients were successfully treated with medical 

treatment alone, while 46 (16.3%) patients required additional surgical interventions 

for controlling the infection and/or its sequelae.  
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Table 4.1. Summary of bacterial keratitis in Nottingham, UK.  
Parameters All cases 

Total N = 283;  
N (%) 

CP; Total N = 
128; N (%) 

CN; Total N = 
155; N (%) 

P-
value# 

Age, years 
 
Gender 
     Female 
     Male 
 
Laterality 
     Left 
     Right 
 
Risk factors$ 
     OSD* 

        Contact lens wear 
     Immunosuppression**  
     Prior corneal surgery 
     Topical corticosteroids 
     Trauma 
     None identified 
 
Presenting CDVA, in logMAR 

0.0 – 0.3 
<0.3 – 0.6 
<0.6-1.0 
<1.0 

 
Size of epithelial defect 
     Small (≤3mm) 
     Moderate (3.1-6mm) 
     Large (>6mm) 
 
Size of infiltrate 
     Small (≤3mm) 
     Moderate (3.1-6mm) 
     Large (>6mm) 
 
Location 
     Central 
     Paracentral 
     Peripheral 
 
Hypopyon 
     Yes 
     No 
 
Hospitalisation required 
     Yes 
     No 
 
Duration of hospitalisation, 
days 

54.4 ± 21.0 
 
 

139 (49.1) 
144 (50.9) 

 
 

145 (51.2) 
138 (48.8) 

 
 

134 (47.3) 
100 (35.3) 
52 (18.4) 
39 (13.8) 
31 (11.0) 
25 (8.8) 
10 (3.5) 

 
 

89 (31.4) 
41 (14.5) 
29 (10.2) 
124 (43.8) 

 
 

172 (60.8) 
63 (22.3) 
48 (17.0) 

 
 

183 (64.7) 
62 (21.9) 
38 (13.4) 

 
 

110 (38.9) 
106 (37.5) 
67 (23.7) 

 
 

82 (29.0) 
201 (71.0) 

 
 

162 (57.2) 
121 (42.8) 

 
8.0 ± 8.3 

58.5 ± 21.3 
 
 

61 (47.7) 
67 (52.3) 

 
 

72 (56.3) 
56 (43.7) 

 
 

59 (46.1) 
41 (32.0) 
27 (21.1) 
25 (19.5) 
21 (16.4) 
10 (7.8) 
3 (2.3) 

 
 

20 (15.6) 
20 (15.6) 
15 (11.7) 
73 (57.0) 

 
 

58 (45.3) 
43 (33.6) 
27 (21.1) 

 
 

65 (50.8) 
40 (31.2) 
23 (18.0) 

 
 

57 (44.5) 
53 (41.4) 
18 (14.1) 

 
 

60 (46.9) 
68 (53.1) 

 
 

95 (74.2) 
33 (25.8) 

 
8.8 ± 9.2 

51.1 ± 20.1 
 
 

78 (50.3) 
77 (49.7) 

 
 

73 (47.1) 
82 (52.9) 

 
 

75 (48.4) 
59 (38.1) 
25 (16.1) 
14 (9.0) 
10 (6.5) 
15 (9.7) 
7 (4.5) 

 
 

69 (44.5) 
21 (13.5) 
14 (9.0) 
51 (32.9) 

 
 

114 (73.5) 
20 (12.9) 
21 (13.5) 

 
 

118 (76.1) 
22 (14.2) 
15 (9.7) 

 
 

53 (34.2) 
53 (34.2) 
49 (31.6) 

 
 

22 (14.2) 
133 (85.8) 

 
 

67 (43.2) 
88 (56.8) 

 
6.0 ± 4.9 

0.004 
 

0.66 
 
 
 

0.13 
 
 
 

0.030 
0.70 
0.29 
0.28 

0.011 
0.008 
0.58 
0.32 

 
<0.001 

 
 
 
 
 

<0.001 
 
 
 
 

<0.001 
 
 
 
 

0.002 
 
 
 
 

<0.001 
 
 
 

<0.001 
 
 
 

0.06 

OSD = Ocular surface disease; CDVA = Corrected-distance-visual-acuity 
Continuous values are presented as mean ± standard deviation (SD). 
$Some patients had more than 1 risk factor identified. 
*Includes dry eye disease, meibomian gland disease, neurotrophic keratopathy, exposure 
keratopathy, previous corneal infection, corneal erosion syndrome, limbal stem cell 
deficiency, cicatricial conjunctivitis, band keratopathy, and bullous keratopathy. 
**Includes diabetes, use of immunosuppressive drugs, malnutrition, and immunodeficiency. 
#Comparison between culture-positive (CP) and culture-negative (CN) cases. Chi-square 
and unpaired T-test were used for categorical and continuous variables, respectively. 
Significant values are underlined. 



 119 

Various surgical interventions were performed to maintain / restore the globe integrity 

and/or to promote corneal healing, with some patients requiring multiple surgical 

procedures. These included corneal gluing (22, 7.8%), temporary / permanent 

tarsorrhaphy (13, 4.6%), single or multi-layer amniotic membrane transplant (11, 

3.9%), conjunctival hooding (3, 1.1%), and emergency therapeutic / tectonic 

keratoplasty (2, 0.7%), evisceration (2, 0.7%), and enucleation (2, 0.7%). Among all, 

21 corneal gluing, 5 amniotic membrane transplant, 3 tarsorrhaphy, 1 tectonic 

keratoplasty, and 1 evisceration were warranted in cases with threatened / actual 

corneal perforation. Other procedures were performed to expedite corneal healing 

and eradicate the infection. Five (1.8%) patients required elective optical penetrating 

keratoplasty after the resolution of infection. 

 

Table 4.2. Summary of risk factors based on different age groups. 
Risk factors Age ≤ 50 years 

Total N = 118 
N (%) 

Age > 50 years 
Total N = 165 

N (%) 

P-value 

Presence of risk factors 

     None 
     One 

     Two 

     Three or more 

 

Type of risk factors     

     OSD* 

        Contact lens wear 

     Immunosuppression**  
     Prior corneal surgery 

     Topical corticosteroids 

     Trauma 

 

4 (3.4) 
78 (66.1) 

26 (22.0) 

10 (8.5) 

 

 

54 (45.8) 

68 (57.6) 

9 (7.6) 
15 (12.7) 

8 (6.8) 

10 (8.5) 

 

6 (3.6) 
111 (67.3) 

40 (24.2) 

8 (4.8) 

 

 

80 (50.6) 

32 (19.4) 

43 (26.1) 
24 (14.5) 

23 (14.6) 

15 (9.1) 

0.66 

 
 

 

 

 

<0.001 

0.65 

<0.001 

<0.001 
0.19 

0.06 

0.86 

OSD = Ocular surface disease 

*Includes dry eye disease, meibomian gland disease, neurotrophic keratopathy, exposure 

keratopathy, previous corneal infection, corneal erosion syndrome, limbal stem cell 

deficiency, cicatricial conjunctivitis, band keratopathy, and bullous keratopathy. 

**Includes diabetes, use of systemic immunosuppressive drugs, malnutrition, and 
immunodeficiency 
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Table 4.3. Summary of causative organisms and risk factors of bacterial keratitis in 

Nottingham, UK. 
 Total* 

N=138 

N (%) 

OSD 

N=63 

N (%) 

CL wear 

N=45 

N (%) 

CS 

N=25 

N (%) 

TC 

N=21 

N (%) 

P-

value** 

Gram-positive 

     Staphylococci 

     Streptococci 
     Other GP 

 

Gram-negative 

70 (50.7) 

36 (26.1) 

16 (11.6) 
18 (13.0) 

 

68 (49.3) 

38 (60.3) 

20 (31.7) 

9 (14.3) 
9 (14.3) 

 

25 (39.7) 

15 (33.3) 

9 (20.0) 

2 (4.4) 
4 (8.9) 

 

30 (66.7) 

16 (64.0) 

10 (40.0) 

4 (16.0) 
2 (8.0) 

 

9 (36.0) 

13 (61.9) 

7 (33.3) 

5 (23.8) 
2 (9.5) 

 

8 (38.1) 

0.017 

 

 
 

 

 

     Pseudomonas 

     Moraxella 

     Other GN 

44 (31.9) 

14 (10.1) 

10 (7.2) 

13 (20.6) 

8 (12.7) 

4 (6.3) 

23 (51.1) 

3 (6.7) 

4 (8.9) 

6 (24.0) 

3 (12.0) 

0 (0.0) 

4 (19.0) 

3 (14.3) 

1 (4.8) 

 

OSD = Ocular surface disease; CL = Contact lens; TC = Topical corticosteroids; CS = 

Previous corneal surgery; GP = Gram-positive; GN = Gram-negative 

*The total number of organisms exceeded the total number of culture-positive cases as some 
cases were polymicrobial. In addition, some cases had more than one risk factor identified, 

and the same implicated organism was included in more than one group of risk factor. 

**Comparison of the causative organisms among different risk factors were performed. The 

analysis was performed at the level of Gram-positive versus Gram-negative bacteria only. 

 
 

4.3.5. Clinical outcomes and prognostic factors 

The mean CDVA (in logMAR) improved from 1.17 ± 1.03 at presentation to 0.80 ± 

1.00 at final follow-up (p<0.001). From baseline to final follow-up, the proportion of 

patients with CDVA of ≥0.30 logMAR improved from 31.4% to 53.0%, with the 

proportion of CDVA of <1.0 logMAR reducing from 43.8% to 30.4% (p<0.001; Figure 

4.2). Twenty-three (8.1%) patients had a final CDVA of PL or worse, including four 

(1.4%) patients that had evisceration / enucleation. Multivariable logistic regression 

demonstrated that poor visual outcome (CDVA <0.6 logMAR) was significantly 

influenced by age >50 years old (OR 2.61; 95% CI, 1.24-5.47; p=0.011), infiltrate 

size >3mm (OR 4.07; 95% CI, 1.21-13.73; p=0.024), central ulcer (OR 2.13; 95% CI, 

1.01-4.51; p=0.047), and presenting CDVA of <0.6 logMAR (OR 29.70; 95% CI, 

10.47-84.18; p<0.001; Table 4.4). 
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In terms of complete corneal healing, 278 (98.2%) patients achieved complete 

corneal healing at final follow-up, with four patients requiring evisceration / 

enucleation and one patient was still undergoing active treatment. The mean corneal 

healing time was 1.6 ± 1.5 months, with 157 (55.5%) patients had a corneal healing 

time of >30 days. Multivariable logistic regression analysis demonstrated that poor 

corneal healing (>30 days to achieve complete healing) was significantly affected by 

age >50 years old (OR 1.86; 95% CI, 1.06-3.24; p=0.030), involvement of right eye 

(OR 1.82; 95% CI, 1.05-3.16; p=0.033), infiltrate size >3mm (OR 3.46; 95% CI, 1.24-

9.70; p=0.018), and presenting CDVA of <0.6 logMAR (OR 2.22; 95% CI, 1.19-4.15; 

p=0.013; Table 4.4). Other factors such as gender, culture positivity, and presence 

of hypopyon did not significantly influence the visual outcome or the corneal healing 

time (all p>0.05).  

 

 

Figure 4.2. Visual outcome of bacterial keratitis in Nottingham.  
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Table 4.4. Prognostic factors for visual outcome and corneal healing in bacterial 

keratitis. 
 Poor visual outcome# Poor corneal healing$ 
Parameters OR (95% CI) P-value* OR (95% CI) P-value* 

Age > 50 years 

Female gender 

Right eye  

Epithelial defect >3mm 

Infiltrate size >3mm 
Central ulcer 

Presence of hypopyon 

Positive culture results 

Presenting CDVA <0.6 

2.61 (1.24 – 5.47) 

0.81 (0.41 – 1.62) 

0.81 (0.41 – 1.60) 

0.69 (0.19 – 2.50) 

4.07 (1.21 – 13.7) 
2.13 (1.01 – 4.51) 

0.47 (0.21 – 1.08) 

1.17 (0.56 – 2.46) 

29.70 (10.5 -84.1) 

0.011 

0.56 

0.54 

0.57 

0.024 
0.047 

0.08 

0.67 

<0.001 

1.86 (1.06 – 3.24) 

1.27 (0.73 – 2.19) 

1.82 (1.05 – 3.16) 

1.23 (0.44 – 3.44) 

3.46 (1.24 – 9.70) 
1.30 (0.67 – 2.54) 

1.02 (0.50 – 2.07) 

1.15 (0.63 – 2.10) 

2.22 (1.19 – 4.15) 

0.030 

0.40 

0.033 

0.69 

0.018 
0.43 

0.96 

0.65 

0.013 

OR = Odd ratio 
#Poor visual outcome was defined as corrected-distance-visual-acuity (CDVA) <0.60logMAR. 
$Poor corneal healing was defined as >30 days to achieve complete healing or occurrence of 

corneal perforation or uncontrolled infection. 
*Multivariable logistic regression analysis was performed. Significant p-values are underlined. 

 

 

4.3.6. Complications 

A number of complications were observed in this study, including raised intraocular 

pressure (>21 mmHg) / glaucoma (32, 11.3%), recurrence of infection (28, 9.9%), 

threatened / actual corneal perforation (25, 8.8%), complete loss of vision / NLP (11, 

3.9%), and loss of eye (4, 1.4%), and phthisis bulbi (1, 0.4%). 

 

4.4. Discussion 

BK is the most common cause of infectious keratitis in the UK and in many developed 

countries. This study represents one of the largest and most up-to-date studies in the 

UK specifically examining the risk factors, clinical characteristics, outcomes and 

prognostic factors of BK. 
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4.4.1. Risk factors and causative organisms 

BK rarely occurs in the absence of any predisposing factor. In this study, relevant risk 

factors were identified in 96.5% of the patients, with 29.7% of them having two or 

more risk factors. Identification of risk factors for BK is important as it allows the 

clinicians to manage the identified risk factors to reduce the risk of recurrence of 

infection and helps provide some insights into the underlying causative organisms, 

thereby guiding the choice of antimicrobial treatment, especially in the absence of 

positive microbiological culture results. This makes the treatment or control of risk 

factors that cannot be cured, very important in the prevention of BK. 

 

Risk factors for infectious keratitis have been shown to vary considerably across 

different studies (Ting et al., 2021j). Contact lens wear is one of the most common 

risk factors for infectious keratitis in the developed countries whereas trauma is most 

commonly implicated in developing countries (Ting et al., 2021j, Chidambaram et al., 

2018b, Khoo et al., 2020, Bourcier et al., 2003). Kaye et al. (2010) previously 

conducted a multi-center study in the UK examining the risk factors and outcomes of 

BK in 2003-2006. The most common risk factor was found to be corneal / ocular 

surface diseases (50%) and contact lens wear (32%). Another UK study conducted 

by Dua’s group in 2007-2010 examining the profile of sight-threatening infectious 

keratitis in Nottingham (which included BK and Acanthamoeba keratitis) observed 

that ocular surface disease (33%), contact lens wear (26.5%) and previous ocular 

surgery (20.2%) were the most common risk factors. A similar distribution of the risk 

factors was observed in this study where ocular surface diseases and contact lens 

wear were found to be most common factors, suggesting that the population-based 

risk factors for BK in the UK had remained similar over the past two decades.  

 

In contrast, Khoo et al. (2020) had recently examined the clinical characteristics of 

infectious keratitis (all types of organisms) in Sydney, Australia, and reported that 
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contact lens wear (63%) and topical use of steroid (24%) were the most common risk 

factors, highlighting the difference in risk factors among different regions, even in the 

setting of developed countries. Gaining a better knowledge of the region-specific 

population risk factors enables a more targeted preventative strategy and research 

focus for reducing the incidence and burden of infectious keratitis. Interestingly, an 

immunosuppressed state (which included diabetes) was found to be the third most 

common risk factors for BK in this study. This association might be attributed to the 

overall reduced immunity and specifically at the ocular surface, promotion of microbial 

growth (in hyperglycaemia), and presence of undiagnosed ocular surface diseases 

such as dry eye disease and neurotrophic keratopathy that are commonly linked to 

diabetes (Ting et al., 2021j, Li et al., 2019b, Jeng et al., 2010). 

 

This study observed that contact lens-related BK was most commonly caused by P. 

aeruginosa, which is consistent with the findings of many other studies. This 

observation also provides support to the hypothesis of previous work on the increased 

prevalence of P. aeruginosa-related BK during the summer season due to increased 

contact lens wear (Ting et al., 2021i). On the other hand, Gram-positive bacteria, 

including Staphylococci spp., which are common ocular surface commensals, are 

more frequently identified in BK cases affected by ocular surface diseases, prior 

ocular surgery and use of topical steroids. This was consistent with other studies 

whereby Gram-positive bacteria were most commonly implicated in BK associated 

with ocular surface diseases (Khoo et al., 2019). Therefore, in non-contact lens-

related culture-negative BK cases that are not responsive to fluoroquinolone 

monotherapy, adding a cephalosporine would be beneficial as it normally provides 

good coverage to Gram-positive bacteria (Ting et al., 2021h). 
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4.4.2. Clinical characteristics 

In this study, it was shown that many of the BK cases were of mild severity (i.e. small 

ulcer size without the presence of hypopyon). This was likely attributed to the fact that 

the majority of the patients sought medical attention within the first week of their ocular 

symptoms. This may also explain the lesser (16%) need for additional surgical 

interventions. On the other hand, an Indian study of infectious keratitis conducted two 

decades ago showed that only 0.02% of their patients presented within the first week 

of ocular symptoms, with 12% of the cohort presenting one month after the onset of 

symptoms. Notably, 43% of their BK patients required surgical interventions, 

considerably higher than this study. Another recent Indian study of infectious keratitis 

conducted at another region observed that the median duration of ocular symptoms 

was 7 days, with 72% cases caused by corneal trauma. The heterogeneity in the 

promptness of patients seeking medical attention is likely related to the difference in 

the culture, level of education and health awareness, causes / risk factors (earlier in 

trauma-related cases), and accessibility to healthcare facility. Although the analysis 

showed that patients with duration of ocular symptoms of ≥7 days had a worse visual 

outcome (<0.6 logMAR CDVA), the association was not significant in the multivariable 

regression analysis (not presented herein). The duration of ocular symptoms was not 

included as one of the independent variables in the current regression model in view 

of the high amount (~15%) of missing data in this parameter, which could negatively 

affect the multivariable regression analysis. 

 

4.4.3. Microbiological culture and its clinical value 

Corneal scraping for culture and sensitivity testing remains the most common 

microbiological investigations for infectious keratitis. While the culture yield has been 

shown to be variably low (23.7-77%) (Ting et al., 2021j, Peng et al., 2018, Kaliamurthy 

et al., 2013), this is currently the only method that could provide both the information 



 126 

of the underlying causative organisms and the antimicrobial susceptibility and 

resistance results. In this study, 45% of the cases were culture-positive but this was 

not truly reflective of the culture yield of infectious keratitis in the studied region as 

cases with incomplete data or inconclusive cause were excluded from this study. This 

study observed that culture positivity was significantly associated with several factors, 

including increased age, large ulcer size, central ulcer, prior corneal surgery or use 

of topical steroids, and worse presenting vision. Such association is likely attributed 

to the more severe disease and higher microbial load at presentation. This is in 

accordance with the “1, 2, 3 Rule” advocated by Vital et al. that corneal culture should 

be performed when any of the three clinical parameters is met (i.e. ≥1+ anterior 

chamber cells, ≥2 mm infiltrate, or infiltrate ≤3 mm distance from the corneal center) 

as it predicts the severity, outcome and likelihood of positive culture in infectious 

keratitis (Ung et al., 2020b, Vital et al., 2007). In addition, Cariello et al. (2011) 

similarly showed that previous use of topical steroids increased the chance of positive 

culture. Therefore, these findings suggest that performing corneal culture in older 

patients with more severe disease and with prior use of topical steroids is more likely 

to have a positive culture and thence better clinical value. 

 

McLeod et al. (1996) previously examined the role of microbiological investigations in 

managing infectious keratitis. All patients were treated with a fortified cefazoline and 

a fortified aminoglycoside. They found that all moderate BK resolved without any 

modification in the antibiotic treatment and 7% of the severe BK cases required a 

change in the treatment regimen. In this study, 39% of all culture-positive cases (or 

18% of all included cases) were found to have the antibiotic treatment regimen altered 

due to the culture and sensitivity results. This underlines the clinical value of 

microbiological investigations, particularly in more severe cases, for managing 

infectious keratitis. The considerably higher rate of changes in treatment was partly 

related to the fact that some of the patients were only treated with levofloxacin at the 
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initial presentation. In addition, in cases where Gram-negative bacteria were cultured 

and the initial treatment response was slow or unsatisfactory, the treatment was 

switched to combined therapy consisting of a fortified aminoglycoside and a 

fluoroquinolone (if the organisms were susceptible to both antibiotics). 

 

Furthermore, as this study only included BK cases, the value of positive 

microbiological culture may be underestimated. For instance, a case with an initial 

diagnosis of presumed BK that subsequently cultured non-bacterial organisms (e.g. 

fungi or Acanthamoeba) could lead to a change in antimicrobial treatment, though 

these cases were not included in this study. The same would apply to mixed 

infections. 

 

4.4.4. Outcomes and prognostic factors 

The majority (84%) of our cases healed with medical treatment alone. While 25 (9%) 

patients developed threatened / actual perforation, most of them (21, 84%) were 

amenable to corneal gluing, multi-layer amniotic membrane transplant or conjunctival 

hooding. This is in contrast with the findings of the Asia Cornea Society Infectious 

Keratitis Study (ASCIKS) whereby ~10% of the cohort required emergency 

therapeutic keratoplasty (Khor et al., 2018). Another Australian study, which included 

all types of infectious keratitis, showed that 6% of the patients required either 

therapeutic keratoplasty, evisceration or enucleation (Khoo et al., 2020). The 

discrepancy among the studies may be related to the difference in the severity of the 

presenting ulcer, the risk factors (lower proportion of trauma in this study), and the 

inclusion of fungal keratitis and/or polymicrobial keratitis, which are often more difficult 

to manage compared to BK (Khor et al., 2018, Gopinathan et al., 2009, Khoo et al., 

2020, Chidambaram et al., 2018b, Ting et al., 2019c). 
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A number of important prognostic factors for visual outcome and corneal healing were 

identified in this study. This study observed that poor visual outcome was significantly 

influenced by older age, larger infiltrate, central ulcer, and poor presenting CDVA. 

Khoo et al. (2020) similarly demonstrated that older patients with worse presenting 

vision and larger ulcer were more likely to experience a poor outcome, which was 

defined as vision of <6/60, decrease vision during treatment, or occurrence of 

complications requiring keratoplasty, evisceration or enucleation. Parmar et al. (2006) 

also reported that elderly patients (≥65 years old) were more commonly affected by 

central and larger ulcers and worse visual outcome. 

 

Additionally, this study showed that corneal healing was negatively affected by older 

age, larger infiltrate size and poorer presenting vision. Gaining a better knowledge of 

these prognostic factors may enable earlier interventions (e.g., temporary 

tarsorrhaphy or amniotic membrane transplant) to help promote corneal healing and 

re-epithelialisation after the acute sterilisation phase (Dua et al., 2004, Dua et al., 

2018, Ting et al., 2021n). The poorer corneal wound healing in older patients with BK 

is likely related to the presence of co-existing ocular surface diseases (e.g. dry eyes, 

neurotrophic keratopathy, and others), immunosuppression, and the age-related 

reduction in the proliferative ability of limbal stem cells (Stapleton et al., 2017a, Ting 

and Ghosh, 2019, Notara et al., 2013). 

 

4.4.5. Strengths and limitations 

This study serves as one of the largest and most up-to-date examination of the risk 

factors, clinical characteristics and outcomes of BK in the UK. One of the limitations 

of this study was the inclusion of culture-negative BK cases. However, the medical 

case notes were examined to ensure that these cases were true BK cases based on 

the clinical presentation and the clinical course. In addition, inclusion of the culture-
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negative cases enabled the examination of potential predictive factors for culture 

positivity and the outcome of these cases as culture-negative BK cases represents a 

large proportion of infectious keratitis in clinical practice. The issue with low culture 

yield in infectious keratitis has been consistently reported in many studies (Ting et al., 

2021j, Ung et al., 2019b), highlight the need for improvement in the future.  

 

In conclusion, BK represents a significant ocular morbidity in the UK. It not only 

significantly affects the patients’ vision but also places considerable burden on the 

healthcare services as hospital admission is often required for intensive medical 

treatment and/or surgical intervention for BK. Affected patients are usually working 

adults (18-64 years) and hence the disease can have significant impact on the public 

and private workforce. As the visual outcome of BK is affected by the initial severity 

of the infection and the presenting vision, the importance of “prevention is better than 

cure” cannot be overemphasised. Ocular surface diseases, contact lens wear and 

systemic immunosuppression are important risk factors for BK and better 

preventative strategies need to be developed and targeted towards these areas. 

Future studies evaluating the risk factors and outcomes of other types of infectious 

keratitis, including fungal and Acanthamoeba keratitis, would be invaluable.  
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CHAPTER 5 

Photoactivated Chromophore for Infectious Keratitis 

– Corneal Collagen Cross-Linking (PACK-CXL): A 

Systematic Review and Meta-Analysis 

 

 

5.1. Introduction 

Broad-spectrum antimicrobial therapy is currently the mainstay of treatment for IK; 

however, there is a decline in efficacy of antibiotic treatment due to an emerging trend 

of antimicrobial resistance in ocular infection (Asbell et al., 2015, Lalitha et al., 2017, 

Ung et al., 2019b). Furthermore, complications such as corneal melt, perforation and 

endophthalmitis, may ensue despite timely and intensive topical antibiotic treatment, 

necessitating further surgical interventions such as tectonic or therapeutic 

keratoplasty in a trial to preserve the eye and vision (Keay et al., 2006, Khor et al., 

2018, Henry et al., 2012, Hossain et al., 2018, Ting et al., 2021a, Ting et al., 2021d). 

These issues highlight the need for alternative or adjuvant antimicrobial treatment to 

supplement the current therapeutic armamentarium for IK. 

 

In the recent years, there has been an increasing interest in the use of therapeutic 

corneal cross-linking (PACK-CXL) for treating infectious keratitis. However, high-

quality evidence is lacking in the literature, which results in a lack of adoption of such 

treatment in the clinical practice. To address the gap in the literature, this systematic 

review aimed to critically appraise the evidence and examine the efficacy and safety 

of PACK-CXL. 
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5.2. Methods 

5.2.1. Protocol and registration 

The systematic review title and protocol were registered with PROSPERO 

(registration number CRD42019131290) and the Joanna Briggs Institute Database of 

Systematic Reviews and Implementation Reports (Ting et al., 2020c). 

 

5.2.2. Data sources and search methods 

Two authors (DSJT and CH) searched MEDLINE (January 2003 to April 2019), 

EMBASE (January 2003 to April 2019), Cochrane Central Register of Controlled 

Trials (CENTRAL), ISRCTN registry (www.isrctn.com/), US National Institutes of 

Health Ongoing Trials Register ClinicalTrials.gov (http://clinicaltrials.gov) and World 

Health Organisation (WHO) International Clinical Trials Registry Platform (ICTRP) 

(www.who.int/ictrp) for primary research related to CXL for infectious keratitis or 

“PACK-CXL”. The start date of January 2003 was selected because CXL was only 

introduced to clinical practice in 2003. There was no date restriction in the search for 

trials, however the search was restricted to English articles. Electronic databases 

were first searched on 05 May 2018, followed by a final update on 15 April 2019. Key 

words used were “cross-linking”, “PACK-CXL”, “riboflavin”, “Vitamin B”, “keratitis”, 

“corneal ulcer”, and “corneal infection”. The bibliographies of included articles were 

independently and manually screened by two authors (DSJT and CH) to identify 

further relevant studies. Search strategies for MEDLINE and EMBASE are provided 

in the Appendix 1. 

 

5.2.3. Study selection 

All clinical studies, encompassing randomised controlled trials (RCTs), non-

randomised controlled studies (NRS), case series and case reports, related to PACK-

CXL were included as few RCTs were anticipated. The analysis was conducted at 
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two levels; (1) a meta-analysis of all eligible RCTs and (2) a systematic review of all 

clinical studies, including NRS, case series and case reports. All types of IK, including 

bacterial, fungal, viral, parasitic or mixed infection, were included in this review. 

Studies related to suspected non-infectious causes of keratitis or CXL used for non-

antimicrobial purpose were excluded from this study. For the meta-analysis, the 

intervention group included cases of IK that were treated by PACK-CXL with standard 

antimicrobial therapy (SAT) whereas the control group included cases of IK that were 

treated with SAT alone. Restriction was made to publications in English but no 

restriction was applied to the location or setting of the study, or patients’ demographic 

factors. This study conformed to the Preferred Reporting Items for Systematic reviews 

and Meta-Analysis (PRISMA) guideline. 

 

5.2.4. Data extraction 

A web application designed for systematic reviews, Rayyan (Qatar), was used to help 

collate the potential studies and expedite the initial screening of abstracts and titles 

(Ouzzani et al., 2016). The titles and abstracts obtained from the searches were 

independently screened by two authors (DSJT and CH) to include studies that fulfilled 

the eligibility criteria. Both authors then independently assessed the full-text version 

of all the selected articles and extracted data onto a standardised data collection form 

for qualitative review. The extracted data included the authors and study title, year of 

publication, sample size, types of interventions, types of causative microorganisms, 

results and complications. Discrepancies were resolved by group consensus and 

independent adjudication (HSD) if consensus could not be reached. 

 

For the meta-analysis, the following information were extracted from the included 

trials and entered into RevMan (Review Manager 5.3) software: 
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(1) Study characteristics: Year of publication, country of study, prospective 

registration of clinical trials, sample size, eligibility criteria, demographic 

factors, diagnostic criteria, method of randomisation, method of masking, 

number of study arms, number of participants, types of interventions, types of 

comparators, use of antimicrobial therapy in the intervention arm, source of 

funding, and any potential conflict of interest. 

(2) Outcomes: Primary and secondary outcomes, risk of adverse events, 

complications during the procedure, post-procedure complications or 

secondary surgery, duration of follow-up, loss to follow-up and intervals at 

which outcomes were assessed. 

 

5.2.5. Outcome measures 

For the meta-analysis, the primary outcome measure was the time to complete 

corneal healing (defined as complete corneal re-epithelialisation and clearance of 

infiltrate and hypopyon; days) and the secondary outcome measures included the 

size of epithelial defect (mm2) and size of infiltrate (mm2) at 7 days and at final follow-

up, visual acuity (LogMAR) at final follow-up, and risk of adverse events (defined as 

worsening IK and/or corneal melt or perforation requiring tectonic / therapeutic 

keratoplasty or evisceration) at final follow-up. A summary of the available data of all 

included studies was also performed and reported. 

 

Continuous variables such as time to complete corneal healing, size of corneal 

epithelial defect and infiltrate, and corrected-distance-visual-acuity (CDVA) were 

presented as mean with standard deviation (SD). In studies that reported median and 

interquartile range, the means and SDs were estimated using formulas reported by 

Wan et al. (Wan et al., 2014) and the Cochrane Handbook estimator (Higgins and 
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Green, 2011b). Dichotomous variable such as risk of adverse events was defined by 

the number of participants with adverse events.  

 

5.2.6. Assessment of risk of bias 

Risk of bias was assessed by two authors (DSJT and CH) independently and any 

disagreement was adjudicated by HSD. Included RCTs were assessed for sources 

of systematic bias according to the guidelines in Chapter 8 of the Cochrane Handbook 

for Systematic Reviews of Interventions (Higgins and Green, 2011b). The review 

authors were not masked to the authors of the studies during this assessment. A 

judgement of 'high', 'low', or 'unclear' risk of bias was made for the following domains: 

(1) selection; (2) performance; (3) detection; (4) attrition; and (5) selective outcome 

reporting biases. NRS were assessed for risk of bias using the ROBINS-I tool (Sterne 

et al., 2016a) against seven domains; the worst judgement in any of the domains was 

used as the overall risk of bias.   

 

5.2.7. Measure of treatment effect 

Dichotomous data were measured as risk ratios (RRs) with 95% confidence intervals 

(CI) and continuous data as mean differences (MDs) with 95% CI. The unit of analysis 

was the participant and there was no issue with the unit of analysis in the included 

RCTs. The review was conducted based on the available data from the trials. When 

data were unavailable but the level of missing data and reasons for missing data in 

each group were similar, data were analysed even when intention-to-treat (ITT) 

analysis was not performed. 

 

5.2.8. Assessment of heterogeneity 

The heterogeneity of the RCTs and NRS was checked by careful review of the full-

text, assessment of forest plots and examination of the I2 value with its confidence 
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interval. The overall characteristics of the studies, in particular the types of 

participants and types of interventions were examined to assess the extent to which 

the studies were similar enough to make pooling study results sensible. The results 

of forest plots were reviewed for consistency of the size and direction of effects. I2 

values greater than 50% were considered indicative of substantial heterogeneity and 

meta-analysis could not be conducted due to inconsistency of effect estimates 

(Higgins and Green, 2011b). It was anticipated that some degree of heterogeneity will 

always exist due to clinical and methodological differences of the studies; therefore a 

random-effects model was used for the meta-analysis. The Chi² p-value was also 

considered as this has a low power when the number of studies were few. A p-value 

of <0.1 was considered statistically significant (Higgins and Green, 2011b). 

 

5.2.9. Data synthesis and analysis 

A meta-analysis was undertaken when there were sufficient similarities in the 

reporting of outcome measures. A random-effects model in RevMan 5.3 was used in 

view of the expected heterogeneity across different studies. The Mantel-Haenszel 

method was employed for analysing the risk ratio of adverse events in view of the 

small expected number of events. If there was inconsistency between the results of 

individual studies such that a pooled result might not be a good summary of the 

individual trial results – for example, the effects were in different directions or I² >50% 

and P <0.1 – the data were not pooled but described in narrative format. Where there 

was statistical heterogeneity, the data were pooled when all the effect estimates were 

in the same direction, such that a pooled estimate would seem to provide a good 

summary of the individual trial results. Sensitivity analysis was performed by 

assessing the impact of including studies at high risk of bias for an outcome in one or 

more key domains, when sufficient data were available. This was conducted by 

omitting each study in turn to examine the influence of individual studies on the overall 
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pooled estimate. A summary of findings is presented below including the assessment 

of the quality of the evidence for outcomes using the GRADE approach with GRADE 

Pro/GDT software (Schunemann et al.). All RCTs were started with a rating of ‘high-

quality’ evidence and were downgraded by one level for serious concerns (or by two 

levels for very serious concerns) regarding the risk of bias, inconsistency, 

indirectness, imprecision or publication bias. The quality of evidence of studies was 

graded by two assessors (DSJT and CH) independently and any disagreement was 

adjudicated by HSD.  

 

5.2.10. Assessment of adverse events 

The risk of adverse events was graphically represented on albatross plots generated 

by the module installed on STATA 15.1 statistical software (Harrison et al., 2017). 

Pooled estimates of the risk of adverse events across comparative studies, including 

RCTs and NRS, were calculated. The risk of adverse events of PACK-CXL was 

summarised according to the type of IK. Studies were categorised as bacterial, 

fungal, Acanthamoeba, viral, mixed or culture-negative presumed IK cohort. Mixed IK 

cohort referred to studies that included more than one group of causative 

microorganisms. 

 

5.3. Results 

5.3.1. Literature search and study characteristics 

The electronic searches last conducted on 15 April 2019 retrieved a total of 754 

titles and abstracts (see Figure 5.1 for the PRISMA flow chart). After removing 181 

duplicates and including two additional records identified through other sources, the 

remaining 573 records were screened and 421 references that were not relevant to 

the scope of the review were excluded. A total of 52 full-text copies of papers were 

assessed for eligibility. After excluding 6 ineligible articles (Ammermann et al., 2014, 
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Hager et al., 2016, Idrus et al., 2018, Mattila et al., 2013, Schnitzler et al., 2000, Wu 

et al., 2013a), 46 studies were included in the systematic review. These included 

four RCTs (Bamdad et al., 2015, Kasetsuwan et al., 2016, Said et al., 2014, 

Uddaraju et al., 2015), two NRS (Basaiawmoit et al., 2018, Vajpayee et al., 2015), 

20 case series (Agrawal and Singh, 2016, Chan et al., 2014, Cristian et al., 2019, 

Erdem et al., 2018, Iseli et al., 2008, Khalili et al., 2017, Khan et al., 2011, Knyazer 

et al., 2018, Li et al., 2013b, Makdoumi et al., 2010, Makdoumi et al., 2012, Muller 

et al., 2012, Panda et al., 2012, Price et al., 2012, Ramona et al., 2016, Rosetta et 

al., 2013, Shetty et al., 2014, Skaat et al., 2014, Sorkhabi et al., 2013, Zloto et al., 

2018), and 20 case reports (Abbouda et al., 2014, Anwar et al., 2011, Arance-Gil et 

al., Casagrande et al., 2014, Chan et al., 2017, Demirci and Ozdamar, 2013, Ferrari 

et al., 2013, Ferrari et al., 2009, Garduno-Vieyra et al., 2011, Igal et al., 2017, 

Kozobolis et al., 2010, Kymionis et al., 2016, Labiris et al., 2014, Moren et al., 2010, 

Oflaz et al., 2017, Passilongo et al., Saglk et al., 2013, Tabibian et al., 2014, Yagci 

et al., 2016, Zarei-Ghanavati and Irandoost, 2015), examining the efficacy and 

safety of PACK-CXL in 435 participants (438 eyes) with IK, of which 311 

participants received PACK-CXL with SAT, 15 participants received PACK-CXL 

alone, and 112 participants received SAT alone. All studies included one eye per 

participant except for Chan et al. study (Chan et al., 2014) and Cristian et al. study 

(Cristian et al., 2019). Within the group that received PACK-CXL with/without SAT, 

the causative microorganisms included 152 (46.6%) bacteria, 89 (27.3%) fungi, 20 

(6.1%) Acanthamoeba, 4 (1.2%) viruses, 20 (6.1%) mixed, and 41 (12.6%) culture-

negative presumed IK. The main characteristics of all RCTs, including the authors’ 

name, year of publication, number of treated participants, treatment protocol used, 

types of causative microorganisms, severity of IK, main results, adverse events, and 

visual outcome (if available), are summarised in Appendix 2 3. Outcomes of RCTs 

are analysed and summarised under the meta-analysis section. In addition, two 

ongoing RCTs were identified from the searches of clinical trial registries 
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(https://clinicaltrials.gov/ct2/show/NCT02570321 and 

https://clinicaltrials.gov/ct2/show/NCT02717871). 

 

 

Figure 5.1. PRISMA flow diagram of the literature search for PACK-CXL. 
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5.3.2. Meta-analysis of eligible RCTs 

5.3.2.1. Overall description 

The four RCTs included a total of 115 participants, with 58 participants receiving 

PACK-CXL plus SAT (intervention group) and 57 participants receiving SAT alone 

(control group). These consisted of four single-centered RCTs, which was conducted 

separately in Iran (Bamdad et al., 2015), Thailand (Kasetsuwan et al., 2016), Egypt 

(Said et al., 2014), and India (Uddaraju et al., 2015). Trials included participants aged 

between 15 and 84 years (mean age of 40 – 56 years), with slight male 

preponderance (59.1%). Two RCTs (Kasetsuwan et al., 2016, Uddaraju et al., 2015) 

were prospectively registered with the clinicaltrials.gov (NCT01831206 and 

NCT02328053). 

 

5.3.2.2. Types of microbes and severity of IK 

The RCTs were heterogeneous in terms of the types of infection. Bamdad et al. 

(2015) and Uddaraju et al. (2015) included bacterial keratitis alone and fungal keratitis 

alone, respectively, whereas Kasetsuwan et al. (2016) included both bacterial and 

fungal keratitis in their studies. Said et al. (2014) included bacterial, fungal, 

Acanthamoeba and mixed infection. None of the studies included viral infection. The 

collective microbiological profiles included 53 (46.1%) bacteria, 30 (26.1%) fungi, 3 

(2.6%) Acanthamoeba, 8 (7.0%) mixed bacteria/fungi, and 21 (18.3%) culture-

negative presumed IK. The proportion of the types of organisms was similar between 

intervention and control arms in all RCTs, except for one RCT (Said et al., 2014) 

where there was a significantly higher proportion of mixed bacteria/fungi infection in 

the intervention arm (7, 33.3%) compared to the control arm (1, 5.3%; p=0.027). 

 



 140 

5.3.2.3. Treatment protocols and outcome measures 

All four trials compared PACK-CXL plus SAT with SAT alone. Dresden CXL protocol, 

using an irradiance of UVA of 3 mW/cm2 for 30 mins (total fluence 5.4mJ/cm2), was 

employed in all intervention arms. After enrolment the participants were treated with 

PACK-CXL immediately on the first day of presentation in two studies (Bamdad et al., 

2015, Kasetsuwan et al., 2016), within 48 hours in one study (Said et al., 2014), and 

after two weeks of non-improvement with SAT in one study (Uddaraju et al., 2015). 

The primary and secondary outcome measures used in these RCTs are summarised 

in Table 5.1. They included size of stromal infiltrate and epithelial defect at 7 days 

and final follow-up (14 days or 30 days) (Bamdad et al., 2015, Kasetsuwan et al., 

2016), time to complete corneal healing or treatment duration (defined as complete 

re-epithelialisation of the ulcer and disappearance of the infiltrate and hypopyon) 

(Said et al., 2014, Bamdad et al., 2015), adverse events (Said et al., 2014) (Uddaraju 

et al., 2015) (defined by corneal perforation and/or endophthalmitis and/or increase 

in infiltrate size by ³2mm), and visual-acuity (Kasetsuwan et al., 2016, Said et al., 

2014, Uddaraju et al., 2015). The follow-up duration was between four and six weeks’ 

post-treatment, except for one study which the duration was not specified (Said et al., 

2014). The lack of similarity in outcome measures limited the possibility for combining 

all data from individual RCTs. 
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Table 5.1. Outcome measures used in randomised controlled trials of PACK-CXL. 
Authors (year) Primary Outcome 

Measures 

Secondary Outcome 

Measures 

Kasetsuwan et al. (2016) (1) Size of stromal infiltrate (1) Size of epithelial defect 

(2) Treatment failure 

(3) BPVA 

Uddaraju et al. (2015) (1) Treatment failure at 6 

weeks 

(1) UDVA 

Bamdad et al. (2015) Not specified but following parameters were analysed and 

reported:  

(1) Size of epithelial defect 

(2) Size of stromal infiltrate 

(3) Grade of corneal ulcer 

(4) Duration of treatment 

(5) Treatment failure 

Said et al. (2014) Not specified but following parameters were analysed and 

reported:  

(1) Time to complete healing (defined by complete corneal 

epithelialisation and clearance of infiltrate) 

(2) CDVA 

(3) Treatment failure 

BPVA = Best-corrected-pinhole-visual-acuity; UDVA = Uncorrected distance visual 

acuity; CDVA = Corrected distance visual acuity 
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5.3.2.4. Risk of bias 

Risk of bias was for RCTs determined by using the “risk of bias” assessment tool. 

Sequence generation, allocation concealment, masking of participants, personnel 

and outcome assessors, incomplete outcome data, selective outcome reporting and 

potential threats to validity were considered (Figure 5.2). Sequence generation was 

unclear in two of the studies (Bamdad et al., 2015, Kasetsuwan et al., 2016) where 

simple randomisation was performed but the method was not clearly stated, 

potentially increasing the risk of bias. No details of attempts to conceal allocation of 

intervention assignment were given in two trials (Bamdad et al., 2015, Said et al., 

2014). Masking of participants was not possible but masking of assessors was 

possible in most studies. All trials had complete data except Uddaraju et al. (2015) 

which reported outcomes for 13 participants of the intended 31 participants with 

fungal keratitis, as the trial was terminated early due to the concern of corneal 

perforation rate in the PACK-CXL group. Selective reporting was not considered to 

be a problem in the included trials but it was not always possible to assess this risk 

of bias adequately for one trial (Said et al., 2014). 

 

Risk of bias for NRS was determined by using the ROBINS-I grading criteria. Two 

NRS identified from database search were graded as having critical risk of bias (score 

4), as both studies showed selection bias of participants and lacked balance of 

unknown confounding factors (Basaiawmoit et al., 2018, Vajpayee et al., 2015). Both 

studies had post-intervention bias in terms of the care provided and measurement of 

outcomes. One study had bias due to missing follow-up data (Basaiawmoit et al., 

2018). 
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Figure 5.2. Risk of bias graph of RCTs on PACK-CXL.  

Review authors' judgements about each risk of bias item presented as percentages 

across all included studies. 
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Table 5.2. Grade summary of findings of PACK-CXL. 
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5.3.2.5. Effects of interventions 

The effects of interventions were categorised into: (A) time to complete corneal 

healing; (B) size of epithelial defect; (C) size of infiltrate; (D) corrected-distance-

visual-acuity (CDVA) in LogMAR; and (E) risk of adverse events. The GRADE 

summary of findings for each treatment outcome is summarised in Table 5.2. 

 

5.3.2.5.1. Time to complete corneal healing  

Two RCTs reported the time to complete corneal healing (or treatment duration), 

which was defined as complete re-epithelialisation and disappearance of infiltrate and 

hypopyon (Bamdad et al., 2015, Said et al., 2014). There is very low-quality evidence 

that adjuvant PACK-CXL shortened the time to complete healing compared to SAT 

alone (MD -7.44 days; 95% CI -10.71 to -4.16; I2=0%; p<0.0001) (Figure 5.3A). 

Notably, the size of corneal ulcer in the adjuvant PACK-CXL group was significantly 

larger than the control group at baseline in one study (Said et al., 2014). Quality of 

evidence was downgraded due risk of bias and imprecision. There was a lack of 

allocation concealment and blinding. The total number of participants pooled in the 

meta-analysis were less than the number generated by a conventional sample size 

calculation. 

 

5.3.2.5.2. Size of epithelial defect 

Two studies reported the size of epithelial defect at 7 days and final follow-up 

(Kasetsuwan et al., 2016, Bamdad et al., 2015). There is very low-quality evidence 

that adjuvant PACK-CXL was equally effective as SAT alone in reducing the size of 

corneal epithelial defect at 7 days follow up (MD -3.66 mm2; 95% CI -14.26 to 6.94; 

I2=50%; p=0.50) (Figure 5.3B). The quality of evidence was downgraded due to risk 

of bias, inconsistency and imprecision. In terms of the size of epithelial defect at final 

follow-up, there was heterogeneity between the two studies so meta-analysis was not 
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performed (I2=58%). There is very low-quality evidence that adjuvant PACK-CXL was 

equally effective as SAT alone in reducing the size of corneal epithelial defect at final 

follow up. The quality of evidence was downgraded due to risk of bias, inconsistency, 

indirectness and imprecision. Final follow-up differed between 14 days and 30 days. 

The observed heterogeneity could be due to the mixed cohort of bacterial and fungal 

keratitis cases included in Kasetsuwan et al. study (Kasetsuwan et al., 2016) where 

60% of the cases were fungal. When analysis of only bacteria keratitis cases was 

performed, the size of epithelial defect at final follow-up favored PACK-CXL (MD -

6.60; 95% CI -9.64 to -3.57; p<0.0001) (Bamdad et al., 2015, Kasetsuwan et al., 

2016).  

 

5.3.2.5.3. Size of infiltrate 

Two studies reported the size of infiltrate at 7 days and final follow-up (14 days or 30 

days) (Bamdad et al., 2015, Kasetsuwan et al., 2016). There is very low-quality 

evidence that adjuvant PACK-CXL was more effective than SAT alone at reducing 

the size of infiltrate at 7 days’ (MD -5.49mm2; 95% CI -7.44 to -3.54; I2=0%; p<0.0001) 

and at final follow-up (MD -5.27mm2; 95% CI -9.12 to -1.41; I2=21%; p=0.007) (Figure 

5.3C). The quality of the evidence was downgraded due to high risk of bias and 

imprecision.  

 

5.3.2.5.4. Visual acuity 

There is very low-quality evidence that there was no difference in the mean CDVA at 

the final follow-up between the adjuvant PACK-CXL group and the SAT group (0.08; 

95% CI -0.21 to 0.37; I2=9%; two RCTs with 70 participants) (Kasetsuwan et al., 2016, 

Said et al., 2014) (Figure 5.3D). The quality of the evidence was downgraded due to 

high risk of bias and imprecision.  
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5.3.2.5.5. Adverse events 

Adverse events were defined as worsening IK and/or corneal melt / perforation 

requiring tectonic / therapeutic keratoplasty or evisceration. Bamdad et al. (2015) 

reported no event of corneal perforation in both treatment arms though three 

participants required secondary surgeries such as amniotic membrane transplant 

(AMT) or conjunctival flap (one in PACK-CXL group and two in standard care group). 

For the other three RCTs, a total of eight participants randomised to PACK-CXL 

required therapeutic keratoplasty or evisceration for uncontrolled IK compared to 11 

participants that received SAT (Kasetsuwan et al., 2016, Said et al., 2014, Uddaraju 

et al., 2015). There is very low-quality evidence that adjuvant PACK-CXL patients did 

not reduce the rate of adverse events when compared to SAT alone [Risk ratio (RR) 

0.84; 95% CI 0.26 to 2.71; p=0.77; four studies with 115 participants]. A sensitivity 

analysis was performed with the exclusion of Uddaraju et al. study because early trial 

termination might bias the effect estimate (Uddaraju et al., 2015). When excluded, 

there was no statistically significant change in the effect estimate on the risk of 

adverse events between adjuvant PACK-CXL and SAT alone (RR 0.49; 95% CI 0.11 

to 2.29; I2=22%; p=0.37; three RCTs with 102 participants) (Figure 5.3E). The quality 

of evidence was downgraded due to high risk of bias and imprecision.  There are few 

events and the confidence interval included appreciable benefit and harm. Two 

studies did not report the type of microorganism involved in cases that were 

complicated by corneal perforation (Kasetsuwan et al., 2016, Said et al., 2014). 

According to consort harms reporting guidance, the quality of harms reporting was 

considered inadequate in three included studies where the severity of adverse events 

and clinical sequalae were not clearly described (Kasetsuwan et al., 2016, Said et al., 

2014, Uddaraju et al., 2015). 
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Figure 5.3. Forest plots of various outcomes of PACK-CXL.  

Summary of the meta-analysis (forest plot) comparing the efficacy between PACK-

CXL plus standard antimicrobial treatment (SAT) and SAT alone in eligible 

randomized controlled trials, in terms of: (A) time to complete corneal healing; (B) 
size of epithelial defect; (C) size of stromal infiltrate; (D) corrected-distance-visual-

acuity; and (E) risk of adverse events. 
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5.3.2.5.6. Subgroup analysis 

There were insufficient RCTs to perform subgroup analysis between bacterial and 

fungal keratitis outcomes.   

 

As effectiveness RCTs are lacking, NRS were included in the assessment of time to 

complete healing and adverse events. The mean time to complete corneal healing 

and number of adverse events reported in all comparative interventional studies, 

including RCTs and NRS, are summarised in albatross plots (Figure 5.4). All 

comparative studies investigating time to complete healing favoured adjuvant PACK-

CXL (Bamdad et al., 2015, Basaiawmoit et al., 2018, Said et al., 2014, Vajpayee et 

al., 2015), with one study of bacterial keratitis showed statistical significance (Bamdad 

et al., 2015). In terms of the risk of adverse events, one study showed negative 

association favouring adjuvant PACK-CXL in mixed IK cohort and one study showed 

a positive association favoring SAT alone in fungal keratitis cohort; however none of 

the comparative studies showed statistical significance (Basaiawmoit et al., 2018, 

Kasetsuwan et al., 2016, Said et al., 2014, Uddaraju et al., 2015, Vajpayee et al., 

2015). Pooled risk estimates of adjuvant PACK-CXL on the risk of adverse events in 

comparative studies were grouped and analysed according to type of IK cohorts 

(Table 5.3). It was found that adjuvant PACK-CXL did not significantly influence the 

risk of adverse events in mixed IK (RR 0.57; 95% CI 0.20 to 1.61) and fungal keratitis 

cohorts (RR 1.30; 95% CI 0.66 to 2.54).  

 

Case series and case reports were reviewed for uncommon or unexpected adverse 

events. Analysis of the outcomes of the PACK-CXL, based on different types of 

causative microorganisms, are summarised in Table 5.4. Studies that reported 

pooled results with no distinction among the causative microorganisms were 

excluded from the subgroup analysis. Based on large NRS (³ 5 participants for a 

particular type of microorganism) (Khalili et al., 2017, Knyazer et al., 2018, Makdoumi 
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et al., 2012, Cristian et al., 2019, Price et al., 2012, Ramona et al., 2016, Shetty et 

al., 2014, Sorkhabi et al., 2013, Zloto et al., 2018, Erdem et al., 2018, Li et al., 2013b, 

Vajpayee et al., 2015, Agrawal and Singh, 2016, Panda et al., 2012), the overall rate 

of complete corneal epithelial healing was 84.8% (78/92) for bacterial keratitis, 73.5% 

(36/49) fungal keratitis, 66.7% (4/6) Acanthamoeba keratitis, and 92.0% (23/25) 

culture-negative presumed IK. There was insufficient evidence on the use of PACK-

CXL in Acanthamoeba and mixed infection whereas viral keratitis was considered a 

contraindication for PACK-CXL in the majority of the studies. Based on small case 

series and case reports, the complete healing rate was reported to be 75% (9/12) for 

Acanthamoeba keratitis, 33% (1/3) for mixed bacterial / fungal keratitis, 75% (3/4) for 

mixed Acanthamoeba / fungal keratitis, 100% (1/1) for mixed bacterial / 

Acanthamoeba keratitis, and 25% (1/4) for viral keratitis. 

 

5.3.3. Characteristics of ongoing studies 

Two ongoing RCTs, comparing PACK-CXL and/or SAT with SAT alone, were 

identified from the searches of clinical trial registries. One RCT, named Cross-linking 

for Corneal Ulcers Treatment Trial (CLAIR), is recruiting 266 participants with 

bacterial or fungal keratitis (https://clinicaltrials.gov/ct2/show/NCT02570321). The 

primary outcome measure is the microbiological cure on repeat culture after adjuvant 

PACK-CXL or SAT alone. The other RCT, named Swiss PACK-CXL Multicenter Trial 

for the Treatment of Infectious Keratitis, is enrolling 252 participants with bacterial, 

fungal or mixed keratitis (https://clinicaltrials.gov/ct2/show/NCT02717871). This trial 

is investigating PACK-CXL as a primary treatment alone in early IK. The time to re-

epithelialisation of the cornea and time from treatment to discharge of patient are set 

as the primary and secondary outcome measures, respectively. 
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Figure 5.4. Albatross plot for assessing mean time to healing after PACK-CXL. 

 



 152 

Table 5.3. Pooled risk estimates of PACK-CXL on risk of adverse events.  
IK 
cohorts  

Number of 
Studies 

Types of 
studies 

Number of 
participants 

Estimate of magnitude 
(95% CI) 

Bacterial  1 1 RCT 32 NK 

Mixed*  4 2 RCTs 

1 NRS 

115 RR 0.57 (0.20 to 1.61) 

Fungal 2 1 RCT 

1NRS 

54 RR 1.30 (0.66 to 2.54) 

RCT = Randomised controlled trial; NRS = Non-randomised controlled studies; CI = 

Confidence interval; RR = Risk ratio; NK = Not known 

*Mixed IK cohorts refer to cohorts consisting of two or more types of IK, which could be 

either bacterial, fungal, Acanthamoeba or mixed IK. 
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Table 5.4. Summary of the healing rate and treatment failure of PACK-CXL in non-

RCT studies. 
Authors Year Numbers Complete 

healing 
Healing time (days) Treatment 

failure 
Bacterial keratitis 
Agrawal et al. 2016 1 1 (100%) - 

14 
60 
90 
14 
30 

28 – 120  
- 

4 – 30  
7 
5 

1 – 14  
- 

120 
30 

4 – 40  
30 

3 – 45  
14 – 28  

- 
- 
- 

0 (0%) 
Anwar et al. 2011 1 1 (100%) 0 (0%) 
Casagrande et al. 2014 1 1 (100%) 0 (0%) 
Chan et al. 2014 2 1 (50%) 0 (0%) 
Chan et al. 2017 1 1 (100%) 0 (0%) 

Ferrari et al. 2009 1 1 (100%) 0 (0%) 
Iseli et al. 2008 3 3 (100%) 0 (0%) 
Khalili et al. 2017 6 4 (67%) 2 (33%) 
Knyazer et al. 2018 9 9 (100%) 0 (0%) 
Kozobolis et al. 2010 1 1 (100%) 0 (0%) 
Labiris et al. 2014 1 1 (100%) 0 (0%) 
Makdoumi et al. 2012 12 12 (100%) 0 (0%) 
Makdoumi et al. 2010 4 4 (100%) 0 (0%) 
Muller et al. 2012 3 2 (67%) 1 (33%) 
Oflaz et al. 2017 1 1 (100%) 0 (0%) 
Price et al. 2012 24 20 (83%) 3 (17%)* 
Ramona et al. 2016 10 8 (80%) 2 (20%) 
Rosetta et al. 2013 3 3 (100%) 0 (0%) 
Shetty et al. 2014 9 6 (67%) 3 (33%) 
Skaat et al. 2014 3 2 (67%) 1 (33%) 
Sorkhabi et al. 2013 9 7 (78%) 2 (22%) 
Zloto et al. 2018 13 12 (92%) 1 (8%) 
 
Fungal keratitis 
Abbouda et al. 2014 2 0 (0%) - 

60 
15 – 33  

- 
- 

16 
3 – 8  
120 

26 – 28  
7 (after 2nd CXL) 

15 – 90  
- 
3 

15 – 90  
- 

1 (50%) 
Anwar et al. 2011 1 1 (100%) 0 (0%) 
Erdem et al. 2018 9 4 (44%) 4 (44%) 
Igal et al. 2017 1 1 (100%) 0 (0%) 
Iseli et al. 2008 2 1 (50%) 1 (50%) 
Knyazer et al. 2018 1 1 (100%) 0 (0%) 
Li et al. 2013 8 8 (100%) 0 (0%) 
Muller et al. 2012 2 1 (50%) 1 (50%) 
Price et al. 2012 6 3 (50%) 3 (50%) 
Saglk et al. 2013 1 1 (100%) 0 (0%) 
Shetty et al. 2014 6 3 (50%) 3 (50%) 
Sorkhabi et al. 2013 1 1 (100%) 0 (0%) 
Tabibian et al. 2014 1 1 (100%) 0 (0%) 
Vajpayee et al. 2015 20 18 (90%) 2 (10%) 
Yagci et al. 2016 1 0 (0%) 0 (0%) 
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Acanthamoeba keratitis 
Arance-Gil et al. 2014 1 0 (0%) - 

60 
59 – 217 

10 
21 

21 – 42  
31 
- 

54 – 145 
10 

1 (100%) 
Chan et al. 2014 1 1 (100%) 0 (0%) 
Cristian et al.  
Demirci et al. 

2019 
2013 

6 
1 

4 (67%) 
1 (100%) 

0 (0%) 
0 (0%) 

Garduno-Vieyra 
et al. 

2011 1 1 (100%) 0 (0%) 

Khan et al. 2011 3 3 (100%) 0 (0%) 
Moren et al. 2010 1 1 (100%) 0 (0%) 

Muller et al. 2012 1 1 (100%) 0 (0%) 
Price et al. 2012 2 0 (0%)  
Rosetta et al. 2013 1 1 (100%) 0 (0%)  
 
Viral keratitis 
Ferrari et al. 2013 1 0 (0%) - 

25 
- 

1  (100%) 
Khalili et al. 2017 2 1 (50%) 1 (50%) 
Price et al. 2012 1 0 (0%) 0 (0%) 
 
Mixed bacterial / fungal keratitis 
Erdem et al. 2018 2 1 (50%) - 

- 
1 (50%) 

Knyazer et al. 2018 1 0 (0%) 1 (100%) 
 
Mixed acanthamoeba / fungal keratitis 
Erdem et al. 2018 2 2 (100%) 15 – 35 

60 
- 

0 (0%) 
Kymionis et al. 2016 1 1 (100%) 0 (0%) 
Passilongo et al. 2018 1 0 (0%) 1 (100%) 
 
Mixed acanthamoeba / bacterial keratitis 
Panda et al. 2012 1 1 (100%) 8 0 (0%) 
 
Culture negative 
Agrawal et al. 2016 5 3 (60%) - 

120 
- 
7 

4 – 12 
- 

5 – 18  
19 – 47 

14 
- 

2 (40%) 
Chan et al. 2014 1 1 (100%) 0 (0%) 
Knyazer et al. 2018 9 9 (100%) 0 (0%) 
Kozobolis et al. 2010 1 1 (100%) 0 (0%) 
Makdoumi et al. 2012 4 4 (100%) 0 (0%) 
Makdoumi et al. 2010 3 3 (100%) 0 (0%) 
Panda et al. 2012 6 6 (100%) 0 (0%) 
Skaat et al. 2014 3 3 (100%) 0 (0%) 
Zarei-Ghanavati 
et al. 

2015 1 1 (100%) 0 (0%) 

Zloto et al. 2018 5 5 (100%) 0 (0%) 
*One patient lost to follow-up. 
PACK-CXL = Photoactivated chromophore for infectious keratitis-corneal collagen 
cross-linking; AMT = Amniotic membrane transplant 
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5.4. Discussion 

This study represents the most up-to-date and comprehensive systematic review and 

meta-analysis examining the effectiveness and safety of PACK-CXL in 435 

participants (438 eyes), of which 325 participants received PACK-CXL with / without 

SAT. Since the last systematic review on PACK-CXL conducted by Abbouda et al. 

(2018) (consisting of 21 studies of 145 eyes) and Papaioannou et al. (2016) 

(consisting of 25 studies of 210 eyes) in 2016, a further 21 studies (including two 

additional RCTs) of 215 participants have been published. The doubling amount of 

literature on PACK-CXL in the recent years highlights a growing demand for 

innovative antimicrobial treatment for refractory IK, and the increasingly challenge 

faced by the clinicians in managing advanced and complex cases of IK. Both previous 

systematic reviews highlighted the potential utility of PACK-CXL but further high-

quality RCTs were required (Abbouda et al., 2018, Papaioannou et al., 2016). 

However, the conclusion was not based on the findings of meta-analysis, primarily 

due to the limited number of published RCTs during the conduct of the systematic 

reviews. 

 

5.4.1. Summary of main findings 

In this systematic review, four RCTs with 58 participants in the intervention group 

(PACK-CXL with SAT) and 57 participants in the control group (SAT alone) were 

included. The majority of the studies focused on either bacterial or fungal keratitis or 

a combination of both, with only one RCT including Acanthamoeba keratitis (three 

participants). None of the RCTs examined the utility of PACK-CXL in viral keratitis. 

Based on the meta-analysis of two RCTs with 72 participants, adjuvant PACK-CXL 

significantly shortened the time to complete corneal healing by 7 days when 

compared to SAT alone. One study (Bamdad et al., 2015) included only participants 

with bacterial keratitis and the other study primarily included bacterial, fungal and 
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mixed IK (Said et al., 2014). In addition adjuvant PACK-CXL was superior to SAT 

alone in terms of the resolution of the size of infiltrate at 7 days and at final follow-up 

(14-30 days) (Bamdad et al., 2015, Kasetsuwan et al., 2016). These two RCTs 

examined a total of 62 participants with 44 culture-positive and presumed bacterial 

keratitis and 18 culture-positive and presumed fungal keratitis. Both studies included 

primarily moderate IK (2-6 mm ulcer size and involved up to the anterior two third of 

the stroma) and severe IK (>6 mm ulcer size and involved the posterior one third of 

the stroma).  

 

In terms of other outcomes, adjuvant PACK-CXL did not reduce the risk of adverse 

events such as corneal perforation when compared to SAT alone group. While three 

RCTs showed a similar or lower risk of adverse events in the PACK-CXL group, 

Uddaraju et al. (Uddaraju et al., 2015) reported an opposite trend in their study. The 

latter study included cases of severe and refractory fungal keratitis that involved the 

posterior two third of the cornea and did not respond to the standard anti-fungal 

treatment for at least two weeks. Their findings might be confounded by the difference 

in the baseline severity of the fungal keratitis where the PACK-CXL group was 

considerably worse than the SAT group. Based on their findings, they have cautioned 

the use of PACK-CXL in patients with severe deep fungal infection. When Uddaraju 

et al. study was excluded from the analysis (due to early termination and significant 

difference in the baseline severity of the ulcer), there was an increase in direction 

favoring towards the use of adjuvant PACK-CXL in reducing the risk of adverse 

events (RR 0.49) but the difference was not statistically significant. There was also 

no significant difference between adjuvant PACK-CXL and SAT alone for other 

outcomes such as the size of epithelial defect and CDVA. 

 

Based on NRS and case series (³ 5 participants for a particular type of 

microorganism), a complete healing rate of 84.8% (78/92) for bacterial keratitis, 



 157 

73.5% (36/49) fungal keratitis, 66.7% (4/6) Acanthamoeba keratitis, and 92.0% 

(23/25) culture-negative presumed IK was observed. Only one participant (1.1%) in 

the bacterial keratitis group and three participants (6.1%) in the fungal keratitis group 

required additional AMT to help achieve complete re-epithelialisation. These findings 

suggest that PACK-CXL may serve as a useful adjuvant therapy for bacterial and 

fungal keratitis. However, there were insufficient data to support the adjuvant use of 

PACK-CXL in Acanthamoeba, mixed and viral IK.  

 

5.4.2. Overall completeness and applicability of evidence 

Overall the evidence was very low-quality with only four RCTs reporting small sample 

sizes. Price et al. (2012) and Hafezi and Kling (2016) had previously performed 

sample size power calculation for evaluating the effectiveness of PACK-CXL and had 

highlighted that around 200-250 participants were required. However, the sample size 

in all four included RCTs was substantially underpowered in efficacy and safety 

outcomes. Small sample sizes precluded any subgroup analysis of different causative 

microorganisms.  

 

The other limiting issue with the meta-analysis was the inconsistency in measurement 

and reporting of the treatment outcomes among the four included RCTs. There was 

a total of eight different outcomes being reported and risk of adverse events was the 

only outcome that was consistently examined in all four RCTs. Two studies reported 

time to complete healing (defined by complete corneal re-epithelialisation with 

clearance of infiltrate and hypopyon). Although this serves as a good outcome 

measure, it is important to bear in mind that some eyes with IK may develop delayed 

corneal epithelial wound healing or persistent epithelial defect after complete 

sterilisation of the ulcer in relation to neurotrophic keratopathy. Interestingly a 

transient increase in hypopyon may be observed within 24 hours after PACK-CXL, 
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likely attributed to the significant death of microorganisms and release of endotoxins, 

similar to a Jarisch-Herxheimer reaction (Said et al., 2014). In addition, potential 

confounding factors such as age and status of diabetes may affect the corneal wound 

healing time (Bikbova et al., 2018, Chen et al., 2009, Dua et al., 1994). Visual 

outcome was examined in three RCTs; however, this parameter is often not the best 

outcome measure for IK because it can be confounded by the location (e.g. whether 

the visual axis is affected) and the severity of the corneal ulcer, which may vary 

significantly between cases.  

 

Other important issue related to the evaluation of the efficacy of PACK-CXL was that 

some studies included deep corneal ulcers/infiltrates which were outside the Dresden 

protocol therapeutic window of 400 µm of the cornea. Spoerl et al. (2007) reported 

that 94% of the UVA was absorbed in the anterior 400 µm of the cornea, therefore 

deeper ulcers are unlikely to benefit from adjuvant PACK-CXL. In addition, some 

studies included eyes with corneal thickness of <400 µm, which could potentially 

increase the risk of endothelial dysfunction following PACK-CXL (Chen et al., 2015). 

Anterior segment optical coherence tomography would better quantify the depth of 

ulcer and the corneal thickness than slit lamp examination or ultrasound pachymetry 

for eyes with IK as these two parameters can be highly variable. It is also noteworthy 

to mention that the 400 µm limit is based on CXL studies on healthy corneas but not 

on inflamed or infected corneas. It is likely that the transmission of UV light behaves 

differently in infected corneas (Abbouda et al., 2018) but further research studies are 

required to elucidate this aspect. Corneal densitometry using Pentacam Scheimpflug 

imaging system may also serve as a useful adjuvant tool for monitoring the corneal 

response to IK (Otri et al., 2012a). Many studies reported the application of 

fluorescein stain prior to PACK-CXL to measure the size of the epithelial defect. This 

has an important clinical implication because the presence of fluorescein could 

compete with riboflavin for energy at 365 nm and reduce the effectiveness of PACK-
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CXL (Richoz et al., 2013). However, it is not always possible to ascertain the interval 

between the application of fluorescein drop and the initiation of PACK-CXL.  

 

Based on the available evidence, three RCTs demonstrated that adjuvant PACK-CXL 

could expedite the resolution of IK in bacterial keratitis and potentially fungal keratitis, 

in terms of size of infiltrates (Bamdad et al., 2015, Kasetsuwan et al., 2016) and time 

taken to complete healing (Said et al., 2014), though recent studies did not 

demonstrate any additional benefit of PACK-CXL for fungal keratitis (Prajna et al., 

2020, Ting et al., 2020d). There were insufficient data to perform any meaningful 

analysis for Acanthamoeba, viral and mixed IK. Several in vitro studies have shown 

that PACK-CXL did not confer any positive anti-amoebic effect on Acanthamoeba 

cyst or trophozoites (Atalay et al., 2018, del Buey et al., 2012). Interestingly, when 

riboflavin was substituted with rose bengal, PACK-CXL was shown to demonstrate 

effective anti-amoebic activity (Atalay et al., 2018). Based on histopathologic 

examination, Hager et al. (2016) similarly reported the persistence of Acanthamoeba 

cyst and trophozoites in the Acanthamoeba-infected corneal buttons after combined 

PACK-CXL and cryotherapy. PACK-CXL should not be employed to treat viral 

keratitis as UV radiation may exacerbate or activate herpes simplex infection (Price 

et al., 2012, Kymionis et al., 2007). 

 

It is noteworthy to mention that while there was a statistically significant reduction of 

the healing time by 7 days after adjuvant PACK-CXL, the benefit of the procedure 

needs to be balanced by the availability of workforce, cost of the procedure, and 

healthcare resources for accommodating the surgical procedure, particularly when 

this procedure is usually performed as an emergency procedure. In light of the current 

evidence, it is recommended that adjuvant PACK-CXL is performed in bacterial 

and/or superficial fungal keratitis that are not refractory to medical treatment. 
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5.4.3. Quality of evidence and potential biases in the review 

All four RCTs were associated with a high risk of performance bias (the participants 

and investigators were not masked from the procedure) and at least one or more high 

/ unclear risk of bias in other domains. The overall quality of the evidence was judged 

to be very low (see Table 5.2). As such, further research is very likely to have an 

important impact on the confidence in the estimate of effect and is likely to change 

the estimate. The main reasons for downgrading the evidence included risk of bias in 

the included studies, inconsistency, imprecision and indirectness. Other important 

risk of bias included the lack of prospective registration of the clinical trial in a publicly 

accessible database (Bamdad et al., 2015, Said et al., 2014) and the presence of 

conflict of interest (Said et al., 2014). As fewer than 10 studies were eligible for 

inclusion, it was not possible to use a funnel plot to identify any publication bias.  

 

In summary, adjuvant PACK-CXL may serve as a useful addition to the therapeutic 

armamentarium for IK in reducing the time to complete healing and size of infiltrate. 

There remains uncertainty regarding the effectiveness and safety of adjuvant PACK-

CXL in the treatment of fungal keratitis and its use was cautioned in severe deep 

fungal cases. The use of PACK-CXL in Acanthamoeba keratitis remains elusive, with 

contradicting evidence from in vitro and clinical studies, whereas PACK-CXL is 

contraindicated in cases of viral keratitis. Further adequately powered, high-quality 

RCTs are required to provide a true evaluation of the effectiveness and safety of 

PACK-CXL. Standardisation of the reporting of outcome measures will enable better 

applicability of the evidence and allow easier comparison of the results across 

different studies related to PACK-CXL.   
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CHAPTER 6 

Amniotic Membrane Transplantation for Infectious 

Keratitis: A Systematic Review and Meta-Analysis 

 
 
 
 
6.1. Introduction 

Infectious keratitis (IK) is the leading cause of corneal blindness worldwide (Ting et 

al., 2021j). Broad-spectrum topical antimicrobial therapy is currently the gold standard 

for managing IK in routine clinical practice, though eye-saving procedures such as 

corneal gluing, photoactivated chromophore-corneal collagen cross-linking (PACK-

CXL), amniotic membrane transplant (AMT) and therapeutic keratoplasty may be 

required in recalcitrant cases (Dua et al., 2004, Tuli et al., 2007, Ting et al., 2019e, 

Hossain et al., 2018).  

 

Liu et al. (2019) recently conducted a systematic review of 17 studies on the use of 

AMT for infective and non-infective corneal ulcers. Although the review provided a 

detailed analysis on the corneal healing rate and visual improvement rate associated 

with the use of AMT, it did not compare the effect of adjuvant AMT and SAT with SAT 

alone. Furthermore, the study did not include several important relevant studies, 

including three randomised controlled trials (RCTs) (Tabatabaei et al., 2017, Arya et 

al., 2008, Zeng et al., 2014) and one non-randomised controlled study (NRCS) 

(Kheirkhah et al., 2012), rendering the robustness of evidence uncertain. In light of 

these limitations, this systematic review and meta-analysis aimed to critically examine 

the effectiveness and safety of combined AMT and SAT versus SAT alone in treating 

patients with IK. 
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6.2. Methods 

6.2.1. Protocol registration 

The systematic review protocol was registered with PROSPERO (registration 

number: CRD42020175593) and The Joanna Briggs Institute of Evidence Synthesis 

(Ting et al., 2020b). 

 

6.2.2. Data sources and search methods 

Two authors (DSJT and CH) searched MEDLINE (January 1950 to November 2020), 

EMBASE (January 1980 to November 2020), Cochrane Central Register of 

Controlled Trials (CENTRAL), ISRCTN registry (www.isrctn.com/), US National 

Institutes of Health Ongoing Trials Register ClinicalTrials.gov (http://clinicaltrials.gov) 

and World Health Organisation (WHO) International Clinical Trials Registry Platform 

(ICTRP) (www.who.int/ictrp) for primary research related to AMT for IK. There was 

no date or language restriction in the search for trials. Electronic databases were first 

searched on 01 March 2020, followed by a final update on 01 November 2020. Key 

words used were “amnion”, “amniotic membrane”, “corneal ulcer”, “corneal infection”, 

“infectious keratitis”, and “microbial keratitis”. Search strategies for MEDLINE and 

EMBASE are provided in the Appendix 3. 

 

6.2.3. Study selection 

All clinical studies, encompassing RCTs, NRCSs and case series (n ≥ 5 eyes), related 

to AMT for IK were included as few RCTs were anticipated. The analysis was 

conducted at two levels; (1) a meta-analysis of all eligible RCTs and (2) a systematic 

review of all clinical studies, including NRCSs and case series. All types of IK, 

including bacterial, fungal, viral, parasitic or mixed infection, were included in this 

review. Studies that evaluated cases of non-infectious keratitis, other types of surgical 
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interventions, or AMT used for non-antimicrobial purpose were excluded from this 

study. Small case series (N < 5 eyes), reviews, published abstracts, laboratory and 

animal studies were also excluded. For the meta-analysis, the intervention group 

included cases of IK that were treated by AMT and SAT whereas the control group 

included cases of IK that were treated with SAT alone. There was no restriction 

applied to the published language, location or setting of the study, or patient 

demographic factors. This study conformed to the Preferred Reporting Items for 

Systematic reviews and Meta-Analysis (PRISMA) guideline (Moher et al., 2009). 

 

6.2.4. Data extraction 

A web application designed for systematic reviews, Rayyan (Qatar) (Ouzzani et al., 

2016), was used to help collate the potential studies and expedite the initial screening 

of abstracts and titles. The titles and abstracts obtained from the searches were 

independently screened by two authors (DSJT and CH) to include studies that fulfilled 

the eligibility criteria. Both authors then independently assessed the full-text version 

of all the selected articles and extracted data onto a standardised data collection form 

for qualitative review. The extracted data included the authors, year of publication, 

sample size, types of interventions, types of causative microorganisms, outcomes 

and complications. Discrepancies were resolved by group consensus and 

independent adjudication (HSD) if consensus could not be reached. 

 

For the meta-analysis, the following information were extracted from the included 

RCTs and entered into RevMan (Review Manager 5.4) software (Review Manager 

(RevMan) Version 5.4.1, 2020): 

(3) Study characteristics: Year of publication, country of study, prospective 

registration of clinical trials in a publicly accessible database, sample size, 

eligibility criteria, demographic factors, diagnostic criteria, method of 
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randomisation, method of masking, number of study arms, number of 

participants, types and techniques of AMT, types of comparators, source of 

funding, and any potential conflict of interest. Types of AMT were divided 

based on the preservation technique, which included fresh, cryopreserved, 

freeze-dried (or lyophilisation), air-dried and others. Surgical techniques were 

categorised based on the number of AMT (i.e. single vs. double vs. multiple 

layers) and the type of transplant (i.e. overlay/patch vs. inlay/graft vs. mixed 

overlay and inlay). 

(4) Outcomes: Primary and secondary outcomes (including the time point at 

which the outcomes were assessed), intra- and post-operative complications, 

adverse events, need for secondary surgery, duration of follow-up, and rate 

of loss to follow-up. 

 

6.2.5. Outcome measures 

For the meta-analysis, the primary outcome measure was the time to complete 

corneal healing (defined as complete corneal re-epithelialisation and clearance of 

infiltrate and hypopyon; days) and the secondary outcome measures included the 

corrected-distance-visual-acuity (CDVA; logMAR) and uncorrected-distance-visual-

acuity (UDVA; logMAR) at final follow-up (1-6 months), size of corneal ulcer (at 1-6 

months), extent of corneal vascularisation, and risk of adverse events (defined as 

worsening IK and/or corneal melt/perforation requiring gluing or tectonic/therapeutic 

keratoplasty or evisceration) at final follow-up (1-6 months). These outcome 

measures were similarly used in the previous systematic review and meta-analysis in 

examining the effectiveness and safety of adjuvant PACK-CXL for IK (Ting et al., 

2019e). Relevant data of all included studies were summarised and reported. 
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Continuous variables such as time to complete corneal healing, UDVA, CDVA, and 

size of corneal epithelial defect and infiltrate, were presented as mean with standard 

deviation (SD). In studies that reported median and interquartile range, the means 

and SDs were estimated using formulas reported by Wan et al. (2014) and the 

Cochrane Handbook estimator (Higgins and Green, 2011a). Dichotomous variable 

such as risk of adverse events was defined by the number of eyes with adverse 

events.  

6.2.6. Assessment of risk of bias 

Risk of bias was assessed by two authors (DSJT and CH) independently and any 

disagreement was adjudicated by HSD. Included RCTs were assessed for sources 

of systematic bias using the revised Cochrane risk of bias tool (RoB 2 tool) (Sterne 

et al., 2019). Both review authors were not masked to the authors of the studies during 

this assessment. A judgement of risk of bias as 'high risk', 'some concern', or 'low risk' 

was made for the following domains: (1) randomisation process; (2) deviations from 

intended interventions; (3) missing outcome data; (4) measurement of the outcome; 

and (5) selection of the reported result (Sterne et al., 2019). NRCSs were assessed 

for risk of bias using the ROBINS-I tool (Sterne et al., 2016b) against seven domains; 

the worst judgement in any of the domains was used as the overall risk of bias.   

 

6.2.7. Measure of treatment effect 

Dichotomous data were measured as risk ratios (RRs) with 95% confidence intervals 

(CI) and continuous data as mean differences (MDs) with 95% CI. The unit of analysis 

was the eye as the patient might have different causes of infection and treatment in 

each eye. There was no issue with the unit of analysis in the included RCTs. The 

review was conducted based on the available data from the trials. When data were 

unavailable but the level of missing data and reasons for missing data in each group 
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were similar, data were analysed even when intention-to-treat (ITT) analysis was not 

performed. 

 

6.2.8. Assessment of heterogeneity 

The heterogeneity of the RCTs and NRCSs was checked by careful review of the full-

text, assessment of forest plots and examination of the I2 value with its confidence 

interval. The overall characteristics of the studies, in particular the types of 

participants, causes of IK and types of interventions were examined to assess the 

extent to which the studies were similar enough to make pooling study results 

sensible. The results of forest plots were reviewed for consistency of the size and 

direction of effects. I2 values greater than 50% were considered indicative of 

substantial heterogeneity and meta-analysis could not be conducted due to 

inconsistency of effect estimates (Higgins and Green, 2011a). Random-effects model 

was used for the meta-analysis as some degree of heterogeneity will always exist 

due to clinical and methodological differences of the studies. The Chi² p-value was 

also considered as this has a low power when the number of studies were few. A p-

value of <0.1 was considered statistically significant (Higgins and Green, 2011a). 

 

6.2.9. Data synthesis and analysis 

A meta-analysis was undertaken when there were sufficient similarities in the 

reporting of outcome measures. A random-effects model in RevMan 5.4 was used in 

view of the expected heterogeneity across different studies. The Mantel-Haenszel 

method was employed for analysing the risk ratio (RR) of adverse events in view of 

the small expected number of events. If there was inconsistency between the results 

of individual studies such that a pooled result might not be a good summary of the 

individual trial results – for example, the effects were in different directions or I² >50% 

and P <0.1 – the data were not pooled but described in narrative format. Where there 
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was statistical heterogeneity, the data were pooled when all the effect estimates were 

in the same direction, such that a pooled estimate would seem to provide a good 

summary of the individual trial results. Sensitivity analysis was performed by 

assessing the impact of including studies at high risk of bias for an outcome in one or 

more key domains. This was conducted by omitting each study in turn to examine the 

influence of individual studies (with high risk of bias) on the overall pooled estimate. 

A summary of findings is presented below including the assessment of the quality of 

the evidence for outcomes using the GRADE approach with GRADE Pro/GDT 

software (Schunemann et al., 2013). All RCTs were started with a rating of ‘high-

quality’ evidence and were downgraded by one level for serious concerns (or by two 

levels for very serious concerns) regarding the risk of bias, inconsistency, 

indirectness, imprecision and publication bias. The quality of evidence of studies was 

graded by two assessors (DSJT and CH) independently and any disagreement was 

adjudicated by HSD.  

 

6.2.10. Subgroup analysis based on the type of organisms 

In addition to the meta-analysis, a subgroup analysis of the effectiveness and adverse 

events based on different types of organisms was performed. In view of the 

anticipated low number of RCTs, both experimental and quasi-experimental study 

designs including RCTs and NRCSs were included in the subgroup analysis. 

Descriptive case series were also reviewed for rare or uncommon adverse events. 

Pooled estimates of the time to complete corneal healing and risk of adverse events 

across comparative studies, including RCTs and NRCSs, were calculated. Causes of 

IK were categorised as bacterial, fungal, viral, Acanthamoeba, or mixed infection.  
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6.3. Results 

6.3.1. Literature search and study characteristics 

The electronic searches last conducted on 01 November 2020 retrieved a total of 969 

titles and abstracts (see Figure 6.1 for the PRISMA flow chart). After removing 262 

duplicates and including three additional records identified through other sources, the 

remaining 709 records were screened and 669 references that were not relevant to 

the scope of the review were excluded. A total of 35 full-text copies of papers were 

assessed for eligibility. After excluding seven ineligible articles, 28 studies were 

included in the systematic review. These included four RCTs (Arya et al., 2008, Li et 

al., 2014b, Tabatabaei et al., 2017, Zeng et al., 2014), three NRCSs (Kheirkhah et 

al., 2012, Li et al., 2014a, Naeem et al., 2014), and 21 case series (Altay et al., 2016, 

Berguiga et al., 2013, Bourcier et al., 2004, Chen et al., 2006, Chen et al., 2002, 

Eleiwa et al., 2020, Eraslan Yusufoglu et al., 2013, Fu et al., 2012, Gicquel et al., 

2007, Hoffmann et al., 2013, Kim et al., 2001, Li et al., 2010, Mohan et al., 2014, Rao 

et al., 2012, Shi et al., 2007, Spelsberg and Reichelt, 2008, Wan and Huo, 2010, Wu 

et al., 2013b, Xie et al., 2014, Yildiz et al., 2008, Zhang et al., 2010), examining the 

efficacy and safety of AMT in 861 eyes with IK, of which 666 eyes received combined 

AMT with SAT and 195 eyes received SAT alone. 

 

The causative microorganisms in the treatment group of AMT with SAT included 240 

(36.0%) fungi, 199 (29.9%) bacteria, 152 (22.8%) herpes viruses, 9 (1.4%) 

Acanthamoeba, 18 (2.7%) mixed, and 48 (7.2%) unspecified IK (either bacteria, fungi 

or mixed infection). The main characteristics of all RCTs and NCRSs, including the 

authors’ name, year of publication, number of treated eyes, types of causative 

microorganisms, severity of IK, types and techniques of AMT, main outcomes, and 

adverse events are summarised in Table 6.1 and Table 6.2, respectively. Outcomes 

of RCTs are analysed and summarised under the meta-analysis section. 
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Figure 6.1. PRISMA flow diagram of the literature search for AMT for IK. 
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Table 6.1. Summary of RCTs on amniotic membrane transplant for infectious 

keratitis. 
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Table 6.2. Summary of non-RCT studies on amniotic membrane transplant for 

infectious keratitis.  
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6.3.2. Meta-analysis of eligible RCTs 

6.3.2.1. Overall description 

Four eligible RCTs were included in the meta-analysis, which included a total of 209 

eyes that compared the effectiveness of SAT and adjuvant AMT with SAT alone (Arya 

et al., 2008, Li et al., 2014b, Tabatabaei et al., 2017, Zeng et al., 2014). These 

consisted of four single-centre RCTs conducted separately in China (n=2) (Li et al., 

2014b, Zeng et al., 2014), India (n=1) (Arya et al., 2008), and Iran (n=1) (Tabatabaei 

et al., 2017). Two additional RCTs were also identified but were excluded from the 

meta-analysis as one RCT compared AMT with conjunctival flap (Abdulhalim et al., 

2015) and another RCT compared AMT and argon laser treatment with AMT for 

treating IK (Khater, 2017). There was no ongoing trial identified from the clinical trial 

registry databases. The RCTs included participants with an average age between 

45.5 and 55.6 years (ranged, 15-98 years) with a slight (61.7%) male preponderance. 

None of the RCTs were prospectively registered with any clinical trial database.  

 

6.3.2.2. Types of microbes and severity of IK 

The four RCTs (n=209 eyes) included a total of 108 (51.7%) eyes with bacterial 

keratitis, 95 (45.5%) eyes with fungal keratitis and 6 (2.9%) eyes with mixed bacterial 

/ fungal keratitis. No herpetic or Acanthamoeba keratitis was included in any of the 

RCTs. Li et al. (2014b) and Zeng et al. (2014) included only fungal keratitis and 

Tabatabaei et al. (2017) included only bacterial keratitis whereas Arya et al. (2008) 

included a mixed cohort, which included bacterial, fungal or mixed bacterial / fungal 

keratitis. The proportion of the types of microorganisms was similar between the 

treatment and control groups among all RCTs.  

 

The baseline reporting and extent of the severity of IK were heterogeneous among 

the four RCTs. Two studies reported the baseline ulcer diameter or area in continuous 
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values (Tabatabaei et al., 2017, Zeng et al., 2014), one study reported the baseline 

severity in categorical values (i.e. 1-2 mm, 2-5 mm, or >5 mm in diameter) (Arya et 

al., 2008), and one study did not report the baseline severity of IK (Li et al., 2014b). 

Tabatabaei et al. (2017) and Zeng et al. (2014) included IK cases with a mean ulcer 

diameter of 5.2 mm and 6.7 mm, respectively (i.e. severe IK based on previous 

studies) (Chidambaram et al., 2016, Stapleton et al., 2012). Similarly, Arya et al. 

(2008) included mainly moderate-to-severe IK, with 47.5% of moderate ulcer (2-5 mm 

in diameter) and 42.5% of severe ulcer (> 5mm in diameter). None of the RCTs 

included eyes presented with threatened or actual corneal perforation.  

 

6.3.2.3. Surgical technique and timing of AMT 

In terms of the preservation technique, two RCTs utilised cryopreserved AMs (Arya 

et al., 2008, Zeng et al., 2014), one RCT utilised freeze-dried AMs (Li et al., 2014b),  

and one did not report the type of AMs used. Three RCTs (Arya et al., 2008, Li et al., 

2014b, Zeng et al., 2014) employed AMT as an overlay patch (single- or double-layer) 

whereas one RCT (Tabatabaei et al., 2017) employed AMT as an inlay graft (double-

layer). All AMTs were performed with the epithelium / basement membrane side up. 

The time interval between the initial presentation of IK and AMT was 3 days in one 

study,(Li et al., 2014b) 2-5 days in one study (Tabatabaei et al., 2017), and 

unspecified in two studies (Arya et al., 2008, Zeng et al., 2014).  

 

6.3.2.4. Risk of bias  

The risk of bias of the RCTs, based on the five abovementioned domains, is 

summarised in Figure 6.2. Only one RCT (Tabatabaei et al., 2017) clearly reported 

the randomisation process, with details on randomisation and allocation concealment. 

All RCTs had complete or nearly complete (>99%) follow-up data. There were some 

concerns about the measurement of the outcome as it was not possible to mask the 
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outcome assessor (i.e. AMT would be visible on postoperative clinical examination, 

hence revealing the intervention arm). In addition, there were some concerns about 

selective reporting of outcomes across all RCTs as none of them were prospectively 

registered with any publicly accessible clinical trial database; therefore, the risk of 

bias could not be confidently evaluated. No relevant conflict of interest was declared 

in any of the RCTs.  

 

The risk of bias of NRCS was assessed using the ROBIN-I tool. Two NRCS 

(Kheirkhah et al., 2012, Naeem et al., 2014) were judged to be at serious risk of bias 

due to bias in selection of participants and measurement of outcomes. One NRCS (Li 

et al., 2014a) was judged to be at critical risk of bias due to baseline confounding, 

bias in selection of participants and measurement of outcomes. 

 

 

 
Figure 6.2. Risk of bias assessment of all RCTs on AMT for IK. 

Risk of bias assessment was performed based on revised risk of bias tool (RoB 2). (A) A 

summary of review authors' judgements about each risk of bias item presented as 
percentages across all included RCTs. (B) Review authors’ judgements about each risk of 

bias item presented individually for all included RCTs. 
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6.3.2.5. Effects of intervention 

The effects of interventions were categorised into: (A) time to complete corneal 

healing (defined by complete corneal re-epithelialisation and resolution of infection); 

(B) UDVA and CDVA (in logMAR) at 1-6 months follow-up; (C) size of ulcer or 

infiltrate; (D) extent of corneal neovascularisation at 1-6 months; and (E) adverse 

events defined by worsening IK, endophthalmitis or corneal perforation requiring 

corneal gluing, tectonic keratoplasty or evisceration during the follow-up period. The 

GRADE summary of findings for each treatment outcome is summarised in Table 6.3. 

 

6.3.2.5.1. Time to complete corneal healing  

Three RCTs (n=169 eyes) reported the primary outcome measure, which was the 

time to complete corneal healing (Li et al., 2014b, Tabatabaei et al., 2017, Zeng et 

al., 2014). There is very low-quality evidence that adjuvant AMT expedited the time 

to complete corneal healing compared to SAT alone [mean difference (MD) -4.08 

days; 95% CI -6.27 to -1.88; I2=18%; p<0.001; Figure 6.3A]. The quality of evidence 

was downgraded due to the high risk of bias and imprecision. The randomisation 

process was not clear in one RCT (Zeng et al., 2014) and allocation concealment 

were not performed in two RCTs (Li et al., 2014b, Zeng et al., 2014). Furthermore, 

there was lack of blinding of the participants and the assessors across all three RCTs 

(Li et al., 2014b, Tabatabaei et al., 2017, Zeng et al., 2014). In addition, the total 

number of participants/eyes pooled in the meta-analysis was less than the number 

generated by a conventional sample size calculation.  

 

6.3.2.5.2. Uncorrected-distance-visual-acuity (UDVA) 

Two RCTs (n=119 eyes) reported the UDVA at 1 month follow-up (Tabatabaei et al., 

2017, Zeng et al., 2014). There is very low-quality evidence that adjuvant AMT 

resulted in better UDVA compared to SAT alone (MD -0.26 logMAR; -0.50 to -0.02; 
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I2=0; p=0.04; Figure 6.3B). The quality of evidence was downgraded due to high risk 

of bias and imprecision. The randomisation process and allocation concealment were 

not clear in one RCT. There was lack of blinding of the participants and assessors 

and the sample size was limited in both RCTs. Only one RCT (n=99 eyes) reported 

the UDVA at 6 months follow-up, where the adjuvant AMT group achieved a better 

UDVA than the SAT alone group (1.34 ± 0.69 vs. 1.69 ± 0.54; p<0.001) (Tabatabaei 

et al., 2017). 

 

6.3.2.5.3. Corrected-distance-visual-acuity (CDVA) 

Only one RCT (n=99 eyes) reported the CDVA at 1-6 months follow-up, therefore 

meta-analysis was not possible (Tabatabaei et al., 2017). There is low-quality 

evidence that adjuvant AMT resulted in better CDVA (in logMAR) at 1 month (1.44 ± 

0.75 vs. 1.74 ± 0.61; p<0.001), 3 months (1.23 ± 0.72 vs. 1.65 ± 0.56; p=0.007), and 

6 months follow-up (1.13 ± 0.68 vs. 1.55 ± 0.59; p<0.001). This RCT evaluated only 

bacterial keratitis, but not other types of microorganism. The quality of evidence was 

downgraded due to risk of bias (lack of blinding) and imprecision (limited sample size).  

 

6.3.2.5.4. Size of ulcer or infiltrate 

There was no RCT that reported the size of ulcer or infiltrate. However, one RCT 

(n=99 eyes) reported the area of corneal scarring (in mm2) at 6 months follow-up, 

which was found to better in the adjuvant AMT group than the SAT alone group (17.6 

± 5.7 vs. 22.8 ± 6.1; p<0.001) (Tabatabaei et al., 2017). The quality of evidence was 

downgraded due to some risk of bias (lack of blinding) and imprecision (limited 

sample size).  
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6.3.2.5.5. Corneal vascularisation 

Only one RCT (n=99 eyes) reported the extent of corneal vascularisation, measured 

as % of the total area of corneal surface, at 1-6 months follow-up (Tabatabaei et al., 

2017). There is low-quality evidence that adjuvant AMT resulted in less corneal 

vascularisation (%) at 1 month (5.0 ± 4.0 vs. 7.0 ± 5.0; p<0.001) and 6 months follow-

up (2.0 ± 3.0 vs. 7.0 ± 6.0; p<0.001). The quality of evidence was downgraded due to 

some risk of bias (lack of blinding) and imprecision (limited sample size).  

 

6.3.2.5.6. Adverse events 

All four RCTs (n=209 eyes) reported the occurrence / risk of adverse events, defined 

as worsening of IK or perforation requiring corneal gluing or tectonic keratoplasty 

(Arya et al., 2008, Li et al., 2014b, Tabatabaei et al., 2017, Zeng et al., 2014). There 

is very low-quality evidence that there was no difference in the risk of adverse events 

between adjuvant AMT and SAT alone groups at 1-6 months follow-up (RR 0.80; 95% 

CI 0.46 to 1.38; I2=0; p=0.42; Figure 6.3C). The risk of adverse events was noted to 

be considerably variable across four RCTs, with a risk ranging between 0.0-26.5% in 

the AMT group and 10.0-32.0% in the SAT group. Such heterogeneity was likely 

related to the variations in the patient cohort, types and severity of IK, and the 

standard treatment regimen employed among different studies. The quality of 

evidence was downgraded due to high risk of bias and imprecision. The follow-up 

duration was variable across studies, ranging from 1 month to 6 months. One RCT 

(n=50 eyes with fungal keratitis) reported the risk of secondary glaucoma, which was 

4% (n=1 eye) in the AMT group and 36% (n=9 eyes) in the SAT group (p=0.011) (Li 

et al., 2014a). According to the CONSORT reporting of harms guidance, all four RCTs 

were judged to be of inadequate quality as the severity of adverse events and clinical 

sequalae were not clearly described (Arya et al., 2008, Li et al., 2014b, Tabatabaei 

et al., 2017, Zeng et al., 2014). 
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Table 6.3. GRADE summary of findings for adjuvant amniotic membrane transplant 

for infectious keratitis. 

Patient or population: Infectious keratitis  
Intervention: Adjuvant amniotic membrane transplant (AMT)  
Comparison: Standard antimicrobial treatment (SAT)  

Outcomes Anticipated absolute effects* (95% CI)  Relative 
effect 

(95% CI) 

№ of 
eyes  

(studies) 

Certainty of 
the evidence 

(GRADE)  

Risk with SAT Risk with AMT 
   

Time to 
complete healing 
(days) 

10.2-30.7 
days 

MD 4.08 days shorter 
(6.27 shorter to 1.88 

shorter) 

- 169 
(3 RCTs) 

⨁◯◯◯ 
VERY LOW 

a,b,c 

UDVA (logMAR) 
at 1 months 

1.27-1.88 
logMAR 

MD 0.26 logMAR 
better 

(0.50 better to 0.02 
better) 

- 119 
(2 RCTs) 

⨁◯◯◯ 
VERY LOW 

a,b,c 

CDVA (logMAR) 
at 6 months 

1.55 logMAR MD 0.43 logMAR 
better 

(0.68 better to 0.17 
better) 

- 99 
(1 RCT) 

⨁⨁◯◯ 
LOW b,c 

Size of corneal 
scar (mm2) at 6 
months 

22.8 mm2 MD 5.17 mm2 smaller 
(7.53 smaller to 2.8 

smaller) 

- 99 
(1 RCT) 

⨁⨁◯◯ 
LOW b,c 

Corneal 
vascularization 
(%) at 6 months 

7% MD 4% smaller 
(6 smaller to 3 

smaller) 

- 99 
(1 RCT) 

⨁⨁◯◯ 
LOW b,c 

Adverse events 
at 1-6 months 

23 per 100 18 per 100 
(11 to 32) 

RR 0.80 
(0.46 to 
1.38) 

209 
(4 RCTs) 

⨁◯◯◯ 
VERY LOW 

a,b,c,d,e 

*The risk in the intervention group (and its 95% confidence interval) is based on the assumed risk in 
the comparison group and the relative effect of the intervention (and its 95% CI).  
 
CI: Confidence interval; MD: Mean difference; RR: Risk ratio; UDVA: Uncorrected-distance-visual-
acuity; CDVA: Corrected-distance-visual-acuity;   

GRADE Working Group grades of evidence 
High certainty: We are very confident that the true effect lies close to that of the estimate of the 
effect 
Moderate certainty: We are moderately confident in the effect estimate: The true effect is likely to 
be close to the estimate of the effect, but there is a possibility that it is substantially different 
Low certainty: Our confidence in the effect estimate is limited: The true effect may be substantially 
different from the estimate of the effect 
Very low certainty: We have very little confidence in the effect estimate: The true effect is likely to 
be substantially different from the estimate of effect  

Explanations: 
a. High risk of bias due to lack of randomization and allocation concealment in ≥ 50% of the included 
studies.  
b. Potential risk of bias due to the lack of blinding in participants and assessors.  
c. The total number of participants is less than the number generated by a conventional sample size 
calculation.  
d. There are few events and the confidence interval includes appreciable benefit and harm.  
e. Differences in final follow-up duration.  
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Figure 6.3. Forest plots on various outcomes of AMT for IK. 
Summary of the meta-analysis (forest plot) comparing the efficacy between adjuvant amniotic 

membrane transplant (AMT) plus standard antimicrobial treatment (SAT) and SAT alone in 

eligible randomized controlled trials, in terms of: (A) time to complete corneal healing; (B) 
uncorrected-distance-visual-acuity; and (C) risk of adverse events. 
 

6.3.3. Subgroup analysis based on the type of IK 

There were insufficient RCTs to perform subgroup analysis between bacterial and 

fungal keratitis outcomes. In view of the limitation, pooled estimates on time to 

complete corneal healing and adverse events were assessed based on RCTs and 

NCRSs. Pooled estimates of the time to complete corneal healing showed that 

adjuvant AMT expedited the time to complete corneal healing in bacterial keratitis 

(MD -2.42 days; 95% CI -4.53 to -0.32; p=0.02) and fungal keratitis (MD -6.90 days; 

95% CI -11.58 to -2.21; p=0.004; Table 6.4). In terms of the risk of adverse events, 
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the pooled estimates demonstrated that adjuvant AMT did not significantly influence 

the risk of adverse events in bacterial keratitis (RR 0.83; 95% CI 0.45-1.54), fungal 

keratitis (RR 0.28; 0.05-1.65), and mixed bacterial / fungal keratitis cohorts (RR 1.50; 

0.28-8.04; Table 6.4).  

 

Subgroup analysis of the outcomes based on large non-comparative case series (n≥5 

eyes) is summarised in Table 6.5. Studies that reported the pooled results with no 

distinction made to the underlying microorganisms were excluded from the subgroup 

analysis. Based on these case series, complete corneal healing rate was 92.6% 

(113/122) in bacterial keratitis, 80.0% (96/120) in fungal keratitis, 93.8% (137/146) in 

herpetic keratitis, in 77.8% (7/9) Acanthamoeba keratitis, 81.8% (9/11) in mixed 

bacterial and fungal infection, and 100% (4/4) in mixed bacterial and herpetic 

infection. 

 

Table 6.4. Pooled estimates of the time to complete corneal healing and risk of 

adverse events after adjuvant AMT for infectious keratitis. 
IK Cohort No. of 

studies 
Types of 
studies 

No. of 
eyes 

Pooled estimates  
(95% CI) 

Time to complete corneal healing (estimates presented in mean difference, MD) 

Bacterial 2 1 RCT 

1 NRCS 

124  -2.42 (-4.53 to -0.32) 

Fungal 3 2 RCTs 

1 NRCS 

168 -6.90 (-11.58 to -2.21) 

Risk of adverse events (estimates presented in risk ratio, RR) 

Bacterial 2 1 RCT 

1 NRCS 

124 0.83 (0.45 – 1.54) 

Fungal 2 2 RCTs 70 0.28 (0.05 – 1.65) 
Mixed bacteria 

and fungi 
2 1 RCT 

1 NRCS 

108 1.50 (0.28 – 8.04) 

IK = Infectious keratitis; CI = Confidence interval.  

A negative MD value indicates that adjuvant AMT group has a shorter time to complete 

corneal healing compared to SAT alone group. 
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Table 6.5. Summary of the healing rate and treatment failure of AMT for infectious 

keratitis. 
Authors Year Numbers Complete 

healing 
Healing time 

(days) 
Adverse 
events 

Bacterial keratitis      

Altay et al. 2016 42 42 (100%) 19 0 (0%) 

Berguiga et al. 2013 1 1 (100%) - 0 (0%) 

Chen et al. 2002 6 5 (83%) 9 1 (17%) 

Eraslan et al. 2013 21 21 (100%) 22 0 (0%) 
Gicquel et al. 2007 12 12 (100%) 26 0 (0%) 

Hoffmann et al. 2013 3 2 (67%) 31 1 (33%) 

Kim et al. 2001 9 9 (100%) -  0 (0%) 

Mohan et al. 2014 28 21 (75%) - 7 (25%) 

Fungal keratitis      

Chen et al. 2006 12 11 (92%) 4 – 26 1 (8%) 

Eleiwa et al. 2020 5 5 (100%) 26 0 (0%) 

Fu et al. 2012 35 33 (92%) 14 1 (3%) 

Kim et al. 2001 2 2 (100%) - 0 (0%) 
Rao et al. 2012 21 16 (76%) - 2 (10%) 

Xie et al. 2014 19 8 (42%) 36 Not reported 

Zhang et al. 2010 26 21 (81%) - 2 (8%) 

Herpetic keratitis      

Altay et al. 2016 42 40 (95%) 19 2 (5%) 

Berguiga et al. 2013 4 3 (75%) - 1 (25%) 

Eraslan et al. 2013 25 22 (88%) 22 3 (12%) 

Hoffmann et al. 2013 5 5 (100%) 21 0 (0%) 

Kim et al. 2001 7 7 (100%) - 0 (0%) 
Li et al. 2010 18 18 (100%) - 0 (0%) 

Shi et al. 2007 15 15 (100%) 15 0 (0%) 

Spelsberg et al. 2008 12 9 (75%) 25 3 (25%) 

Wu et al. 2013 18  18 (100%) 17 0 (0%)  

Acanthamoeba keratitis    

Bourcier et al. 2004 6 4 (67%) - 0 (0%) 
Kim et al. 2001 3 3 (100%) - 0 (0%) 

Mixed bacterial and fungal keratitis 

Chen et al. 2006 11 9 (82%) 7 – 23 2 (18%) 

Mixed bacterial and herpetic keratitis 

Hoffmann et al. 2013 4 4 (100%) 22 0 (0%) 
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6.4. Discussion 

This study represents the most up-to-date systematic review and meta-analysis 

examining the effectiveness and safety of adjuvant AMT for treating IK. The role of 

AMT in ocular diseases was first documented in 1940 (De Rotth, 1940). However, it 

was not until the early 1990s that Batlle and Perdomo had reinvigorated the interest 

of employing AMT for various ocular surface diseases, for which they noted that the 

process of corneal re-epithelialisation could be achieved within 72 hours of surgery 

(Dua et al., 2004). Subsequently, Kim and Tseng (Kim and Tseng, 1995) popularised 

the use of AMT for ocular surface reconstruction using glycerin-preserved AM. 

Although AMT has since been performed to treat a wide array of ocular surface 

diseases, high-quality evidence of using AMT in treating active IK remains limited. So 

far, there has only been one systematic review that had partially examined the benefit 

of AMT in IK (Liu et al., 2019). The systematic review included 17 studies (n=390 

eyes) and examined the healing rate and visual improvement rate after AMT in either 

infectious or non-infectious corneal ulcers. While the review showed that AMT was 

effective in treating IK, it did not answer a very important clinical question, which is 

whether adjuvant AMT provides any additional benefit or risk during the management 

of IK, in addition to standard antimicrobial treatment. In addition, the review did not 

capture 3 RCTs that were identified in this systematic review, rendering the evidence 

of their findings uncertain. Furthermore, the effect of AMT has not been examined in 

the context of the types of organisms. 

 

6.4.1. Summary of main findings 

In this systematic review, a total of 28 studies (n=861 eyes) were included, 

encompassing four RCTs with 209 eyes and 24 non-RCTs with 657 eyes. Among the 

RCTs, the majority of the included eyes were either affected by bacterial keratitis or 

fungal keratitis, with only 6 eyes being affected by mixed bacterial and fungal keratitis. 
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None of the RCTs examined the effect of adjuvant AMT in herpetic or Acanthamoeba 

keratitis. All the RCTs employed either single- or double-layer AMT for treating the 

IK. In addition, the AMT was performed during the acute and active stage of IK [with 

two studies (Arya et al., 2008, Zeng et al., 2014) providing specific timing of the AMT 

(i.e. 2-5 days from the initial presentation). In addition, all cases were treated 

empirically with broad-spectrum topical antimicrobial treatment initially as per the 

local guideline. Based on the meta-analysis of three RCTs, early adjuvant AMT was 

shown to significantly shorten the time to complete corneal healing by approximately 

4 days when compared to SAT alone. In addition, it was shown that IK patients treated 

with adjuvant AMT achieved 0.26 logMAR (equivalent to 2-3 Snellen lines) better 

UDVA at 1 month follow-up compared to SAT alone. No difference was noted in terms 

of the risk of adverse events. Furthermore, other beneficial effects such as better 

CDVA and less corneal vascularisation were shown in the adjuvant AMT group. 

 

The observed beneficial effects in the adjuvant AMT group are likely attributed to the 

dual antimicrobial and anti-inflammatory properties of AMT (Jirsova and Jones, 2017, 

Dua et al., 2004). The plausible mechanisms of antimicrobial effect of AMT in IK are 

at least twofold. First, the antimicrobial activity is directly linked to the presence of 

various antimicrobial components, including lysozyme, transferrin, and 

immunoglobulin, in the amniotic fluid (Galask and Snyder, 1970, Dua et al., 2004). 

Second, studies have shown that AM could serve as an effective antibiotic reservoir 

when used in combination with antibiotics and provide sustained drug delivery 

(Yelchuri et al., 2017). Furthermore, AM has been shown to exhibit anti-inflammatory 

function via regulation of T-cell function and secretion of anti-inflammatory 

antagonists, including IL-1ra, sTNF, and VEGF-R (Grzetic-Lenac et al., 2011) 

(Laranjeira et al., 2018). This anti-inflammatory property will have a long-term 

beneficial effect on the cornea, hence vision, as persistent corneal vascularisation 

could negatively affect the vision, either directly via encroachment on the visual axis 
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or indirectly via lipid keratopathy where exudation of lipid and inflammatory cells 

extends to the visual axis (Nicholas and Mysore, 2020). Moreover, it increases the 

risk of graft rejection should corneal transplantation need to be carried out to restore 

the optical clarity of the cornea (Faraj et al., 2014, Nicholas and Mysore, 2020). 

 

Although the benefit of AMT in herpetic keratitis has not been ascertained in RCTs, 

this systematic review (based on large case series) showed that it enabled a high rate 

(94%) of complete corneal healing. Herpetic keratitis, particularly the necrotising form, 

is a potentially sight-threatening condition that is difficult to treat clinically (Sibley and 

Larkin, 2020). It is also notoriously known to be associated with neurotrophic 

keratopathy, which results in delay in corneal healing (Sibley and Larkin, 2020, Ting 

et al., 2019d). Therefore, AMT serves as a useful adjunct treatment in this clinical 

circumstance in view of its dual anti-viral and wound healing properties (Lee and 

Tseng, 1997, Mamede et al., 2012). On the other hand, only two case series have 

reported the use of AMT in Acanthamoeba keratitis, albeit good effect was observed. 

The broad-spectrum antimicrobial activity of AMT (observed in this systematic review) 

against a wide range of microorganisms is particularly beneficial in the management 

of IK as polymicrobial keratitis is a relatively common entity, which often poses 

significant diagnostic and therapeutic challenges (Khoo et al., 2020, Ting et al., 

2019c, Ting et al., 2021h). Based on large case series, adjuvant AMT has been 

shown in this review to be an effective treatment for mixed bacteria/fungal keratitis 

(82% complete healing; n=9/11) and mixed bacterial/herpetic keratitis (100% 

complete healing; n=4/4).  

 

A number of studies have also demonstrated that AMT, when employed as multi-

layer, could effectively treat IK with threatened or actual corneal perforation (up to 

5mm) (Chen et al., 2006, Eleiwa et al., 2020, Li et al., 2010, Zhang et al., 2010). 

Studies have demonstrated that multi-layer AMs can promote re-epithelialisation of 



 188 

the cornea and integrate with the corneal stroma, with progressive repopulation of 

AM by cornea stroma-derived cells, ultimately resulting in corneal healing and 

thickening (Nubile et al., 2011). This approach helps obviate the need for an 

emergency therapeutic keratoplasty, which is known to be associated with high risk 

of graft failure (in the setting of active inflammation) and recurrence of infection (Ang 

et al., 2012, Moon et al., 2020). It would also help reduce the burden on the availability 

of donor corneas, which have been significantly affected by the recent COVID-19 

pandemic (Thuret et al., 2020). 

 

6.4.2. Overall completeness and applicability of evidence 

This study represents the most up-to-date systematic review and meta-analysis 

specifically examined the effectiveness and safety of adjuvant AMT in managing all 

types of IK (Ting et al., 2021g). The four RCTs included primarily bacterial and fungal 

keratitis cases, therefore the outcome of the meta-analysis should be interpreted in 

the context of these types of infection. All RCTs were completed without any 

significant drop out and there was no concern with the safety of AMT.  

 

The reporting and categorisation of the baseline severity of IK was considerably 

variable among the RCTs. Two studies included corneal ulcers with a mean diameter 

of 5-7 mm (severe disease) (Tabatabaei et al., 2017, Zeng et al., 2014), one study 

included mainly moderate (2-5 mm in diameter) and severe (> 5mm in diameter) 

ulcers, and one did not report the baseline severity. Such heterogeneity highlights the 

need for standardised reporting and a core outcome set in the future clinical trials 

related to IK. Of the three RCTs that reported the baseline severity of IK, the majority 

of the included participants/eyes were affected by moderate-to-severe IK, suggesting 

that adjuvant AMT would be useful for this group of patients. Future studies examining 



 189 

the effectiveness and safety of adjuvant AMT in mild-to-moderate IK would be 

required before being routinely applied in clinical practice.  

 

Another aspect that was not examined in this systematic review is the effects of 

different surgical techniques and types of AMT on the clinical outcomes. Depending 

on the clinical need and circumstances, AMT can be performed using three different 

surgical techniques; (a) overlay / patch technique: an AM that is larger than the 

epithelial defect (epithelial side-up or side-down) is transplanted to cover the ocular 

surface, allowing the host corneal epithelium to regenerate under the AM; (b) inlay / 

graft technique: an AM of similar size to the epithelial defect is transplanted to act as 

a substrate for the host epithelium to grow over; and (c) sandwich technique: a 

combined overlay and inlay technique that facilitates the regeneration of host 

epithelium between the AMs (Jirsova and Jones, 2017). In addition, AM can be used 

in fresh form or preserved for longer-term storage purpose using several methods, 

including cryopreservation, lyophilisation (freeze-drying) and air-drying methods, with 

comparable clinical efficacy observed amongst these methods (Jirsova and Jones, 

2017). While studies have demonstrated the influence of preservation method on the 

structural and functional properties of AMs, evidence from clinical studies is lacking 

in the literature. Cryopreserved AMs, depending on the duration of the preservation, 

have been shown to possess no or less viable cells compared to fresh, freeze-dried 

or vacuum-dried AM, which have more viable cells with proliferative capability 

(Jirsova and Jones, 2017, Allen et al., 2013). On the other hand, some studies have 

demonstrated that lyophilisation of the AMs may lead to a greater reduction in the 

growth factors compared to cryopreservation. Preclinical studies observed similar 

efficacy in terms of healing activity between cryopreserved and freeze-dried AMs, 

supporting the use of both types of AMs in clinical setting (Libera et al., 2008, 

Nakamura et al., 2004). In this systematic review, the three RCTs included in the 

meta-analysis for time to complete healing outcome, one RCT employed 
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cryopreserved AMT, another RCT utilised freeze-dried AMT and the remainder did 

not report the preservation method used. Therefore, it is not possible to perform a 

head-to-head comparison between each type of AM due to limited studies, but the 

overall effect of either type was positive.  

 

While there was a statistically significant shortening of the healing time by 4 days after 

adjuvant AMT, the benefit of the procedure needs to be balanced by the availability 

of workforce, cost of the procedure, and healthcare resources for accommodating the 

surgical procedure, particularly when this procedure is usually performed as an 

emergency procedure. Considering the current evidence, there may be limited benefit 

to perform adjuvant AMT during the acute stage of bacterial and fungal keratitis and 

should be reserved as the second-line treatment for medically refractory cases. 

 

6.4.3. Quality of evidence and potential biases in the review  

Similar outcome reporting in the included RCTs has enabled the meta-analysis, which 

demonstrated the value of adjuvant AMT in expediting complete corneal healing, 

reducing corneal vascularisation and potentially achieving better visual outcome. 

However, two RCTs have some concerns on the risk of bias and another two RCTs 

have high risk of bias. due to the lack of information in the randomisation process, 

lack of blinding, and under-powered sample size. In addition, none of the RCTs were 

prospectively registered with any clinical trial database, which limits the assessment 

of selective reporting of the outcomes. 

 

Of all four RCTs, only Tabatabaei et al. (2017) conducted a sample size calculation 

based on the anticipated difference in the size of corneal scar (mean effect size of 

4mm2, standard deviation of 6mm2, and power of 90%), which yielded a sample size 

of 48 eyes in each group. However, it is noteworthy to mention that size of corneal 
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scar is not a routine outcome measure for IK. Based on the findings of this systematic 

review, an appropriate sample size (using time to complete corneal healing as the 

main outcome measure) is estimated to be at approximately 200 participants / eyes 

(based on a mean difference or effect size of 4.08 days, standard deviation of 14.56 

days, power of 80% and alpha of 5%). This sample size is also supported by some 

previous RCTs examining the effectiveness of therapeutic CXL (or PACK-CXL) for 

IK, where an appropriate sample size was estimated at around 200-250 participants, 

using time to complete corneal healing as the main outcome measure (Hafezi and 

Kling, 2016, Ting et al., 2019e). This large sample size would then potentially control 

for various potential confounding variables that could affect the time to complete 

healing, including the demographic factors, initial size and severity of the corneal 

ulcer, types of organisms, and underlying comorbidity (e.g. diabetes). 

 

Another important bias, which is a common issue in surgical trial, is related to the 

difficulty in blinding (or masking) the participants and the surgeons (Gurusamy et al., 

2009, Karanicolas et al., 2010). This is evident in this systematic review where none 

of the RCTs had implemented or reported any measure to ensure the masking of 

participants or surgeons, which could potentially lead to risk of bias. In a trial, masking 

can be introduced to 5 groups of individuals, including participants, surgeons, data 

collector, outcome adjudicators and data analysts. While it is always possible to mask 

the latter three groups (i.e. data collectors, outcome adjudicators and data analysts), 

masking of the participants or surgeons may not always be possible, depending on 

the surgical intervention and design. For instance, in AMT trial, it would have been 

difficult to mask the patients or surgeons as the patients would have known that an 

AMT has been performed (unless a sham surgery is performed) and the surgeons 

would have seen the physical presence of the AM postoperatively. However, masking 

the other 3 groups of individuals could reduce the bias. As fewer than 10 studies were 
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eligible for inclusion, it was not possible to use a funnel plot to identify any publication 

bias. 

 

In conclusion, this systematic review and meta-analysis demonstrated the benefit of 

early adjuvant AMT in accelerating corneal healing and improving visual outcome in 

moderate-to-severe bacterial and fungal keratitis. However, further adequately 

powered and well-designed RCTs are required to ascertain the true potential of 

adjuvant AMT in treating active IK, particularly herpetic and Acanthamoeba keratitis. 

Future standardisation of the baseline assessment and core outcome set for clinical 

trials related to IK would also be invaluable. 
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CHAPTER 7 

Design and Development of Hybrid Human-

Derived Host Defense Peptides for Infectious 

Keratitis: An In Vitro and In Vivo Study 

 
 
7.1. Introduction 

Bacterial keratitis has been shown to be the main cause for infectious keratitis (IK) in 

many developed countries, including the US and the UK (>90% cases), with 

Staphylococci spp. (30-60%) and Pseudomonas aeruginosa (10-25%) being the two 

most common bacteria reported (Ting et al., 2021j, Ung et al., 2019b, Ting et al., 

2021h, Asbell et al., 2020, Tan et al., 2017, Ting et al., 2018). The current 

management of IK is challenged by several factors, including the low culture yield 

(Ting et al., 2021j, Ung et al., 2019b), polymicrobial infection (Khoo et al., 2020, Ting 

et al., 2019c), and emerging trend of antimicrobial resistance (AMR) (Asbell et al., 

2015, O’Neill, 2016, Ting et al., 2021j).  

 

Host defense peptides (HDPs) play vital roles in the innate immune system (Hancock 

and Lehrer, 1998, Mookherjee et al., 2020). Previous studies have demonstrated that 

numerous HDPs, including LL-37, human beta-defensin (HBD)-2 and -3, are 

expressed at the OS and upregulated during IK (Mohammed et al., 2017, McIntosh 

et al., 2005, Haynes et al., 1998, 1999, Mohammed et al., 2020, Otri et al., 2010). 

HBD-9, on the other hand, was shown to be downregulated during IK (Abedin et al., 

2008). In addition, it was demonstrated that the modulated levels of HBD-3 and HBD-

9 on OS during bacterial keratitis returned to normal baseline following complete 
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healing of ulcers (Otri et al., 2012b). Furthermore, HDPs exhibit moderate in vitro 

antimicrobial activity against common ocular surface (OS) pathogenic isolates such 

as S. aureus and P. aeruginosa (Huang et al., 2007a, Gordon et al., 2005), 

highlighting their essential functions in human OS defense.  

 

Despite their promising potential as effective antimicrobial therapies, several issues 

have impeded the successful translation of HDPs to clinical use. These include their 

complex structure-activity relationship, susceptibility to host / bacterial proteases, 

physiological conditions, and toxicity to host tissues, amongst others (Fjell et al., 

2011, Li et al., 2017, Ting et al., 2020a). In view of these issues, a number of novel 

strategies, including residue substitution, chemical modification, and hybridisation, 

have been proposed to enhance the therapeutic potential of HDPs (Fjell et al., 2011, 

Li et al., 2017, Ting et al., 2020a). 

 

A number of hybrid peptides, including cecropin A-melittin (Boman et al., 1989), 

cecropin A-LL37 (Wei et al., 2016), and melittin-protamine (Willcox et al., 2008), 

amongst others (Ting et al., 2020a), have been previously designed and reported in 

the literature. When compared to the parent peptide, these hybrid peptides 

demonstrated improved antimicrobial efficacy and/or reduced toxicity to host tissues. 

However, strategies in combining two human-derived HDPs from two different 

classes (e.g. LL-37 and HBD) have not been previously explored. This study aimed 

to develop novel topical antimicrobial treatment for Gram-positive bacterial keratitis, 

particularly S. aureus (SA) and methicillin-resistant SA (MRSA), using hybridised 

HDPs derived from different combination of LL-37 and HBD-1 to -3, which are all 

important HDPs expressed at the OS. The efficacy and safety of the most promising 

molecule, CaD23 (a hybrid derivative of LL-37 and HBD-2), was further examined 

and validated in murine corneal wound healing and bacterial keratitis models. 
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7.2. Materials and methods 

The commercially synthesised peptides and commonly used antibiotics for IK were 

first examined for their in vitro antimicrobial efficacy against a range of bacteria. In 

vitro cytotoxicity of these antimicrobial agents was then determined against human 

corneal epithelial cells (HCE-2, CRL-11135, ATCC, UK) using cell viability assay and 

cytotoxicity assay, and against human erythrocytes using haemolytic assay. The most 

promising synthetic peptide, CaD23, was further examined for its time- and 

concentration-dependent in vitro antimicrobial activity. All the assays described in this 

study were conducted in biological duplicate and in at least two independent 

experiments, with appropriate positive controls (PCs) and negative controls (NCs). 

The development pathway of the hybrid HDPs is illustrated in Figure 7.1. 

 

Figure 7.1. The development pathway of hybrid host defense peptides (HDPs). 
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7.2.1. Design and synthesis of HDPs 

A template-based design method was used to design our human-derived HDPs. The 

native peptide sequences were obtained from an established protein bank database 

(https://www.uniprot.org/). Several human-derived HDPs, specifically HBD-1, -2, and 

-3, and cathelicidin (LL-37), were subject to testing and hybridization. The 

physicochemical properties of the designed peptides, including peptide weight, net 

charge, hydrophobicity (<H>), and amphiphilicity / hydrophobic moment (<µH>, were 

analyzed using a computational programmes such as PepCalc (https://pepcalc.com/) 

and HeliQuest (http://heliquest.ipmc.cnrs.fr). Various strategies, including residue 

substitution and hybridization, were employed for SAR analysis and for improving the 

therapeutic index (i.e. increasing the antimicrobial efficacy and reducing the toxicity 

profile). The native and synthetic peptide sequences are shown in Table 7.1. 
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Table 7.1. Summary of the native and synthetic host defense peptide (HDP) 

sequences. 
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Synthesis of the single and hybrid HDPs was based on the knowledge of the 

functional regions of the native templates. Three single, short-sequenced 

(truncated) peptides, based on the native template of HBD2, HBD3 and LL-37, were 

first generated. Truncated versions of the parent peptides were engineered as this 

strategy has been shown to serve as a useful method in improving the efficacy of 

peptides and reducing the cost of synthesis, which represents a significant 

translational barrier of peptide-based antimicrobial therapy. The C-terminal region of 

HBD2 and HBD3 was synthesised and examined in view of the presence of high 

cationicity (i.e. rich of lysine and/or arginine residues), which are important for the 

antimicrobial efficacy (Hancock and Sahl, 2006, Krishnakumari and Nagaraj, 2012, 

Dhople et al., 2006). In addition, the middle region of LL-37, same as the KR12 

molecule, was synthesized as it has been shown to exhibit efficacy equivalent to the 

full-length of LL-37 (Wang, 2008b). 

 

All antibiotics were purchased from Sigma-Aldrich, United Kingdom. The peptides 

were commercially produced by Mimotopes (Mimotopes Pty. Ltd., Mulgrave Victoria, 

Australia) via traditional solid phase Fmoc synthesis method. All the synthetic 

peptides were purified by reverse-phase high performance liquid chromatography 

(RP-HPLC) to >95% purity and characterised by mass spectrometry. In view of the 

hydrophobicity, the peptides were first fully dissolved in 50 µl of dimethyl sulfoxide 

(DMSO) followed by dilution in sterile, de-ionised water to achieve a final 

concentration of 1 mg/ml peptide in 0.5% DMSO. Further dilution was performed for 

specific assays as required. 

 

7.2.2. Range of microorganisms being tested 

A range of Gram-positive and Gram-negative laboratory- and clinical-strain bacteria 

were used for the experiments. These included laboratory-strain methicillin-sensitive 
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S. aureus (MSSA; including SH1000 and ATCC SA29213), laboratory-strain MRSA 

(ATCC MRSA43300), clinical-strain MRSA, laboratory-strain methicillin-sensitive 

Staphylococcus epidermidis (MSSE; ATCC SE12228), clinical-strain methicillin-

resistant SE (MRSE), and laboratory invasive-strain P. aeruginosa (PAO1-L). 

  

7.2.3. Determination of in vitro antimicrobial efficacy  

In vitro antimicrobial efficacy of the antibiotics and designed HDPs was determined 

using an established minimum inhibitory concentration (MIC) assay with broth 

microdilution method approved by the Clinical and Laboratory Standards Institute 

(CLSI) (Clinical & Laboratory Standards Institute (CLSI), 2019). Briefly, the 

microorganisms were cultured on Tryptone Soya Agar (TSA) and incubated overnight 

for 18-21 hours at 37 °C. Bacterial inoculums were subsequently prepared using the 

direct colony suspension method (Clinical & Laboratory Standards Institute (CLSI), 

2019). Three to five bacterial colonies were obtained from the agar plate and 

inoculated into an Eppendorf tube containing 1 ml of cation-adjusted Muller-Hinton 

broth (caMHB), consisting of 20-25 mg/L calcium ions (Ca2+) and 10-12.5 mg/L 

magnesium ions (Mg2+). The bacterial suspension was adjusted to achieve a turbidity 

equivalent to 0.1 OD600 or 0.5 MacFarland, containing ~1.5 x 108 colony-forming unit 

(CFU)/ml, which was then further diluted in 1:150 in caMHB to reach a final bacterial 

concentration of ~1x106 colony forming units (CFU)/ml. Subsequently, 50 µl of 1x106 

CFU/ml bacteria and 50 µl of treatment / controls were added into each well for the 

MIC assay. As the HDPs are known to be influenced by the salt content (Ting et al., 

2020a). the MIC assay was also performed in the presence of physiological tear salt 

concentration (150 mM NaCl). The MIC values, defined as the lowest concentration 

of the antimicrobial agent that prevented any visible growth of bacteria, were 

determined after 24 hours of incubation with treatment. 
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7.2.4. In vitro cell viability and cytotoxicity assays 

ATCC-authenticated human corneal epithelial cell line (HCE-2, CRL11135, 

maintained in-house) was used during in vitro cell viability and cytotoxicity assays. 

This cell line was derived from a primary culture of normal human corneal epithelium 

that was immortalised with adenovirus 12-simion virus 40 (Ad12-SV40) hybrid virus. 

The cell viability and cytotoxicity of the antibiotics and designed HDPs were 

determined using commercialised colorimetric assays, including the cell-counting-kit-

8 (CCK-8) assay (Sigma Aldrich, Merck Life Science UK Limited, Dorset, UK) and 

lactate dehydrogenase (LDH) assay (ThermoFisher Scientific, UK), respectively.  

 

CCK-8 assay is a cell viability assay that utilises highly water-soluble tetrazolium salt, 

WST-8, to examine the intracellular dehydrogenase activity of living cells. The WST-

8 is reduced by the dehydrogenase activities in the living cells to yield a yellow-

coloured formazan dye (Figure 7.2). The amount of change in colour served as a 

proxy for cell viability and was quantitatively measured by the CLARIOstar plate 

reader (BMG LABTECH Ltd., Bucks, UK) at absorbance 450 nm. The detection 

sensitivity of CCK-8 assay has been shown to be more superior than the other cell 

viability assays that uses other types of tetrazolium salts such as MTT, MTS, XTT, 

and WST1 (Aslanturk, 2017, Ginouves et al., 2014). Cell viability was calculated using 

the following formula: [((Itreatment – INC) / (INC)) x 100; I=intensity] 
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Figure 7.2. The principle of CCK-8 cell viability assay utilising WST-8. 

 

 

LDH assay is a cytotoxicity assay that measures the extracellular content of LDH. 

This is based on the principle that LDH is a common cytoplasmic enzyme that is found 

in almost all living cells. LDH is impermeable to functioning membrane and the 

extracellular leakage of cytoplasmic LDH indicates the disruption of cell membranes, 

which is used as a proxy for cytotoxicity. Extracellular LDH catalysed the conversion 

of lactate to pyruvate through NAD+ reduction to NADH, which allows diaphorase to 

reduce iodonitrotetrazolium (INT) salt to red formazan, which can be quantitatively 

measured (Figure 7.3). Cytotoxicity was calculated using the following formula: 

[((Itreatment – INC) / (IPC – INC)) x 100]. 

 

 

Figure 7.3. The principle of lactate dehydrogenase cytotoxicity assay. 
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Briefly, HCE-2 cells were cultured and seeded into a 96-well plate at a density of 7.5 

x 103 cells/well and allowed to attach overnight and grew to 80-90% confluency in 

keratinocyte serum free medium (KSFM) supplemented with human recombinant 

epidermal growth factor, bovine pituitary extract, hydrocortisone, and insulin. Once 

the confluency reached 80-90%, the cells were incubated with treatment for 3 hours 

before OD measurement was taken using BMG Clariostar microplate reader (BMG 

Labtech Ltd., Aylesbury, UK). Appropriate controls were used, including 0.1% Triton 

X-100 as positive control and KSFM as negative control.  

 

7.2.5. Haemolytic assay 

Ethical approval was obtained from the Local Research Ethics Committee of 

University of Nottingham prior to the experiment (Study Reference: 176-1812). 

Haemolytic assay was performed according to the previously established protocol 

(Mohammed et al., 2019). Briefly, 5 ml of fresh human blood was collected from 

healthy participants with informed consent, in an EDTA tube and centrifuged for 10 

mins at 1300 g at 10 °C for separation of plasma. The remaining erythrocytes were 

rinsed and centrifuged further three times in Ca2+/Mg2+ free Dulbecco’s phosphate-

buffered saline (DPBS). Subsequently, erythrocytes were diluted to 8% v/v in DPBS 

and incubated with 100 µl of treatment, positive control (1% Triton X-100) and 

negative control (DPBS), all in 1:1 ratio, for 1 hour (final erythrocytes concentration = 

4% v/v). After 1 hour of incubation, the plate was centrifuged at 500 x g for 5 mins 

and 100 µl of supernatant of each well was transferred into a 96-well plate for 

measurement at OD540. Haemolysis (%) was calculated as [(Itreatment – INC) / (IPC – INC)] 

x 100. 
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7.2.6. Time-kill kinetics assay 

Time-kill kinetics assay was performed to determine the time-dependent and 

concentration-dependent in vitro antimicrobial effects of the peptide (0.25x and 2x 

MIC) and amikacin, a commonly used topical antibiotics for bacterial keratitis (8x and 

20x MIC), against 100 µl of ~1 x 106 CFU/ml of SH1000 at various time points, 

including 0 min (pre-treatment), 15 mins, 30 mins, 60 mins, 2 hours, 4 hours, and 24 

hours. At each time point, 10 µl of the treated bacteria was transferred to an 

Eppendorf tube containing 90 µl of PBS, which was then serially diluted in 1:10 

concentration for inoculation on agar plates and incubated overnight for 18-21 hours 

at 37 °C for enumeration of CFU. 

 

7.2.7. In vivo efficacy and safety studies 

The in vivo studies were conducted in two stages, namely the corneal wound healing 

study (for safety) and bacterial keratitis study (for efficacy), based on previously 

established protocols (Lin et al., 2017, Mayandi et al., 2020). Wild-type C57BL/6J 

mice (8-9 weeks old, male, average weight of 25g) were used in view of the consistent 

and reproducible results demonstrated in previous studies (Lin et al., 2017, Mayandi 

et al., 2020). The mice were maintained and treated in compliance with the Guide for 

the Care and Use of Laboratory Animals (National Research Council) and the ARVO 

statement for the Use of Animals in Ophthalmic and Vision Research. All animal 

studies were conducted at the Singapore Eye Research Institute, Singapore, and 

were approved by the Animal Welfare & Ethical Review Body (AWERB), University 

of Nottingham, UK (Ref: UoN-Non-UK #16), the Institutional Animal Care and Use 

Committee (IACUC) and the Institutional Biosafety Committee (IBC) of SingHealth, 

Singapore (Study Reference: 2019/SHS/1491). General anaesthesia was 

administered using intraperitoneal injections of xylazine (10 mg/kg) and ketamine (80 

mg/kg)], and a drop of topical proxymetacaine hydrochloride 0.5% was administered 
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immediately before wounding and/or infecting the corneas. Upon completion of the 

experiments, all mice were sacrificed according to the method of humane killing set 

out in Animals (Scientific Procedures) Act 1986 Schedule 1 using overdose of general 

anaesthesia via intraperitoneal route.  

 

7.2.7.1. In vivo corneal wound healing study 

Drug drainage, blinking and tear film were considered during dosing translation from 

in vitro to in vivo use.51 Based on the MIC of CaD23 against S. aureus ATCC 29213 

(= 25 µg/ml), a range of concentration of CaD23 was chosen, including 300 µg/ml 

(0.03%; 12x MIC), 500 µg/ml (0.05%; 20x MIC) and 1mg/ml (0.1%; 40x MIC).  

 

In vivo safety of CaD23 (in 0.03%, 0.05% or 0.1%), and PBS (negative control) was 

first determined in a mouse corneal epithelial wound healing model. In the absence 

of in vivo pilot data of our designed HDPs, the sample size was calculated based on 

a previous study (Aung et al., 2016). This was designed as a non-inferiority trial to 

ensure that the HDPs did not affect the wound healing when compared to PBS 

(control). The non-inferiority margin was set at 10% difference of the wound size 

between HDPs and PBS at 3 days (deemed as significantly different), with a standard 

deviation (SD) of 5% (Cohen’s d=2.0), power=80% and p<0.05. A minimum sample 

size of 4 mice / treatment group was needed.  

 

All mice were randomly allocated to each of the four treatment groups (n = 4 mice / 

group). Prior to the study, all eyes were examined with slit-lamp biomicroscopy to 

confirm the health of corneas. Under general and topical anaesthesia, the central 2 

mm corneal epithelium was gently debrided with sterile Beaver mini-blades, leaving 

the basal lamina intact. Each treatment was applied immediately after wounding, then 

4 times a day at 3-hour interval for 3 days (total dose of treatment per mouse = 14). 

Corneal epithelial defect was assessed using a cobalt-blue filter-equipped slit-lamp 
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biomicroscopy and photography with staining with topical sodium fluorescein 1% at 

baseline (immediately post-debridement) and daily up to 3 days post-treatment. 

Fluorescein-stained images of the corneal wound defect were analysed using ImageJ 

software. The main outcome measure was the wound size at the end of day 1, 2 and 

3 [expressed as % of the original wound size in mean and standard deviation (SD)]. 

Difference in the wound size between groups was analysed using one-way ANOVA 

with Dunnett’s post hoc test (PBS as the control group).  

 

7.2.7.2. In vivo S. aureus keratitis study  

Based on the in vivo safety data, the highest tolerable concentration, 0.05%, of 

CaD23 was used in the subsequent S. aureus keratitis murine model. Levofloxacin 

0.5% (a commonly used antibiotic for bacterial keratitis in clinical setting) and PBS 

were used as the positive and negative controls, respectively. In the absence of in 

vivo pilot data, the sample size was calculated based on a previous study (Lin et al., 

2017). To detect an effect size of 1 LogCFU (or 10 times) difference in the bacterial 

load (significant antimicrobial efficacy) between HDPs (mean=5 logCFU) and PBS 

(mean=6 logCFU; NC), with a SD of 0.5 logCFU (Cohen’s d=2.0), power=80% and 

p<0.05, a minimum sample size of 4-5 mice/group is required.  

 

All mice were randomly allocated to each treatment group (n = 5 mice / group). Slit-

lamp examination was performed before the start of experiment to confirm the health 

of corneas. Under general and topical anaesthesia, the central 2 mm corneal 

epithelium was gently removed with sterile Beaver mini-blades. 10 µl of ~1x108 

CFU/ml of ATCC SA29213 was applied topically onto the cornea and the lid was held 

shut for 1 min. At 6 hours post-infection, 10 µl of treatment was applied directly onto 

the infected corneas with a dose regimen of 4 times a day at 3-hour interval for 3 days 

(total dose of treatment per mouse = 12). The eyes were monitored daily using slit-

lamp biomicroscopy and photography. At the end of day 3, all animals were sacrificed, 
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and infected eyes were enucleated. The whole corneas were subsequently dissected 

and homogenised in 1 ml of sterile PBS using sterile glass micro-beads. The 

homogenised infected corneal tissue suspension was serially diluted in 1:10 and 

plated on TSA plates in triplicates for enumeration of CFU after 24 hours incubation 

at 37 °C. The main outcome measure was the residual bacterial load at 3-day post-

treatment (expressed as log10 CFU/ml, which was the same as log10 CFU/cornea) and 

the difference between groups was analysed using one-way ANOVA with Dunnett’s 

post hoc test (PBS as the control group).  

 
 
7.3. Results 

7.3.1. In vitro antimicrobial efficacy of HDPs  

A total of 12 synthetic HDPs were rationally designed and synthesised based on the 

templates of native LL-37 and HBD-1 to -3 (Table 7.1). The MIC values (in µg/ml and 

µM) of all the tested antibiotics, single and hybrid peptides, in the absence and 

presence of 150 mM NaCl are summarised in Table 7.2. All 3 single linear, short-

sequenced (6-12 amino acids) peptides (based on HBD-2, HBD-3 and LL-37) and 6 

first-generation hybrid HDPs (based on different combinations of LL-37, and HBD-1 

to -3) did not demonstrate any significant antimicrobial efficacy (MIC>200 µg/ml) 

against Gram-positive and Gram-negative bacteria. Further 3 second-generation 

peptides (derived from CaD2 sequence) were engineered through rational 

modification: (1) CaD21: substitution of cysteine with alanine; (2) CaD22: substitution 

of phenylalanine with tryptophan (to increase hydrophobicity); and (3) CaD23: 

substitution of phenylalanine and proline with tryptophan (to further enhance 

hydrophobicity) and substitution of cysteine with leucine. CaD21 and CaD22 

demonstrated slight improvement in the antimicrobial efficacy whereas CaD23 

exhibited good antimicrobial efficacy against MSSA (MIC=12.5-25.0 µg/ml), MRSA 

(MIC=25 µg/ml), MSSE (MIC=12.5 µg/ml) and MRSE (MIC=3.1 µg/ml), highlighting 
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the importance of increased hydrophobicity against Gram-positive bacteria (Table 

7.1). Moderate efficacy of CaD23 was observed against P. aeruginosa (MIC=50 

µg/ml). When tested in the presence of physiological tear salt concentration, the MIC 

of CaD23 against MSSA, MRSA and MRSE increased by 2- to 4-fold, and remained 

unchanged for MSSE and P aeruginosa.  
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Table 7.2. Summary of MIC of antibiotics and synthetic HDPs. 
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7.3.2. In vitro cell viability and cytotoxicity  

Amikacin and CaD2 did not demonstrate any lethal effect on HCE-2 cell viability at 

200 µg/ml (Figure 7.4A). The IC50 (concentration that inhibits 50% of the cell viability) 

of CaD21, CaD22 and CaD23 were >200 µg/ml, >200 µg/ml and 54.6 ± 11.7 µg/ml, 

respectively. This demonstrated that the increased hydrophobicity with tryptophan 

residues enhanced the antimicrobial efficacy of CaD23 but with increased negative 

effect on the cell viability of HCECs. In terms of cytotoxicity, amikacin and CaD2 did 

not show any sign of toxicity for HCECs at 200µg/ml and CaD23 showed 30.4 ± 7.8% 

cytotoxicity at 200 µg/ml (Figure 7.4B). 

 

 

Figure 7.4. Cytotoxicity of HDPs and antibiotic. 
Cytotoxicity of synthetic peptides and amikacin (a commonly used antibiotic for bacterial 
keratitis) in various concentrations against human corneal epithelial cells (HCE-2), presented 

as dose-response curves (normalized, variable slope). Percentage cell viability is presented 

as mean ± standard deviation (depicted in error bars) of two independent experiments 

performed in biological duplicate. Some error bars are missing due to small standard deviation 

values. (A) Cell viability assay (using cell counting kit-8 assay) demonstrating normal 

metabolic activity of epithelial cells in CaD2 and amikacin but reduced activity in CaD23 (IC50 

= 54.6 ± 11.7 µg/ml) after 3 h of treatment. IC50 (concentration of treatment inhibiting 50% of 

cell viability) is shown in a black dotted line. (B) Cytotoxicity assay (using lactate 

dehydrogenase assay) demonstrating no sign of cytotoxicity of epithelial cells in amikacin and 

CaD2, and low level of cytotoxicity in CaD23 (30.4 ± 7.8% at 200 µg/ml; LC50 > 200 µg/ml) 

after 3 h of treatment.  
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A summary of the cell viability, cytotoxicity and haemolytic results of CaD23 is 

provided in Table 7.3. 

 

Table 7.3. Summary of toxicity of antibiotics and synthetic HDPs. 
Summary of the cytotoxicity, cell viability and hemolytic results of antibiotics and synthetic 

peptides (in µg/ml concentration). The cytotoxicity and cell viability results were obtained 

after 3 hours of treatment whereas hemolytic effect of treatment was examined after 1 hour 

of treatment. 
Types Agents LC50 Lmax (%) IC50 Imax (%) HC50 Hmax (%) 

Antibiotics Amikacin >200 0.0 (0.1) >200 100.1 (7.3) >200 0.0 

Levofloxacin >200 1.2 (0.7) >200 108.0 (2.8) >200 0 (0.0) 

First-

generation 
peptides 

DD12 - - - - - - 

DD13 - - - - - - 

DD32 - - - - - - 

CaD1 - - - - - - 

CaD2 >200 2.9 (2.2) >200 98.1 (7.3) - - 

CaD3 - - - - - - 

Second-
generation 

peptides 

CaD21 - - >200 56.1 (1.0) - - 

CaD22 - - >200 65.7 (8.2) - - 

CaD23 >200 26.6 (6.5) 54.6 (11.7) 69.6 (7.8) >200 7.1 (3.0) 
 

LC50 = Concentration of treatment causing 50% cytotoxicity; Lmax (%) = Percentage of 

cytotoxicity at 200 µg/ml treatment concentration; IC50 = Concentration of treatment causing 

50% inhibition of cell viability; Imax (%) = Percentage of inhibition of cell viability at 200 µg/ml 

treatment concentration; HC50 = Concentration of treatment causing 50% haemolysis; Hmax (%) 
= Percentage of haemolysis at 200 µg/ml treatment concentration 

Results are presented in mean (SD) of two independent experiments performed in biological 

duplicate. Toxicity results of some peptides were missing because their antimicrobial efficacy 

was poor and hence toxicity was not determined. 
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Haemolytic assay demonstrated minimal (7.1 ± 3.0%) haemolytic activity of CaD23 

at 200 µg/ml (Figure 7.5), suggesting that it is potentially safe for systemic use at this 

concentration. 

 

 

 

Figure 7.5. Hemolytic effect of CaD23 and levofloxacin. 
Haemolytic effect of CaD23 and levofloxacin (a commonly used antibiotic for bacterial 

keratitis) in various concentrations against fresh human erythrocytes, determined after 1 hour 

of treatment. Percentage hemolysis is presented as mean ± standard deviation (depicted in 

error bars) of two independent experiments performed in biological duplicate. Some error bars 

are missing due to small standard deviation values. The graph demonstrating minimal 

hemolytic effect of CaD23 against fresh human erythrocytes (only 7.1 ± 3.0% at 200 µg/ml). 
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In addition, a summary of the therapeutic index of CaD23 (defined as IC50, LC50 or 

HC50 divided by the MIC value) is provided in Table 7.4. The LC50 (concentration that 

kills 50% of the cells) of CaD23 was >200µg/ml, which yielded a therapeutic index 

(defined by LC50 divided by the MIC value) of >8 for treating S. aureus ATCC29213, 

and >4 for treating P. aeruginosa PAO1-L. 

 

 

Table 7.4. Summary of therapeutic index of CaD23. 

µg/ml S. aureus 

SH1000 

S. aureus 

ATCC29213 

Clinical  

MRSA 

MRSA  

ATCC43300 

P. aeruginosa 

PA01-L 

MIC TI MIC TI MIC TI MIC TI MIC TI 

Based on 

LC50 (= >200) 

12.5 >16 25 >8 25 >8 50 >4 50 >4 

Based on IC50  

(= 55) 

12.5 4.4 25 2.2 25 2.2 50 1.1 50 >1.1 

Based on 

HC50 (= >200) 

12.5 >16 25 >8 25 >8 50 >4 50 >4 

LC50 = Concentration of treatment causing 50% cytotoxicity; IC50 = Concentration of treatment 

causing 50% inhibition of cell viability; HC50 = Concentration of treatment causing 50% 

haemolysis 

MRSA = Methicillin-resistant Staphylococcus aureus 

The minimum inhibitory concentration (MIC) values and therapeutic index (TI) values are 

presented in mean values. 
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7.3.3. Time-kill kinetics 

Time- and concentration-dependent antimicrobial activity of CaD23 was determined 

against MSSA (SH1000) using time-kill kinetics assay. When CaD23 was used at 2x 

MIC (25 µg/ml) against SH1000, it was able to achieve significant killing (99.9% or 3 

log10 CFU/ml reduction) with 15 mins and complete killing (100%) within 30 mins of 

treatment (Figure 7.6). In contrast, amikacin (used at 20x MIC; 25 µg/ml) could only 

achieve significant and/or complete killing (99.9-100%) of SH1000 within 4 hours of 

treatment, which was 8 times slower than CaD23. The antimicrobial efficacy of CaD23 

(25 µg/ml) and amikacin (both 10 µg/ml and 25 µg/ml) were maintained at 24 hours’ 

time-point, with no evidence of bacterial re-growth. 
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Figure 7.6. Time-kill kinetics assay of CaD23 and amikacin. 
Time-kill kinetics of CaD23 [at 3.1 µg/ml (or 0.25x MIC) and 25 µg/ml (or 2x MIC)] and amikacin 

[at 10 µg/ml (or 8x MIC) and 25 µg/ml (or 20x MIC)] against S. aureus (SH1000) over 24 hours. 

Phosphate buffer saline (PBS) group serves as the untreated control. “0 min” represents the 

starting inoculum, which is around 6 log10 CFU/ml. The red dotted horizontal line at 3 log10 

CFU/ml signifies the threshold of significant bacterial killing (defined as 99.9% or 3 log10 
CFU/ml reduction of the bacterial viability compared to the starting inoculum). Data is 

presented as mean ± standard deviation (depicted in error bars) of two independent 

experiments performed in biological duplicate. CaD23 [at 25 µg/ml (or 2x MIC)) was able to 

achieve complete (100%) killing of SH1000 within 30 mins of treatment whereas amikacin [at 

10 µg/ml (or 8x MIC) and 25 µg/ml (or 20x MIC)] was only able to achieve complete killing of 

SH1000 within 4 hours of treatment. The antimicrobial efficacy of CaD23 and amikacin was 

maintained at 24 hours post-treatment. 
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7.3.4. In vivo safety of CaD23 

In view of the known discrepancy between in vitro and in vivo results, the safety of 

CaD23 was further determined in a murine corneal epithelial wound healing model. 

When compared to the PBS group, both CaD23 0.03% (or 300 µg/ml) and CaD23 

0.05% (or 500 µg/ml) groups did not show any significant difference in the rate of 

corneal re-epithelialisation (all healed within 2-3 days), suggesting that both 

concentrations were safe for topical application (Figure 7.7). However, significant 

delay in corneal re-epithelialisation was observed in the CaD23 0.1% group, with a 

mean wound size of 28.5 ± 19.9% at day 3 post-injury (p=0.004). 

 

 

 

Figure 7.7. In vivo safety of CaD23. 

CaD23 in various concentrations [0.03% (or 300 µg/ml), 0.05% (or 500 µg/ml), and 0.1% (1 

mg/ml)] and phosphate buffer saline (PBS) assessed in a murine corneal epithelial wound 

healing model (n = 4 mice / treatment group). (A) Representative slit-lamp images showing 

the daily progress of corneal wound healing of each treatment group. The green color-stained 

area depicts the corneal epithelial defect. Complete corneal re-epithelialisation was observed 

in all treatment groups, except CaD23 0.1% group, by day 3. (B) Graphical summary of the 
progress of corneal re-epithelialisation of each treatment group over 3 days. The corneal 

epithelial wound size at various time points is calculated based on the original 100% wound 

size at baseline. Data is presented as mean ± standard deviation.  
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7.3.5. In vivo efficacy of CaD23 

Based on the in vivo safety results, the highest tolerable concentration of CaD23 

0.05% was subjected to subsequent in vivo efficacy testing in a murine S. aureus 

ATCC 29213 keratitis model. As the data was not normally distributed and was log-

transformed, the results were reported in median ± interquartile range (IQR). When 

compared to the S. aureus bacterial viability in the PBS group (4.2 ± 1.3 log10 

CFU/ml), there was a considerable reduction of bacterial viability in the CaD23 0.05% 

and levofloxacin 0.5% groups by 94% (3.0 ± 2.4 log10 CFU/ml; p=0.72) and 98% (2.4 

± 2.2 log10 CFU/ml; p=0.08), respectively, though statistical significance was not 

achieved (Figure 7.8).  

 
 
 

 
Figure 7.8. In vivo efficacy of CaD23. 
In vivo efficacy of CaD23 0.05% (500 µg/ml), levofloxacin 0.5% (positive control) and 

phosphate buffer saline (PBS; negative control) in a murine S. aureus ATCC SA29213 

bacterial keratitis model (n = 5 mice / treatment group). (A) Representative slit-lamp images 

showing the corneal appearance over 3 days post-infection in each treatment group. Note the 

significant infiltrative changes of cornea in the PBS group as compared to the CaD23 0.05% 

and levofloxacin 0.5% groups. (B) Scatter plot showing the bacterial viability of S. aureus (in 

log10 CFU/ml) after 3 days of treatment. In view of the wide range of results, data is presented 
as median ± interquartile range. 
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7.4. Discussion 

IK represents a persistent and uncurbed burden on human health at a global level. 

Topical antibiotics are the current mainstay of treatment for bacterial keratitis but the 

efficacy is being increasingly challenged by the emergence of antimicrobial resistance 

(Ung et al., 2019b, Asbell et al., 2015). In addition, patients with bacterial keratitis 

often require long duration of treatment and sight-threatening complications may still 

ensue despite timely intervention (Khor et al., 2018), highlighting an unmet need for 

newer and better treatment. HDPs serve as an attractive class of antibiotics for 

treating IK based on the following reasons: (1) the broad-spectrum activity of HDPs 

can provide comprehensive coverage to a wide range of microorganisms, particularly 

when mixed infection is relatively common (5-20%) in IK (Ung et al., 2019b); (2) the 

rapid antimicrobial action help reduce the microbial load and limit the damage to the 

cornea more effectively, ultimately have a better chance of preserving the vision, as 

well as reducing the risk of developing antimicrobial resistance, which is currently an 

emerging issue in ocular infection (Asbell et al., 2015); and (3) HDPs can be used as 

synergistic or additive agents to the current conventional antibiotics, enhancing the 

therapeutic index by increasing the antimicrobial efficacy and reducing the dose-

related toxicity (Mohammed et al., 2019, Kampshoff et al., 2019). 

 

This study highlights a body of work in designing and developing human-derived 

hybrid HDP as topical treatment for bacterial keratitis. Hybridisation strategy has been 

previously employed by several research groups to improve the therapeutic index of 

HDPs (Wei et al., 2016, Saugar et al., 2006, Willcox et al., 2008) but the strategy of 

using human-derived hybrid HDPs (with LL-37 and HBD-2) is first of its kind. The 

initial concept of developing synthetic HDPs derived from LL-37 and HBD was 

founded on the observation of the upregulation of these key HDPs at the ocular 

surface during IK (McIntosh et al., 2005, Mohammed et al., 2017, McDermott, 2009, 
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Otri et al., 2012b). Furthermore, LL-37 and HBD-2 and -3 were shown to exhibit good 

antimicrobial efficacy against a range of organisms (Huang et al., 2007a, McDermott, 

2009). The mid-region of LL-37, consisting of residues 18-29 of LL-37 (i.e. KR-12) 

was selected as part of the hybrid template as studies have demonstrated that KR-

12, though much shorter than parent LL-37, exhibited similar antimicrobial activity 

against E. coli (MIC = ~64 µg/ml) with reduced toxicity to host cells (Wang, 2008b). 

C-terminal of HBD1-3 was used as the other part of the hybrid template in view of its 

rich content of cationic residues, which have been shown to play an important role in 

interacting with anionic bacterial membrane and killing of bacteria (Krishnakumari and 

Nagaraj, 2012, Dhople et al., 2006). 

 

The initial attempt of engineering single linear HDPs (including LL-37 and HBD-2 and 

-3) and hybrid HDPs (based on LL-37 and HBD-1 to -3) did not yield any compound 

with good antimicrobial efficacy. However, with systematic SAR analysis and 

modification, particularly through substitution of proline and phenylalanine with 

tryptophan residues (to increase hydrophobicity and membrane partitioning), ensued 

the development of peptide with enhanced antimicrobial efficacy against MSSA 

(MIC=12.5µg/ml) and MRSA (MIC=25µg/ml), serving as a proof-of-concept of this 

novel design strategy. Interestingly, increased hydrophobicity augmented the 

antimicrobial activity of HDP against Gram-positive bacteria but not Gram-negative 

bacteria. This is likely attributed to the different compositions in the bacterial 

membrane between Gram-positive bacteria, which consist of a thick peptidoglycan 

layer, and Gram-negative bacteria, which comprises an additional outer membrane 

with abundance of negatively charged lipopolysaccharide for which cationicity of the 

peptide plays a more important role (Strahl and Errington, 2017). In addition, the 

efficacy of CaD23 (18 amino acids in length) is at least equal to or stronger than the 

full-length parent LL37 (MIC = 25-50 µg/ml) and HBD-1 to -3 peptides (MIC = 50-100 

µg/ml) (Huang et al., 2007a, Mohammed et al., 2019). Peptides with shorter sequence 
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not only have the advantage of lower manufacturing cost but may also have a lower 

risk of inducing immunogenicity (Mahlapuu et al., 2016). Moreover, the antimicrobial 

efficacy of CaD23 is comparable to some of the HDPs that are developed for ocular 

surface infection, including esculentin-1a(1-21)NH2 (Kolar et al., 2015), RP444 

(Clemens et al., 2017), melimine and its derivatives (Dutta et al., 2017, Willcox et al., 

2008), and ε-lysylated Mel-4 (Mayandi et al., 2020). 

 

In the time-kill kinetics study, CaD23 at 2x MIC was able to achieve complete killing 

of S. aureus within 30 mins as compared to 4 hours with amikacin at 20x MIC (i.e., 8 

times slower than CaD23). Interestingly, the increase in the concentration of amikacin 

from 8x MIC to 20x MIC did not expedite its anti-bacterial action against S. aureus, 

suggesting that the speed of bacterial killing is more related to the underlying 

mechanism of action than the concentration of antibiotic. The rapid killing action of 

CaD23 is likely related to a membrane perturbation effect, which is in contrast to 

amikacin where it exerts its anti-bacterial activity via intracellular inhibition of the 30S 

subunit of bacterial ribosome (Kapoor et al., 2017). Theoretically, the rapid and 

membrane disruptive action of CaD23 should result in a lower risk of developing 

antimicrobial resistance as the bacteria has less time to adapt and require substantial 

modification of genome to develop effective resistant mechanisms, which are shown 

in conventional antibiotics (Mayandi et al., 2020). Further studies examining the 

underlying mechanism of action of CaD23 and its tendency to develop AMR would 

be valuable.  

 

Based on the LDH cytotoxicity assay, CaD23 was shown to be relatively non-cytotoxic 

(20-30% toxicity) at 200 µg/ml, with a therapeutic index of >8-16 against S. aureus 

(defined by LC50 concentration divided by MIC value). In addition, the haemolytic 

activity of CaD23 at 200 µg/ml was only less than 10%. Interestingly, the IC50 value 
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(based on cell viability assay) was around 50 µg/ml, considerably lower than the LC50 

value. This discrepancy may be due to the fact that some of the cells were apoptotic 

instead of necrotic, which was detected by the cell viability assay but not the 

cytotoxicity assay. That said, the in vivo corneal epithelial wound healing study 

showed that CaD23 did not demonstrate any significant toxicity when used at 500 

µg/ml (or 0.05%), which was 10 times higher than the IC50 value. This suggests that 

in vitro plate-based static assays such as LDH or cell viability assays could potentially 

overestimate the in vivo cytotoxicity of drugs that are developed for ocular topical 

application. However, there were some signs of delayed corneal wound healing in the 

CaD23 0.01% group (20 times the IC50 value), suggesting that this concentration has 

limited therapeutic potential due to the cytotoxicity. The experiment was terminated 

at day 3 post-treatment, which was the pre-specified endpoint of the study; therefore, 

the complete healing time in the CaD23 0.01% could not be determined. However, 

the delayed healing in this group at day 3 had provided sufficient and important 

information on the in vivo cytotoxicity of CaD23.  

 

The observed discrepancy between in vitro and in vivo findings is likely attributed to 

the inherent dynamic environment of ocular surface with eye blinking, high tears 

turnover, and drainage (Farkouh et al., 2016). The shortcoming of in vitro assays may 

be addressed by the recently developed novel ex vivo biomimetic model where it 

could simulate the dynamic and complex interface between the ocular surface and 

the external environment, allowing a better prediction of the in vivo effect (Seo et al., 

2019).  

 

The in vivo bacterial keratitis study demonstrated that CaD23 0.05% (20x MIC) was 

able to reduce the bacterial viability of S. aureus by 94% when compared to the 

untreated control group, which was more than the endpoint (i.e. 1 logCFU or 90% 

reduction in the bacterial bioburden) used in this study. However, the effect was not 



 221 

statistically significant due to the considerably variable standard deviation observed 

in both the treatment and the control groups. This similarly explained the 

insignificant improvement in the levofloxacin-treated group, though there was 1.8 

logCFU median reduction in the bacterial bioburden compared to the PBS group. 

Nevertheless, these results serve as a strong proof-of-concept that CaD23 may be 

employed as a potentially efficacious treatment for treating Gram-positive bacterial 

keratitis, but a larger sample size will be required to fully ascertain its efficacy. In 

addition, we had chosen to sacrifice the mice at day-3 post-infection because S. 

aureus keratitis had been shown to be most severe in C57BL/6J mice at 3-day post-

infection, as compared to other stains of mice such as BALB/c and A/J mice, though 

the infection spontaneously improves at day-5 post-infection and beyond in 

C57BL/6J mice (Girgis et al., 2003). To investigate the longer-term in vivo 

antimicrobial efficacy of CaD23 in S. aureus keratitis, other strains of mice may be 

required to examine this aspect. 

 

One potential approach to improve the therapeutic effect of HDP-derived 

antimicrobial treatment is to use them in combination with antibiotics as peptide-

antibiotic synergism has been demonstrated in several studies (Lakshminarayanan 

et al., 2016, Kampshoff et al., 2019, Mohammed et al., 2019). This attractive 

antimicrobial strategy not only helps extend the lifespan and broaden the antibacterial 

spectrum of conventional antibiotics, but also reduce the dose-dependent toxicity 

associated with HDPs and antibiotics (Mishra et al., 2017). Recently, Mohammed et 

al. (2019) has also shown that FK16, a cathelicidin-derived molecule, could improve 

the antimicrobial efficacy of vancomycin, a glycopeptide antibiotic, against PA by 8-

fold. This is likely ascribed to the different mechanisms of action between FK16 and 

vancomycin where the membrane disruptive action of FK16 facilitates the diffusion of 

vancomycin across the bacterial membrane. Hence, future work investigating the 



 222 

potential synergism between CaD23 and commonly used antibiotics for bacterial 

keratitis would be useful.  

 

At present, the aim is to develop the human-derived hybrid HDPs as topical treatment 

for bacterial keratitis. So far, there are only a few HDP-based treatment that have 

been developed for treating and/or preventing IK. Comparing with the developed 

molecules, including Mel4 (which had advanced into phase 3 randomised clinical 

trial),(Kalaiselvan et al., 2021, Willcox et al., 2020, Kolar et al., 2015) our developed 

hybrid peptide (CaD23) demonstrated at least comparable or better in vitro efficacy 

than these peptides. In addition, the encouraging in vivo efficacy and safety results 

further reinforced the translational potential of CaD23. Furthermore, it is interesting to 

note that the haemolytic activity of CaD23 was very low (7.1% at 200 µg/ml), 

suggesting that it can potentially be developed for treating systemic infection. It also 

reduces the concern of systemic toxicity when it is applied to the ocular surface 

because systemic absorption of ocular topical treatment can occur, particularly when 

the drugs are hydrophobic (Farkouh et al., 2016). The considerable disparity between 

the haemolytic activity and cytotoxicity against corneal epithelial cells could be 

attributed to the difference in the membrane structure (particularly the cytoskeleton) 

and the metabolic structures of the non-nucleated cells (e.g. red blood cells) and 

nucleated cells (e.g. corneal epithelial cells) (Smith, 1987). Further studies examining 

the efficacy and stability of CaD23 in serum as well as its interaction with blood 

proteins will be conducted to determine its therapeutic potential for treating systemic 

infection. In addition, as CaD23 demonstrated good safety at 0.05% but considerable 

toxicity at 0.1%, examining the efficacy and safety of CaD23 in intermediate 

concentrations such as 0.06% and 0.08% may provide further insight into the optimal 

concentration for clinical translation. 
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In conclusion, this work demonstrated that rational hybridisation of LL-37 and HBD-2 

serves as a novel strategy in translating the therapeutic potential of human-derived 

HDPs. Future work examining the efficacy and safety of combined CaD23-antibiotic 

therapy would be beneficial. In addition, further optimisation of CaD23 using the 

strategies highlighted in Chapter 1 can potentially generate more efficacious and 

safer molecules than CaD23.   
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CHAPTER 8 

Evaluation of Host Defense Peptide (CaD23)-

Antibiotic Synergism and Mechanism of Action: 

Insights from Experimental and Molecular 

Dynamics Simulations Studies 

 
 
 
8.1. Introduction 

Antimicrobial resistance (AMR) is currently emerging as one of the major global 

health threats (Prestinaci et al., 2015, Ventola, 2015). By 2050, it is estimated to 

cause 10 million deaths and cost the global economy up to 100 trillion USD if the 

issue remains untackled (O’Neill, 2016). In view of the colossal impact on global 

health, various initiatives and strategies have been proposed and implemented to 

tackle AMR. These include establishment of antimicrobial stewardship to monitor the 

use of antimicrobial agents and the rise of AMR, development of new drugs and 

vaccines, drug repurposing, and incentivising pharmaceutical companies for 

investing in antimicrobial drug development (Ventola, 2015). 

 

In the previous chapter, CaD23 was shown to exhibit a more rapid in vitro 

antimicrobial action than conventional antibiotics such as amikacin (Ting et al., 

2021e). However, the mechanism of action has not been fully elucidated. In addition, 

while CaD23 was able to demonstrate moderate in vivo efficacy at a concentration of 

0.05% (500 µg/ml), the use of a higher concentration of CaD23 (for higher 

antimicrobial effect) was prohibited by the toxicity observed in the wound healing 
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study. Therefore, to overcome this limitation, this study aimed to examine the 

potential synergism / interaction between CaD23 and conventional antibiotics that are 

commonly used for infectious keratitis (IK). In addition, this study also aimed to 

examine the mechanism of action of CaD23 using a combination of biophysical and 

molecular dynamics (MD) simulations studies (Ting et al., 2021k). 

 

8.2. Materials and methods 

8.2.1. Chemicals and antibiotics 

All the peptides were commercially produced by Mimotopes (Mimotopes Pty. Ltd., 

Mulgrave Victoria, Australia) via traditional solid phase Fmoc synthesis method. All 

the synthetic peptides were purified by reverse-phase high performance liquid 

chromatography (RP-HPLC) to >95% purity and characterised by mass spectrometry. 

The peptides were subsequently sent to our lab in lyophilised form and stored at -80 

°C until further usage. In view of the hydrophobicity, CaD23 (sequence: 

KRIVQRIKDWLRKLCKKW; see Table 7.1) was first fully dissolved in 50 µl of dimethyl 

sulfoxide (DMSO) followed by dilution in sterile, de-ionised water to achieve a final 

concentration of 1 mg/ml peptide in 0.5% DMSO. Further dilution was performed for 

specific assays as required. All the assays described in this study were conducted in 

biological duplicate and in at least two independent experiments, with appropriate 

positive controls (PCs) and negative controls (NCs). Antibiotics, including levofloxacin 

and amikacin, were purchased from Sigma-Aldrich (Merck Life Science UK Ltd., 

Dorset, UK).  

 

8.2.2. Types of microorganisms used 

A range of Gram-positive and Gram-negative bacteria were used in this study. These 

included laboratory-strain methicillin-sensitive Staphylococcus aureus (SH1000 and 
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ATCC SA29213), methicillin-resistant S. aureus (ATCC MRSA43300), Pseudomonas 

aeruginosa ATCC PA19660 (cytotoxic strain), and P. aeruginosa ATCC PA27853 

(invasive strain). Both cytotoxic and invasive P. aeruginosa strains were used in the 

experiments as previous studies had demonstrated the difference in virulence (Borkar 

et al., 2013, Lee et al., 2003). 

 

8.2.3. Determination of in vitro antimicrobial efficacy 

In vitro antimicrobial efficacy of CaD23 and the antibiotics was determined using the 

established minimum inhibitory concentration (MIC) assay with broth microdilution 

method approved by the Clinical and Laboratory Standards Institute (CLSI) as 

described in Chapter 7 (Clinical & Laboratory Standards Institute (CLSI), 2019).  

 

8.2.4. Determination of the peptide-antibiotic interaction 

The peptide-antibiotic interaction was determined using two methods, namely the 

checkerboard assay and the time-kill kinetics assay. 

 

8.2.4.1. Checkerboard assay 

The peptide-antibiotic synergism was examined using the established checkerboard 

assay described in the previous study (Mohammed et al., 2019). A 96-well 

polypropylene plate (Plate A) was used to prepare 8 replicate horizontal rows of 

CaD23 in twofold serial dilutions [from 400 µg/ml (1st column) to 6.25 µg/ml (7th 

column), and caMHB in the last (8th) column; final volume of 25 µl per well]. Another 

96-well polystyrene plate (Plate B) was used to prepare 8 replicate vertical columns 

of an antibiotic, either amikacin (an aminoglycoside) or levofloxacin (a 

fluoroquinolone), in twofold serial dilutions [from 20 µg/ml (1st row) to 0.313 µg/ml (7th 

row), and 0 µg/ml in the last (8th) row; final volume of 30 µl per well]. Subsequently, 
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25 µl of antibiotic from each well of Plate B was transferred to the corresponding wells 

of Plate A (1:1 ratio of peptide and antibiotic). The bacterial suspension was prepared 

as above and 50 µl of 1x106 CFU/ml bacteria was added into each well (1:1 ratio of 

treatment and bacteria; final concentration of 5 x 105 CFU/ml bacteria per well). The 

final concentration of CaD23 in each row was 100 µg/ml (1st column) to 1.56 µg/ml 

(7th column) and the final concentration of antibiotic in each column was 5 µg/ml (1st 

row) to 0.078 µg/ml (7th row). Growth control and sterility control were included in 

each experiment. The MIC was calculated as above after 18-21 hours of incubation 

with treatment at 37ºC. 

 

The fractional inhibitory concentration index (FICI) is calculated using the formula: 

(MICCaD23(combined) / MICCaD23(alone)) + (MICantibiotic(combined) / MICantibiotic(alone)) and was 

interpreted as synergistic (FICI <0.5), additive (FICI between 0.5-1.0), indifferent 

(FICI between >1.0 and £4), or antagonistic (FICI >4).  

 

8.2.4.2. Time-kill kinetics assay 

Time-kill kinetics assay was performed to determine the time and concentration-

dependent antimicrobial activity of CaD23 and amikacin against SH1000. The 

bacterial suspension (with a concentration of 1 x 106 CFU/ml) was prepared using the 

similar method as described in the MIC assay. 50 µl of bacteria was then incubated 

with 50 µl of respective treatment, consisting of either CaD23 alone, amikacin alone, 

or combined CaD23-amikacin. Bacterial suspension incubated with sterile de-ionised 

water (dH2O) in 1:1 ratio was used as the growth control. At 0 min, 15 min, 30 min, 1 

hour, 2 hour, 4 hours, and 24 hours, 10 µl of the treatment / bacteria mixture was 

removed from each well and was serially diluted (1:10 dilution) in sterile phosphate 

buffered saline (PBS). The diluted suspension (20 µl) was subsequently removed and 
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plated on Muller-Hinton agar (MHA) in duplicate for bacterial counting after incubation 

for 18-21 hours at 37ºC.  

 

8.2.5. Evaluation of the mechanism of action 

8.2.5.1. SYTOX green uptake assay 

SYTOX green is a membrane-impermeable dye that activates and fluoresces upon 

binding to the DNA. The assay was performed using a previously established method, 

with a slight modification (Mayandi et al., 2020). Briefly, the bacteria were cultured 

overnight in MHB (20 µl) for 16-18 hours. Subsequently, the bacterial suspension was 

vortexed, washed twice and suspended in sterile HEPES buffer solution (5 mM 

HEPES, 5 mM glucose, 7.4 pH) to obtain an OD600 of 0.3. An aliquot of 5 mM SYTOX 

green stock solution in DMSO was added to the bacterial suspension to obtain a final 

dye concentration of 2 μM. The mixture was incubated for 15 minutes at room 

temperature while being protected from light. The dye-loaded cell suspension (600 

μl) was then added into a stirring quartz cuvette and inserted into a QuantaMaster 

spectrofluorometer for fluorescence time-based scan at 504 nm excitation and 523 

nm emission. Once a constant fluorescence level was achieved, a concentrated 

peptide solution in water (1 μl) was added into the cuvette to obtain a desired final 

concentration of CaD23 (2x MIC) in the cell suspension. The change in fluorescence 

intensity was monitored until a stable range was observed. Maximum fluorescence 

was documented via the addition of Triton-X (final concentration of Triton-X 0.1% (v/v) 

in 600 μl cell suspension) into the cuvette. The fluorescence intensity (I) of the 

peptide-treated suspension was calculated and plotted as: (Ipeptide / ITriton-X(max)) x 100%  

 

8.2.5.2. Molecular dynamics simulations 

Established molecular dynamics (MD) simulations-based models were used to 

examine the interactions between the synthetic peptides and models of the bacterial 
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and mammalian membranes, using the GROMACS 5.1 package.16 In view of the 

specialised nature, this part of the work was conducted with the help of Dr. Jianguo 

Li, who was the post-doctoral researcher in the A*Star Institute in Singapore 

specialising in computational simulation. 

 

The ability of peptide to permeate or interact with the bacterial membrane and 

mammalian membrane served as a proxy for its antimicrobial efficacy and toxicity, 

respectively. The bacterial membrane was modelled using a mixture of 

phosphoethanolamine and phosphatidylglycerol lipids (3:1 ratio) whilst the 

mammalian membrane was modelled using phosphotidylcholine. Each membrane 

patch consists of 128 lipid molecules. The peptide was modelled using the 

AMBER14sb force field, and the lipid molecules were modelled using the AMBER 

lipid17 force field. Initially, the peptide, modelled in a helical conformation, was placed 

4 nm above the membrane center, followed by solvation with water molecules using 

the TIP3 model of each system (Jorgensen et al., 1983). Counter ions were added to 

neutralise each system. Each system was first subjected to 500 steps of energy 

minimisation, followed by 20 ps of MD simulation in the canonical NVT ensemble (N 

= constant number; V = volume; T = temperature). Each system was first simulated 

for 400 ns to allow the peptide to adsorb on the membrane surface. Due to the 

complex free energy landscape of the peptide-membrane system, the time scale 

required to reach the equilibrium state was considerably lengthy. To overcome this 

difficulty, 400 ns simulations of simulated annealing, as outlined by Farrotti et al. 

(2015), were performed. In each simulated annealing cycle, the temperature of the 

system was increased from 300 K to 375 K in 50 ps steps, followed by a 1 ns 

simulation at 300 K. This was followed by 400 ns of normal MD simulation at 300 K. 

The LINCS algorithm (Hess et al., 1998) was applied to restrain the bond between 

hydrogen atoms and heavy atoms, enabling a time step of 2 fs. Both Lennard-Jones 

and short-range electrostatic interactions were set to extend to 0.9 nm, while the long 
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range electrostatic interactions were calculated using particle mesh Ewald method 

(Essmann et al., 1995). The temperature and pressure were controlled by Nose–

Hoover (Nose and Klein, 1983) and semi-isotropic Parrinello–Rahman algorithms 

(Martonák et al., 2003), respectively. 

 

8.3. Results 

8.3.1. Peptide-antibiotic interaction 

8.3.1.1. Checkerboard assay 

The MICs of CaD23, amikacin and levofloxacin against Gram-positive and Gram-

negative bacteria are presented in Table 8.1. A number of peptide-antibiotic 

combinations were examined for their interactive antimicrobial effect against both 

Gram-positive and Gram-negative bacteria (Table 8.2). It was found that both CaD23-

amikacin and CaD23-levofloxacin combinations achieved strong additive effects 

against SH1000 (FICI = 0.563) and MRSA43300 (FICI = 0.563). On the other hand, 

the effect of CaD23-amikacin was indifferent against PA19660 (FICI = 1.08) and 

borderline additive against PA27853 (FICI = 1.0), whereas the effect of CaD23-

levofloxacin against PA19660 and PA27853 was indifferent (both FICI = 2.0). 

 

 

Table 8.1. Minimum inhibitory concentration (MIC) of CaD23 and antibiotics.   

Treatment SH1000 MRSA43300 PA19660 PA27853 
CaD23 12.5 25 25 25 

Amikacin 1.25 2.5 0.63 1.25 

Levofloxacin 0.31 0.31 0.31 0.63 

All assays were conducted as two independent experiments in biological duplicate. 

Various organisms, including methicillin-sensitive S. aureus (SH1000), methicillin-

resistant S. aureus (ATCC MRSA43300), P. aeruginosa ATCC PA19660 (cytotoxic 

strain) and ATCC PA27853 (invasive strain), were used. The MIC value is expressed 

in μg/ml. 
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Table 8.2. Interactive antimicrobial effect of CaD23 and antibiotics using 

checkerboard assay.  

Treatment Bacteria FICI* Interpretation 

CaD23 + 

Amikacin 

SH1000 0.563 Additive 

MRSA43300 0.563 Additive 

PA19660 1.08 Indifferent 

PA27853 1.0 Borderline additive 

CaD23 + 

Levofloxacin 

SH1000 0.563 Additive 

MRSA43300 0.563 Additive 

PA19660 2.0 Indifferent 

PA27853 2.0 Indifferent 
MIC = Minimum inhibitory concentration; FICI = Fractional inhibitory concentration index 

*FICI is calculated as: (MICCaD23(combined)/MICCaD23(alone)) + (MICami(combined)/MICami(alone)) 

FIC £ 0.5 = synergistic; FIC between 0.5-1.0 = additive; FIC >1 to 4 = indifferent; FIC>4 = 

antagonistic. 

Experiments were conducted against methicillin-sensitive S. aureus (SH1000), 

methicillin-resistant S. aureus (ATCC MRSA43300), and P. aeruginosa ATCC 

PA19660 (cytotoxic strain) and ATCC PA27853 (invasive strain). 
The results are based on two independent experiments performed in biological duplicate. 
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8.3.1.2. Time-kill kinetics assay 

Based on the results of the checkerboard assay, the concentration- and time-

dependent antimicrobial effect of combined CaD23-amikacin against SH1000 was 

further explored. The MIC of CaD23 and amikacin against SH1000 was 12.5 μg/ml 

and 1.25 μg/ml, respectively. When CaD23 was used alone at the concentration of 

25 μg/ml (2x MIC), it was able to achieve 99.9% and 100% killing of SH1000 by 15 

mins and 30 mins post-treatment, respectively (Figure 8.1). This was significantly 

faster than amikacin at 10 μg/ml (4x MIC) or 25 μg/ml (10x MIC), which both achieved 

99.9% and 100% killing of SH1000 by 2 hours and 4 hours post-treatment (i.e. 8 times 

slower). The addition of CaD23 (3.1 μg/ml; 0.25x MIC) expedited the antimicrobial 

action of amikacin (10 μg/ml) against SH1000 by 4 times (for 99.9% killing) and 2 

times (for 100% killing). In addition, combined CaD23 (3.1 μg/ml; 0.25x MIC) and 

amikacin (2.5 μg/ml; 2x MIC) was able to achieve 99.9% and 100% killing by 1 hour 

and 2 hours, respectively. This was 2 times faster than amikacin when used alone at 

10 μg/ml or 25 μg/ml, suggesting that combination treatment enables a more effective 

killing and lowers the treatment concentration required for effective killing. 
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Figure 8.1. Time-kill assay for CaD23, amikacin and combined treatment. 
Time- and concentration-dependent anti-bacterial effect of CaD23 (0.25x MIC and 2x MIC), 

amikacin (8x and 20x MIC) and combined CaD23-amikacin against S. aureus (SH1000) over 

24 hours. SH1000 incubated with phosphate buffer saline (PBS) serves as the untreated 

control. “0 min” represents the starting inoculum, which is around 6 log10 CFU/ml. The red 

dotted horizontal line at 3 log10 CFU/ml signifies the threshold of significant bacterial killing 

(defined as 99.9% or 3 log10 CFU/ml reduction of the bacterial viability compared to the starting 
inoculum). Data is presented as mean ± standard deviation (depicted in error bars) of two 

independent experiments performed in biological duplicate. 
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8.3.2. Mechanism of action of CaD23 

8.3.2.1. SYTOX green uptake assay 

SYTOX green uptake assay was performed to study the underlying mechanism of 

action of CaD23 against S. aureus ATCC SA29213 (MIC = 25 µg/ml). It was shown 

that CaD23 at 50 µg/ml (2x MIC) exhibited rapid membrane permeabilisation of 

SA29213, with 60% SYTOX green uptake observed within seconds of treatment and 

reaching 80% membrane permeabilisation at around 8 mins post-treatment (Figure 

8.2).  

 

 

                  
Figure 8.2. Membrane permeabilising action of CaD23 determined by SYTOX green 

uptake assay.  
The graph demonstrating rapid membrane permeabilising action of CaD23 (50 μg/ml; 2x MIC) 

against SA29123, with a 60% increase in fluorescence intensity (due to SYTOX green uptake) 

within seconds of treatment and plateaued at ~80% fluorescence intensity at 8 minutes. The 

fluorescence intensity is presented as mean ± standard deviation (depicted in error bars) of 

two independent experiments. The maximum fluorescence intensity (100%) was derived from 
the positive control, Triton-X 0.1% (v/v). Fluorescence intensity (I) of the peptide-treated 

suspension was calculated and plotted as: (Ipeptide / ITriton-X(max)) x 100%.  
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8.3.2.2. Molecular dynamics (MD) simulations 

To understand the mode of interactions of the CaD23 peptide with the membranes, 

MD simulations of CaD23 with model bacterial and mammalian membranes were 

carried out. The distance between the centre of mass of CaD23 and the bilayer centre 

of mammalian and bacterial membranes is shown in Figure 8.3A-B. In the first 400 

ns, the distance between CaD23 and both membranes decreased, suggesting a rapid 

adsorption of CaD23 on both membranes. CaD23 was closer to the bacterial 

membrane (z-distance = 2 nm) than the mammalian membrane (z-distance = 3.5 nm 

with considerable fluctuation), suggesting a stronger peptide-bacterial membrane 

interaction. The different locations of CaD23 with respect to the bilayer center can 

also be seen from the density distribution of CaD23 with respect to the phosphate 

atoms during the final 400 ns of the MD simulations (Figure 8.3C-D). On the 

mammalian membrane, the peak of CaD23 was low and the distribution of CaD23 

was wide and far away from the phosphate groups, suggesting a low affinity of CaD23 

to the mammalian membrane. In contrast, the peak of CaD23 was close to the 

phosphate groups upon strong adsorption on the bacterial membrane. 
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Figure 8.3. MD simulation of CaD23 on model mammalian and bacterial membranes.  
Each simulation was run for 400 ns at 300 K, followed by another 400 ns using simulated 

annealing (SA) to accelerate phase space sampling, finally followed by a further 400 ns 
simulation to obtain equilibration. (A) The graph showing the distance between CaD23 and 

mammalian or bacterial membrane over 1200 ns. CaD23 is shown to be closer to the bacterial 

membrane than to the mammalian membrane, suggesting a stronger interaction between 

CaD23 and the bacterial membrane. (B) The probability distribution of the peptide-membrane 

distance in the last 400 ns, demonstrating a closer distance of CaD23 to the bacterial 

membrane than to the mammalian membrane. (C-D) Density distributions of the CaD23 with 

respect to the phosphate groups of the bilayer membranes. The analysis is based on the last 

400 ns simulation. 
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Representative snapshots of the MD simulations of CaD23 with mammalian and 

bacterial membranes are shown in Figure 8.4. Upon adsorption on the membrane, 

CaD23 started to interact with the head groups of the membrane, which involved the 

rearrangement of the head groups and the penetration of hydrophobic residues of 

CaD23 into the membrane (Figure 8.4). Due to complex mode of interactions, this 

process was characterised by a frustrated free energy landscape. To accelerate 

sampling, simulated annealing (SA) was applied. The peptide-membrane distance 

was found to decrease further, particularly for the distance between CaD23 and the 

bacterial membrane, because the strong perturbation of the bacterial head groups 

facilitated the penetration of the hydrophobic residues of CaD23 into the lipid tail 

region of the bacterial membrane, which did not occur on the mammalian membrane 

due to weak interactions. To obtain an equilibrium state, classical MD simulations 

without SA were carried out for a further 400 ns. The distance between the peptide 

and the bacterial membrane decreased further and remains stable. In contrast, the 

distance between CaD23 and the mammalian membrane increased and fluctuated 

with many adsorption-desorption events on the mammalian membrane, suggesting a 

weaker interaction.  
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Figure 8.4. Representative snapshots of CaD23 with mammalian and bacterial 

mimetic membranes.  

The conformation of each snapshot corresponds to the 1st cluster of CaD23 during 

the last 200 ns simulations.  
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The helical wheel revealed that when the peptide was in helical conformation, it 

formed a perfect facial amphiphilic conformation, with positively charged residues 

facing one side and the hydrophobic residues facing the other side (Figure 8.5). 

Although the peptide largely maintained the helical conformation on both membranes, 

the peptide was more helical on the bacterial membrane than on the mammalian 

membrane. The snapshots from the last 400 ns in Figure 8.4 clearly demonstrate 

that the peptide adopts a helical conformation on the bacterial membrane, with the 

hydrophobic residues inserted into the lipid tail region while the basic residues interact 

with the head groups, resulting in perturbation of the membrane-water interface. On 

the mammalian membrane, CaD23 was only partially helical and fluctuated due to 

the lack of strong electrostatic interactions, resulting in less perturbation of the 

mammalian membrane. This explains why CaD23 has a higher antimicrobial activity 

than toxicity (therapeutic index of >8 against S. aureus). Moreover, CaD23 formed 

more hydrogen bonds with the bacterial membrane compared to the mammalian 

membrane (Figure 8.6), which further contributed to the high affinity towards bacterial 

membrane.  
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Figure 8.5. Prediction of secondary structure using MD simulations. 
(A) Secondary structure evolution of CaD23 during the molecular dynamics (MD) simulations. 

CaD23 adopts a partially alpha-helical structure on the mammalian membrane compared to a 

highly alpha-helical structure on the bacterial membrane. (B) The helical wheel plot of CaD23. 

Blue and purple letters represent hydrophobic residues, red letters represent negatively 

charged acidic residues, and black letters represent positive charged basic residues. 

 

                    

Figure 8.6. Number of hydrogen bond formed between CaD23 and the membranes 

during the last 400 ns. 
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8.4. Discussion 

The serendipitous discovery of HDPs dates back to as early as 1920s where 

lysozyme was first discovered by Sir Alexander Fleming. However, the research 

interest in HDP-based antimicrobial therapy was only reinvigorated in 1980s during 

the wake of multidrug-resistant microbial pathogens and improvement in the isolation 

and characterisation techniques of HDPs (Wang, 2014). HDPs have been shown to 

exhibit broad-spectrum and rapid antimicrobial action, with low risk of developing 

AMR, but a number of barriers, including toxicity to host cells / tissues, have so far 

impeded the translation of HDP-based treatment to clinical use. In this study, we 

demonstrated that CaD23 could enhance the antimicrobial efficacy of commonly used 

antibiotics, including amikacin and levofloxacin, in a strong additive manner, against 

methicillin-sensitive and methicillin-resistant S. aureus when they were used in 

combination. This suggests that a lower treatment concentration of CaD23 and 

antibiotic can be used, serving as a useful strategy to reduce the concentration-

dependent drug toxicity that is often observed in clinical practice (Dua et al., 2012, 

Forster et al., 2005). 

 

Furthermore, the addition of CaD23 at sub-MIC level was able to expedite the 

antimicrobial action of amikacin by 2-4 times when used in combination. Theoretically, 

such beneficial effect can reduce the risk of developing AMR as the bacteria have 

less time to adapt and develop effective mechanisms against the antibiotics. Studies 

have shown that membrane-active peptides with rapid antimicrobial action have a low 

risk of developing AMR whereas conventional antibiotics are prone to developing 

AMR, especially when they are chronically used at a sub-MIC level (Mayandi et al., 

2020, Hancock and Sahl, 2006, Llor and Bjerrum, 2014). This is due to the fact that 

modification of the entire membrane of the microorganisms in response to 

membrane-active peptides incurs a high fitness cost when compared to alteration of 
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a particular binding site targeted by conventional antibiotics (e.g. alteration in the 

penicillin-binding protein reduces the efficacy of beta-lactam antibiotics) (Kapoor et 

al., 2017, Ting et al., 2020a). 

 

The advantageous strong additive effects of CaD23-amikacin and CaD23-

levofloxacin against Gram-positive bacteria are likely attributed the different 

underlying mechanism of action of these drugs. Amikacin is a commonly used 

aminoglycoside in clinical practice (including ophthalmology) that exhibits its 

antimicrobial activity via inhibition of the 30S ribosomal subunit whereas levofloxacin, 

a frequently used fluoroquinolone, kills bacteria by inhibiting the bacterial DNA gyrase 

(Krause et al., 2016, Ting et al., 2021h). It is likely that CaD23 interacts and 

permeabilises the cytoplasmic membrane of Gram-positive bacteria and facilitates 

the penetration of aminoglycoside and levofloxacin into the bacterial cells, enabling a 

more effective binding to the intracellular targets. However, none of the combinations 

exhibited an antagonistic effect, suggesting that both treatment work on separate 

targets. 

 

Interestingly, we did not observe the same antimicrobial additive effect when CaD23 

was used in combination with either amikacin or levofloxacin against Gram-negative 

bacteria. One of the main differences between Gram-positive and Gram-negative 

bacteria lies in the different compositions of the bacterial cell envelope (Silhavy et al., 

2010). While both types of bacteria have a cytoplasmic / inner membrane, Gram-

positive bacteria possess a thick peptidoglycan outer layer whereas Gram-negative 

bacteria possess an additional outer membrane, which is primarily composed of 

negatively charged lipopolysaccharides (in the outer leaflet of the outer membrane) 

(Kapoor et al., 2017). It is likely that CaD23 primarily acts on the inner cell membrane 

(of both types of bacteria), with a weaker interaction with lipopolysaccharides, thereby 
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explaining the additive effects of combined CaD23-antibiotic that were observed in 

Gram-positive bacteria but not in Gram-negative bacteria.  

 

On the other hand, our group had recently demonstrated that FK16 (a truncated 

version of LL-37) was able to enhance the antimicrobial activity of vancomycin against 

P. aeruginosa. Vancomycin is a glycopeptide antibiotic that has poor permeability 

against the outer membrane of Gram-negative bacteria (Antonoplis et al., 2019). It 

was hypothesised that FK16, a membrane-active peptide, permeabilises the outer 

membrane of the Gram-negative bacteria and improves the delivery of vancomycin 

to access periplasmic cell wall precursors and intracellular target. Antonoplis et al. 

(2019) had similarly demonstrated the synergistic effect in a vancomycin-arginine 

peptide conjugate in treating carbapenem-resistant Escherichia coli, likely through a 

similar mechanism of action described above. Kampshoff et al. (2019) observed a 

synergistic effect between ciprofloxacin and melimine (a highly cationic, hybridised 

peptide derived from melittin and protamine) against ciprofloxacin-resistant P. 

aeruginosa, but not against S. aureus or non-drug resistant P. aeruginosa. In addition, 

a synergistic effect was not observed in either melimine-cefepime (a fourth-

generation cephalosporin), Mel4 (truncated melimine)-ciprofloxacin, or Mel4-cefepim, 

highlighting the heterogeneous interactions among different types of peptides and 

antibiotics. 

 

Both SYTOX green uptake assay and MD simulation studies demonstrated that 

CaD23 achieved its antimicrobial activity via a membrane-permeabilising action. In 

the recent decades, MD simulations have been increasingly utilised in the process of 

drug discovery and development in many fields, including the field of HDPs (Durrant 

and McCammon, 2011, De Vivo et al., 2016, Li et al., 2017, Ting et al., 2020a, Li et 

al., 2012). They have been shown to predict the secondary structures of proteins / 

peptides, decipher the underlying mechanism of action, and identifying key residues 
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responsible for the protein-protein or protein-membrane interaction at an atomistic 

level (Li et al., 2017, Li et al., 2018, Tsai et al., 2009). As the chemical space of 

synthetic and natural HDPs is vast, MD simulation serves as a powerful tool to 

expedite the process of designing and optimising the peptide sequences as it reduces 

the need for repetitive microbiological assays and laborious screening of a large 

amount of peptide that is usually required in traditional mutation-based empirical 

methods. 

 

A number of key factors, including alpha-helicity, amphiphilicity, cationicity and 

hydrophobicity, have been described to influence the antimicrobial efficacy of HDPs 

(Ting et al., 2020a, Hancock and Sahl, 2006, Mookherjee et al., 2020). In our study, 

MD simulations have revealed a number of important findings pertaining to the CaD23 

molecule. Firstly, we observed a rapid adsorption of CaD23 on the negatively charged 

bacterial membrane during the early stage of the simulation (particularly at the N-

terminus where the Lys1 is located), highlighting the importance of cationicity in the 

CaD23 molecule. In contrast, the zwitterionic nature of the mammalian membrane 

exhibited a weaker interaction with CaD23. Secondly, we showed that CaD23 

adopted a more alpha-helical conformation on the bacterial membrane than the 

mammalian membrane, suggesting that alpha-helicity plays an important contributory 

role to the antimicrobial efficacy of CaD23.  In the helical conformation, the peptide 

displays high facial amphiphilicity, which resulted in a more favourable interaction with 

the bacterial membrane, with a deeper penetration of CaD23 into the bacterial 

membrane. This is in accordance with many studies in the literature that had 

highlighted the important correlation between alpha-helicity and antimicrobial efficacy 

observed in various natural and synthetic HDPs (Haney et al., 2019, Mookherjee et 

al., 2020).  The Trp18 residue at the C-terminal was shown to have a strong 

interaction with the bacterial membrane but not the Trp10 residue. This suggests that 

the Trp10 residue may potentially be substituted with a less hydrophobic residue such 
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as Leu or Ile to reduce the hydrophobicity and toxicity, and to improve its water 

solubility.  

 

Despite the many advantages of MD simulations described above, it is noteworthy to 

mention that the model bacterial membrane utilised in the current MD simulation is 

only representative of the inner membrane of the Gram-positive and Gram-negative 

bacteria. Atomistic models have been developed for bacterial outer membrane and 

several studies have been carried out to understand the structural dynamics of the 

outer membrane (Pontes et al., 2012, Li et al., 2020a, b). However, MD simulations 

with outer membrane is out of the scope of this study as CaD23 was mainly 

efficacious against Gram-positive bacteria.  

 

In summary, this work demonstrated that CaD23 is a membrane-active peptide that 

has the ability to enhance the antimicrobial action of commonly used antibiotics such 

as amikacin and levofloxacin, potentially offering a new therapeutic strategy for Gram-

positive bacterial infection. Further in vivo studies to validate these results would be 

invaluable. In addition, MD simulation serves as a useful computational tool in 

deciphering the underlying mechanism of action and guiding the design process of 

HDPs. 
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CHAPTER 9 

CONCLUSIONS 

 

9.1. Discussion 

Infectious keratitis (IK) represents a significant ocular morbidity in both developed and 

developing countries. In this work, a multi-pronged approach was employed to 

advance the knowledge and treatment of IK, including: (1) an up-to-date review of IK 

and host defense peptides (HDPs); (2) a comprehensive analysis of the 

epidemiological and clinical aspects of IK in Nottingham, UK; (3) systematic reviews 

of current and emerging adjuvant surgical procedures for IK; and (4) developing a 

new therapeutic approach for managing IK using HDP-based treatment. The 

significance of this body of work is discussed below. 

 

9.2. Significance of the work 

9.2.1. The Nottingham Infectious Keratitis Study 

In Chapters 2-4, an extensive and comprehensive analysis of the epidemiology, 

causative microorganisms, risk factors, clinical characteristics, management, 

outcome and prognostic factors of IK in Nottingham, UK, over the past decade was 

performed. To date, there were only two studies that had examined the incidence of 

IK in the UK, which was estimated at 3.6 – 52.1 per 100,000 population/year during 

the period of 1995 – 2010  (Seal et al., 1999, Ibrahim et al., 2012). However, these 

studies were performed more than a decade ago. This recent Nottingham Infectious 

Keratitis Study serves as the most up-to-date examination of the incidence of IK in 

the UK over the past decade. The incidence was estimated at 34.7 per 100,000 

population in Nottingham, UK, over the past decade, which was similar to the findings 
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of the previous studies, suggesting that IK represents a persistent burden on human 

health in the UK. However, it is noteworthy to highlight that the incidence was 

estimated based on patients who had undergone corneal scraping for presumed IK. 

Therefore, the true incidence of all types of IK was likely to be underestimated as 

cases of milder IK or viral keratitis are usually managed without any corneal scraping. 

In addition, the culture yield was only 36%, which was a common issue highlighted in 

many other IK studies. This not only affects the evaluation of the underlying 

organisms but also affects the choice of antimicrobial treatment, particular in patients 

that do not respond to the initial broad-spectrum antimicrobial therapy. Increased 

effort needs to be invested in the diagnostic modality of IK in the near future to enable 

a more effective antimicrobial treatment in clinical practice. Reassuringly, the current 

broad-spectrum antimicrobial treatment provides a good antibiotic coverage to most 

bacteria, though ongoing surveillance of antimicrobial resistance is necessitated.  

 

The Nottingham Infectious Keratitis Study also highlighted Pseudomonas aeruginosa 

and Staphylococcus aureus as the two most common organisms responsible for IK 

in Nottingham, which is similar to several other UK studies. Therefore, development 

of newer treatment targeting these common organisms is likely to reap the maximal 

benefit. This finding also supported the subsequent part of this work on developing a 

new HDP-based treatment focussing on S. aureus and P. aeruginosa. 

 

In terms of clinical outcome, this study showed that the presenting vision and the 

initial severity of IK were the main prognostic factors for final visual outcome and 

corneal healing time. This highlights that prevention is more important than cure for 

IK. As ocular surface diseases and contact lens wear were shown to be the two most 

common risk factors, development of better preventative and monitoring strategies 

for these higher risk groups of patients are required. 
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9.2.2. Systematic reviews on adjuvant surgical treatment for 

infectious keratitis 

In the Nottingham Infectious Keratitis Study, it was found that 16% of the patients 

required additional adjuvant surgical treatment. However, the effectiveness and 

safety of these adjuvant surgical treatment, including photoactivated chromophore for 

infectious keratitis-corneal collagen cross-linking (PACK-CXL) and amniotic 

membrane transplant (AMT), has not been fully assessed. To address this issue, two 

separate systematic reviews and meta-analyses were conducted to examine the role 

of adjuvant PACK-CXL and adjuvant AMT in IK, in addition to the standard 

antimicrobial treatment. 

 

The meta-analyses demonstrated that these surgical procedures were able to 

expedite the corneal healing of IK in clinical setting, serving as useful adjuvant 

treatment for IK. However, the quality of evidence was low due to the risk of bias 

identified in the included randomised controlled trials (RCTs), highlighting the need 

for further high-quality RCTs. Another common problem is the lack of standardisation 

of the outcome reporting in IK clinical trials. The lack of high-quality evidence and the 

issues highlighted in these systematic reviews help form the basis for future RCTs in 

these areas.  

 

9.2.3. Development of human-derived hybrid host defense peptides 

for treating infectious keratitis 

Since the increased discovery of host defense peptides (HDPs) in nature during early 

1980s, immense research effort has been invested in realising the therapeutic 

potentials of HDPs in clinic (Haney et al., 2019, Ting et al., 2020a, Wang, 2014). At 

the ocular surface, Dua’s group was the first to discover and profile the spectrum of 

HDPs, including human cathelicidin (LL-37) and human beta-defensins (HBDs)-1 to 
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-3 (Haynes et al., 1998, 1999). Subsequently, the important roles of HDPs during IK 

were further observed and substantiated by several research groups (Haynes et al., 

1998, Huang et al., 2007a, Huang et al., 2006, Huang et al., 2007b, Abedin et al., 

2008, Dua et al., 2014, Mohammed et al., 2020, Mohammed et al., 2010, Mohammed 

et al., 2011). These novel observations have led to the conception of rational 

hybridisation of LL-37 and HBD-1 to -3 to enhance the therapeutic efficacy of these 

molecules.  

 

In this work, a number of strategies and tools were employed to improve the 

therapeutic efficacy and safety of the designed hybrid peptides via a systematic 

approach, including modification of the cationicity, hydrophobicity, alanine scanning 

and C-terminal modification. In addition, a combination of experimental and molecular 

dynamics (MD) simulations studies were used to further examine the underlying 

mechanism of action and to identify the key residues responsible for the efficacy and 

toxicity. Finally, the developed hybrid HDP, named CaD23, was tested in established 

corneal wound healing and bacterial keratitis murine models, which demonstrated 

relatively good antimicrobial efficacy. Furthermore, CaD23 demonstrated a strong 

additive effect when used in combination with conventional antibiotics against Gram-

positive bacteria, offering a potentially new therapeutic strategy in the future.  

 

9.3. Future directions 

While this work has generated a body of new and original findings in relation to IK, it 

has also created a number of new research questions that are worthy of further 

exploration and examination. 

 

One of the main issues in current clinical practice is the low and variable culture yield, 

which can have a significant negative impact on the management of IK. So far, a 
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number of novel and emerging technologies, including matrix-assisted laser 

desorption/ionisation-time of flight mass spectrometry (Singhal et al., 2015, Ting et 

al., 2020e), in vivo confocal microscopy (Chidambaram et al., 2018a), polymerase 

chain reaction (Somerville et al., 2020), next generation sequencing (Ung et al., 

2020a), and artificial intelligence-assisted platforms (Ting et al., 2021c), have been 

developed and/or implemented in clinical practice. Future studies comparing the 

efficacy of these new technologies with the current conventional microbiological 

method would be invaluable. 

 

So far, a number of HDP-based treatment have entered advanced (phase II/III) 

clinical trials, but none had reached the market due to regulatory hurdles (Fox, 2013, 

Boto et al., 2018). Nevertheless, many lessons have been learnt from past 

experience. One of the notable examples is MSI-78 or pexiganan, a magainin-derived 

HDP, which did not obtain the FDA approval after failing to demonstrate any 

superiority to the normal standard wound care with oral ofloxacin for infected diabetic 

foot ulcers in two phase 3 trials (Lipsky et al., 2008). Although the discouraging results 

have painted a gloomy outlook for HDP-based treatment at that time, a closer look at 

the development pathway of MSI-78 has shed light on the plausible reasons 

accounting for the failure. First, although the molecule demonstrated a broad-

spectrum antimicrobial activity against 3109 clinical isolates (with an average MIC90 

of 32 μg/ml or less) (Ge et al., 1999), the activity remained considerably weaker than 

the conventional antibiotics (Gottler and Ramamoorthy, 2009). Second, peptide-

based treatment including MSI-78 are more susceptible to proteolytic degradation 

when compared to the conventional small molecule antibiotics. This suggests that 

HDP-based treatment needs to be administered in a higher concentration to achieve 

the intended in vivo efficacy, which could inevitably lead to increased host toxicity. In 

addition, MSI-78 exhibits several favourable properties over conventional antibiotics, 

including low risk of developing AMR and good activity against MDR isolates (Ge et 
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al., 1999), but the phase 3 clinical trials of MSI-78 were conducted for mild infective 

diabetic foot ulcers which did not fully capitalise on these strengths. This highlights 

the importance of setting the right research question during the development of HDP-

based treatment. 

 

Learning from the previous (unsuccessful) experience, a plethora of strategies have 

been proposed and attempted to overcome the inherent limitations of HDP-based 

treatment, with enhanced antimicrobial efficacy, proteolytic stability, and cell 

selectivity (for microbial cells). Although the design of ideal HDPs is not governed by 

a single overarching rule (Haney et al., 2019), it is apparent from the literature that 

peptide design guided by the fundamental principles and systematic SAR analysis is 

able to yield potential efficacious peptide candidates with desired properties (Hilpert 

et al., 2005). In fact, de novo designed synthetic peptides were successfully 

developed purely based on Arg and Trp with 50% hydrophobicity and demonstrated 

significantly antimicrobial and anti-biofilm efficacies against MDR staphylococci 

(Mohamed et al., 2016). 

 

Based on the literature and the experience gained from this work, I have proposed a 

potential strategy in streamlining the drug discovery and development pathway of 

HDP-based treatment, starting from designing new HDP treatment to conducting well-

designed pre-clinical studies (Figure 9.1). So far, more than 3000 naturally occurring 

and synthetic HDPs (with reported antimicrobial and/or non-antimicrobial functions) 

have been discovered (Wang et al., 2016, Zhao et al., 2013); therefore, it would be a 

good strategy to use an existing template with proven effect as a starting point for 

designing a new HDP-based treatment. Alternatively, employing artificial intelligence 

technology in predicting potentially efficacious molecules could be utilised. Once a 

starting template is identified (either a linear peptide or a cyclic peptide), systematic 

SAR analysis of the sequence via rational substitution of specific residues is required 



 252 

to optimise the antimicrobial efficacy and cell selectivity toward microbial cells. If 

hybridisation strategy is used, functioning sequence of each single peptide should be 

first determined before being hybridised. This is then followed by further SAR analysis 

to determine the optimal sequence. 

 

Once the efficacy and safety are optimised, the next hurdle is to overcome the issue 

of proteolytic degradation, which could be achieved through the strategies (either 

singularly or in combination) mentioned in Figure 9.1. However, it is noteworthy to 

mention that the beneficial effects of these modifications may be unique to specific 

HDPs. In addition, antimicrobial efficacy and/or microbial cell selectivity of the HDPs 

may also be affected during the modification. Subsequently, the potential lead 

compound should be validated in in vitro conditions mimicking the physiological or 

host disease environment. For instance, when designing HDP-based treatment for 

corneal infection, the designed HDPs should be tested in tear fluid or in salt of 

physiological concentration, which are known to affect the efficacy and stability of 

HDPs. The findings enable a better prediction of the in vivo results and help minimise 

the unnecessary use of animals (Mannis, 2002). Finally, well-designed pre-clinical 

studies need to be performed with appropriate sample size calculation and 

positive/negative controls, which will increase the success rate of clinical trials. For 

example, efficacy of the designed HDP needs to be compared with antibiotic 

treatment that reflects the current clinical practice for the disease of interest. 

Otherwise, subsequent clinical trials are likely to fail and necessary regulatory 

approval will not be obtained. 

 

Ideally, it is best to optimise the previous steps before progressing to the next step. 

For instance, validating the potential lead compound in in vitro conditions mimicking 

physiological environment is crucial before proceeding to pre-clinical studies. 

Modification strategies proposed in each step may also be applicable to other steps. 
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For example, introduction of unnatural amino acids primarily improves the proteolytic 

stability but may also enhance the antimicrobial efficacy (Arias et al., 2018), and 

incorporation of HDPs with nanoparticles may reduce host toxicity as well as improve 

bioavailability. In addition, several strategies may be employed in combination to 

achieve the intended therapeutic effect and stability. Future work on using utilising 

these proposed strategies to further enhance the hybrid HDPs developed in this work 

will be valuable.  

 

There are also increasing reports examining and exploiting the strategy of using 

peptide-antibiotic combination to counter AMR, increase the lifespan of conventional 

antibiotics and HDPs, as well as to reduce the undesired toxicity to host tissues 

(Pizzolato-Cezar et al., 2019, Lakshminarayanan et al., 2016, Mohammed et al., 

2019, Lewies et al., 2019). The synergistic effect of peptide-antibiotic combination 

treatment is likely attributed to the different underlying mechanism of action whereby 

the membrane perturbation effect of peptides facilitates the passive diffusion of 

conventional antibiotics into the cells for intracellular targeting action (Pizzolato-Cezar 

et al., 2019).  

 

 



 254 

Figure 9.1. Strategies for translating the therapeutic potential of HDP-based treatment.        
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Although HDP-based treatment has long been envisioned as a novel solution to 

tackle AMR, emerging evidence are suggesting that HDPs could also develop AMR, 

albeit with a lower risk than the conventional antibiotics (Moravej et al., 2018, Haney 

et al., 2019). Spohn et al. (2019) have highlighted the influence of physicochemical 

characteristics of HDPs, including the proportion of polar amino acids, cationicity, and 

hydrophobicity, on the risk of developing HDP-related AMR, thereby providing 

invaluable insights into the design of future HDPs. Reassuringly, cross resistance 

between HDPs was found to be limited to those with similar modes of action, 

underscoring the importance and necessity of having HDPs with different 

antimicrobial mechanisms within the therapeutic armamentarium of antimicrobials 

(Kintses et al., 2019). 

 

With the advancement in peptide design strategy, synthesis techniques and AI 

technology, it is hopeful that clinical deployment of HDP-based treatment for a range 

of diseases will soon become a reality. However, further studies will need to be 

conducted to decipher the mechanism of HDP-related AMR in order to prepare for 

the potentially self-perpetuating vicious cycle of AMR in the future. 

 

Upon completion of this work, I have plans to perform further research on the following 

areas: 

1. To examine the demographic factors, clinical characteristics, risk factors, 

outcome and prognostic factors of fungal keratitis and Acanthamoeba keratitis 

in the UK. 

2. To evaluate the psychosocial impact of IK on the affected patients. 

3. To standardise the outcome reporting of IK in clinical trials. 

4. To investigate the antimicrobial activity of the developed hybrid peptides 

against other types of microorganisms, including drug-resistance bacteria, 

fungi and Acanthamoeba. 
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5. To examine the pharmacokinetics/pharmacodynamics of the developed 

hybrid HDPs. 

6. To advance the lead hybrid HDPs toward clinical trials with an aim to bring the 

therapy to the clinic.  

 

9.4. Conclusion 

IK is a major cause of blindness in the world. As the condition often affects one eye 

only, the true impact of the condition is often underestimated based on the current 

definition of visual impairment and blindness. A systematic approach in improving and 

expanding the diagnostic and therapeutic armamentarium of IK. In view of the broad-

spectrum activity and low risk of developing AMR, HDP-based therapy holds great 

promise as a novel class of antimicrobial agent for treating local and systemic 

infections, including those that are affected by drug-resistant pathogens. Future in 

vivo work and clinical trials are required to translate the developed hybrid HDPs to 

clinical use.  
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update on epidemiology, causative microorganisms, risk factors, and 

antimicrobial resistance. Eye (Lond). 2021;35(4):1084-1101. (Chapter 1) 

2. Ting DSJ, Beuerman RW, Dua HS, Lakshminarayanan R, Mohammed I. 

Strategies in translating the therapeutic potentials of host defense peptides. 

Front Immunol. 2020;11:983. (Chapter 1) 

3. Ting DSJ, Mohammed I, Lakshminarayanan R, Beuerman RW, Dua HS. Host 

defense peptides at the ocular surface: The roles in health and diseases, and 

therapeutic potentials. Front Med. 2021; (Submission) (Chapter 1) 

4. Ting DSJ, Gopal BP, Deshmukh R, Said DG, Dua HS. Diagnostic 

armamentarium of infectious keratitis: A comprehensive review. Ocul Surf. 

2021;23:27-39. (Chapter 1) 

5. Ting DSJ, Ho CS, Cairns J, Elsahn A, Al-Aqaba MA, Boswell T, Said DG, Dua 

HS. 12-year analysis of incidence, microbiological profiles, and in vitro 

antimicrobial susceptibility of infectious keratitis: The Nottingham Infectious 

Keratitis Study. Br J Ophthalmol. 2021;105(3):328-333. (Chapter 2) 

6. Ting DSJ, Ho CS, Cairns J, Gopal BP, Elsahn A, Al-Aqaba MA, Boswell T, 

Said DG, Dua HS. Seasonal patterns of incidence, demographic factors, and 

microbiological profiles of infectious keratitis: The Nottingham Infectious 

Keratitis Study. Eye (Lond). 2021;35:2543-2549. (Chapter 3) 

7. Ting DSJ, Cairn J, Ho CS, Gopal BP, Krstic L, Elsahn A, Lister M, Said DG, 

Dua HS. Risk factors, clinical outcomes and prognostic factors of bacterial 

keratitis: The Nottingham Infectious Keratitis Study. Front Med. 2021;8:715118. 

(Chapter 4) 



 341 

8. Ting DSJ, Henein C, Said DG, Dua HS. Photoactivated chromophore for 

infectious keratitis-corneal collagen cross-linking (PACK-CXL): A systematic 

review and meta-analysis. Ocul Surf. 2019;17(4):624-34. (Chapter 5) 

9. Ting DSJ, Henein C, Said DG, Dua HS. Effectiveness of adjuvant 

photoactivated chromophore for infectious keratitis-corneal collagen cross-

linking (PACK-CXL) versus standard antimicrobial treatment for infectious 

keratitis: A systematic review protocol. JBI Evid Synth. 2020;18(1):194-9. 

(Chapter 5) 

10. Ting DSJ, Henein C, Said DG, Dua HS. Re: Prajna et al.: Cross-linking-

assisted infection reduction: A randomized clinical trial evaluating the effect of 

adjuvant cross-linking on outcomes in fungal keratitis (Ophthalmology 

2020;127:159-166). Ophthalmology. 2020;127(8):e55-e56. (Chapter 5) 

11. Ting DSJ, Henein C, Said DG, Dua HS. Amniotic membrane transplant for 

infectious keratitis: A systematic review and meta-analysis. Sci Rep. 

2021;11:13007. (Chapter 6) 

12. Ting DSJ, Henein C, Said DG, Dua HS. Effectiveness and safety of early 

adjuvant amniotic membrane transplant versus standard antimicrobial therapy 

for infectious keratitis: A systematic review protocol. JBI Evid Synth. 

2020;18(8):1808-1814. (Chapter 6) 

13. Ting DSJ, Goh ETL, Mayandi V, Busoy JMF, Aung TT, Periayah MH, Nubile M, 

Mastropasqua L, Said DG, Htoon HM, Barathi VA, Beuerman RW, 

Lakshminarayanan R, Mohammed I, Dua HS. Hybrid derivative of cathelicidin 

and human beta defensin-2 against Gram-positive bacteria: A novel approach 

for the treatment of bacterial keratitis. Sci Rep. 2021;11:18304. (Chapter 7) 

14. Ting DSJ, Li J, Verma C, Said DG, Beuerman RW, Lakshminarayanan R, 

Mohammed I, Dua HS. Evaluation of host defense peptide (CaD23)-antibiotic 

interaction and mechanism of action: Insights from experimental and molecular 

dynamics simulations studies. Front Pharmacol. 2021;12:731499. (Chapter 8) 
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1. Ting DSJ, Fakae L, Mohammed I, Dua HS. Human-derived hybrid cathelicidin 

and human beta-defensin: A potential novel treatment for bacterial and 

Acanthamoeba keratitis. Poster presentation at the Oxford Ophthalmological 

Congress; 6 July 2021. 

2. Ting DSJ, Henein C, Said DG, Dua HS. Photoactivated chromophore for 

infectious keratitis-corneal collagen cross-linking (PACK-CXL): a systematic 

review and meta-analysis. Oral presentation at the Oxford Ophthalmological 

Congress; 6 July 2021. 

3. Ting DSJ, Said DG, Beuerman RW, Lakshminarayanan R, Mohammed I, Dua 

HS. Development of hybridised cathelicidin and human beta-defensin as novel 

treatment for Gram-positive bacterial keratitis. Oral presentation at the 

University of Nottingham Sue Watson presentation event; 28 May 2021. 

[Awarded the Sue Watson Presentation Award (Students’ Choice Prize)] 

4. Ting DSJ, Said DG, Nubile M, Mastropasqua L, Barathi VA, Beuerman RW, 

Lakshminarayanan R, Mohammed I, Dua HS. Hybrid derivative of cathelicidin 

(LL-37) and human beta-defensin against Gram-positive bacteria: A novel 

approach for the treatment of bacterial keratitis. ARVO 2021; 1-7th May 2021. 
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derived hybrid host defense peptide against Gram-positive bacteria: A novel 

approach for the treatment of bacterial keratitis. E-presentation at Oxford 
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therapeutic keratoplasty: A 15-year UK corneal transplant registry study. E-
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Appendix 1.  

Search strategy for PACK-CXL in MEDLINE 
1. Cross-link*.mp 
2. Crosslink*.mp 
3. CXL.mp 
4. KXL.mp 
5. Cross-Linking Reagents/ 
6. Riboflavin*.mp 
7. Vitamin B.mp 
8. Photosensiti*.mp 
9. Keratitis.mp 
10. Corneal infect*.mp 
11. Corneal ulcer*.mp 
12. Exp Keratitis/ 
13. Exp Corneal Ulcer/ 
14. 1 or 2 or 3 or 4 or 5 or 6 or 7 or 8 
15. 9 or 10 or 11 or 12 or 13 
16. 14 and 15 
17. Limit 16 to humans 
18. Limit 17 to yr=”2003 – 2019’ 

Search strategy for PACK-CXL in EMBASE 
1. Cross-link*.mp 
2. Crosslink*.mp 
3. CXL.mp 
4. KXL.mp 
5. Riboflavin*.mp 
6. Vitamin B.mp 
7. Photosensiti*.mp 
8. Exp cross linking/ 
9. Keratitis.mp 
10. Corneal infect*.mp 
11. Corneal ulcer*.mp 
12. Exp keratitis/ 
13. Exp corneal ulcer/ 
14. 1 or 2 or 3 or 4 or 5 or 6 or 7 or 8 
15. 9 or 10 or 11 or 12 or 13 
16. 14 and 15 
17. Limit 16 to humans 
18. Limit 17 to yr=”2003 – 2019” 
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Appendix 2. 
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Appendix 3.  

Search strategy for amniotic membrane transplant for infectious keratitis. 
 

Search strategy for MEDLINE  
19. Keratitis.mp 

20. Corneal infect*.mp 

21. Corneal ulcer*.mp 

22. Exp Keratitis/ 

23. Exp Corneal Ulcer/ 

24. 1 or 2 or 3 or 4 or 5 

25. Exp Amnion/ 

26. Amnion.mp. 

27. Amniotic membrane.mp. 

28. 7 or 8 or 9 

29. 6 and 10 

30. Limit 11 to humans 

 

Search strategy for EMBASE 
19. Keratitis.mp 

20. Corneal infection.mp 

21. Corneal infections.mp 

22. Corneal ulcer*.mp 

23. Exp keratitis/ 

24. Exp bacterial eye infection 

25. Exp amnion/ 

26. Amniotic membrane.mp 

27. 1 or 2 or 3 or 4 or 5 or 6  

28. 7 or 8 

29. 9 and 10 

30. Limit 11 to humans 

 

 


