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Résumé 

Le virus de l'herpès simplex de sérotype 1 (HSV-1) est la plus grande cause de 

l’aveuglement infectieuse dans les pays développés. Les infections cornéennes à HSV-1 ont 

plusieurs conséquences, comme la difficulté à éliminer l'infection virale et l'inflammation 

provoquant une plus grande opacité de la cornée. Une infection cornéenne a montré qu'il y a 

colocalisation des cellules souches et les cellules amplificatrices transitoires avec le virus, mais le 

HSV-1 était toujours abondant dans le limbe de l'œil. Pour combattre le virus, anciennes 

publications ont montré que LL37, une cathélicidine humaine, peut réduire la charge virale. Le 

GF19, un fragment de LL37 modifié pour favoriser la perméabilité, a été capable de réduire la 

charge virale in vitro et ex vivo, avec la possibilité d'avoir des effets thérapeutique et préventif. 

Pour combattre les conséquences inflammatoires, un agoniste cannabinoïde CB2r impliqué dans 

la modulation de la neuroinflammation, TA-A001, a été testé. Des souris ayant reçu des brûlures 

alcalines pour induire l’inflammation et ils ont montré de meilleurs résultats cliniques avec le TA-

A001 qu'avec le véhicule du médicament seul ou un corticostéroïde, la prednisolone. En 

conclusion, il apparaît que l’HSV-1 infecte rapidement le limbe, que le GF19 a pu réduire la charge 

virale, et que le TA-A001 a pu réduire l'inflammation en ayant peu d'effets secondaires. Une 

combinaison des traitements antiviraux et immunosuppresseurs administrés à la cornée pourrait 

être examinée plus pour combattre contre les infections à HSV-1 dans les yeux. 

 

Mots-clés : Infection à HSV-1, GF19, cornée, immunosuppression, cannabinoïdes. 
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Abstract 

Herpes Simplex Virus serotype 1 (HSV-1) is the most common cause of infectious blindness 

in developed countries. Little is known about the early events in HSV-1 ocular infections since the 

clinical symptoms often appear a week after infection. There are two significant consequences of 

HSV-1 corneal infection: the viral impacts of the disease and the inflammatory impacts. In mouse 

corneas, after HSV-1 infection, viruses localized in the limbal area of the cornea. However, there 

was no/little immunohistochemical co-localization with the stem cells or transient amplifying 

cells. Previous work has shown that LL37, a human cathelicidin, can reduce the viral burden. GF19, 

a fragment of LL37 with a modification to promote permeability, reduced viral loads in vitro and 

in ex vivo corneas. To combat the inflammatory consequences of HSV-1 infection, a cannabinoid 

CB2r agonist implicated in neuroinflammation modulation, TA-A001, was tested. Mice given alkali 

burns to induce inflammation showed better clinical results with TA-A001 than with the drug’s 

vehicle alone or a corticosteroid, prednisolone. In conclusion, it appears that HSV-1 quickly infects 

the limbus, GF19 was able to reduce viral burden, and CB2r agonists such as TA-A001 could reduce 

inflammation with few side effects. A combination of the anti-viral and immunosuppressant 

treatments could be a potential HSV-1 treatment. 

 

Keywords: HSV-1 infection, GF19, cornea, immunosuppression, CB2r agonist. 
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Chapter 1 – Introduction and Literature Review 

1.1. The human cornea 

 The human cornea is the transparent front of the eye that acts as the major lens for 

focussing light into the eye for vision. It consists of three main cellular layers, an outmost 

epithelium comprising of five to six cell layers, a stroma that consists mainly of extracellular 

matrix around a network of keratocytes arranged in layers or lamellae, and an innermost 

endothelium made up of a single layer of low cuboidal-shaped cells (1). The epithelial cells are 

constantly replenished from progenitor cells in its basal layer as well as transiently amplifying 

cells. The stem cells that give rise to the transiently amplifying cells are located in the limbus, 

which is immediately adjacent to the cornea, situated between the cornea proper and the 

conjunctiva (2). Figure 1 shows the layers of the cornea and the transition of the stem cells from 

the limbal crypts to the basal epithelium. 
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Figure 1. Structure and cell layout of the cornea and limbus. LESC: limbal epithelial stem cell, 

CSSC: corneal stromal stem cell, TAC: transient amplifying cell. Reproduced from Ashworth et al. 

Front. Cell Dev. Biol. 2021, by a Creative Commons Attribution licence (CC-BY) (3). 

 

 The cornea is avascular and is fully dependent upon its very dense network of nerves for 

trophic support. The cornea is supplied by sensory fibres that originate from the trigeminal 

ganglia (TG), which is also the major trophic supply (4). It also receives input from 

parasympathetic and sympathetic nerve fibres.  

 The cornea is burdened with a difficult task, to be transparent. This task is made difficult 

by the cornea being exposed to the environment, allowing for accidental exposure to noxious 

substances as well as possible infectious agents.  The corneal epithelial cells are coated with a 

tear film that comprises several aqueous and lipids layers of protective mucus. In addition, the 

epithelial cells secrete innate host defence peptides such as defensins and cathelicidins that help 

defend the cornea against injury or infection (5). 

 When the tear film and epithelium are breached, for example by pathogens or injury, 

inflammation can occur. If the damage is severe, the inflammation may become uncontrolled, 

and the cornea would be unable to effectively repair the damage (6). There may be loss of 

transparency due to light rays scattering off scars or pockets of fluid that are formed. The loss of 

transparency, when irreversible, results in vision loss or blindness. 

1.2. HSV-1 corneal infections 

 The Herpes Simplex Virus serotype 1 (HSV-1) is a double stranded DNA virus from the 

Herpesviridae family. HSV-1 can spread by direct contact of infected secretions to a vulnerable 

area such as the mucosal membranes or in lesions (7). HSV-1 is typically transmitted through oral-

to-oral contact and can cause cold sores around the mouth (8). It can also spread by respiratory 

droplets and by sexual transmission (8, 9). Beyond cold sores, HSV-1 can also cause sore throats, 

anorexia, cervical adenopathy, and mucosal edema from oral infections (10).  
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HSV-1 is the main serotype responsible for corneal infections. Corneal infections can be 

direct or can occur through transfer from the mouth to the cornea through the nerves originating 

from the trigeminal ganglia (TG) which innervate both the mouth (maxillary and mandibular 

branches) and the cornea (ophthalmic branch) (11-13). Infections that spread to the spread into 

the TG and central nervous system which can lead to encephalitis, a disease with a 70% mortality 

rate if untreated (9).  

 HSV-1 is the most common infectious cause of corneal blindness, in both developed and 

developing countries (14, 15). Globally, there are 1.5 million new cases of HSV keratitis (HSK), 

corneal inflammation caused by HSV infection, with roughly 40 thousand of those cases resulting 

in severe vision impairment each year (11). For severe cases, human donor corneal transplants 

are used to restore vision. There are two main aspects that HSK can divided into: the viral 

implications from the infection, and the inflammation associated with HSV infections. Beyond 

this, there is the need for corneal transplantation to drastically improve vision. 

1.2.1. Viral implications of HSV keratitis 

 The HSV-1 virus contains three main regions of interest, the envelope which expresses 

glycoproteins for viral entry into cells, the tegument which contains many proteins and nucleic 

acids to be released upon infection, and the nucleocapsid containing the viral genome inside. 

There are also two life cycles that HSV-1 can follow, a lytic and a latent cycle. During the lytic 

cycle, HSV-1 is actively producing more viral proteins, viral genomes and virions within the 

infected cells and will eventually result in cell lysis (16, 17). Additionally, HSV-1 is capable of 

infecting a large variety of cells, as shown with in vitro experiments (18-26). This is due to the 

variety of receptors capable of binding to the glycoproteins present on the surface of the virion 

(18-33). With so many cells susceptible to infection with a lytic virus, necrosis of many cells can 

occur resulting in necrotizing keratitis. Necrotizing keratitis is characterized by inflammation in 

the cornea, similar to other forms of keratitis, with the addition of a lot of active viruses in the 

cornea directly causing cell death (34, 35). This often occurs in the deeper regions of the cornea, 

the stroma, requiring higher doses of anti-viral drugs to control the infection. Due to the massive 
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cell death and scarring, the cornea becomes thinner and opaque, respectively. This increases the 

risk for corneal perforation (34).  

 Other forms of observed necrosis are much less understood. For example, limbal stem 

cell deficiencies (LSCD) are more likely to occur in people suffering with HSK (36). Cell cultures 

have shown that HSV-1 is capable of infecting and lysing stem cells, but it is unclear if this occurs 

in the host (23, 24). In humans, it has been observed that many HSK patients have a reduction of 

limbal stem cell populations, however it is not clear if the virus directly lysed these cells or if the 

infection caused a change in the environment which leads to a reduction of stem cells (37). This 

is highly problematic since these stem cells are needed to replenish the corneal epithelium with 

healthy cells  (38, 39). Furthermore, flowing limbal damage, neovascularization can occur in the 

cornea which can further promote inflammation and increase opacity (39). 

 Viral latency is also problematic, making the virus difficult to fully eliminate from a 

patient. During latency, HSV-1 remains within a host cell but does not produce more genomes or 

viral proteins. Instead, it produces latency associated transcripts which keeps the virus in a latent 

state (40). The latent HSV-1 is capable of spontaneous reactivation and production of viable 

virions. Since the latently infected cells are not producing viral proteins, immune cells have 

difficulty identifying these cells to clear the infection. HSV-1 latency often occurs within neurons, 

and that the TG often harbours latently infected cells (Figure 2) (41). Interestingly, there is some 

debate whether HSV-1 is latent in other cells within the eye, in particular, keratocytes (42, 43). 

The issue with latency is that even with the acute infection controlled, the latent virus can 

reactivate at any time and start a new acute infection in these patients, potentially causing 

further damage to the cornea, while at the same time being difficult to target.  



19 

 

Figure 2. HSV-1 eye infection, from primary infection to latency. HSV-1 initially infects the 

eye through the cornea then travels to the trigeminal ganglion (TG) where it establishes latency.  

Upon reactivation, virus travels back into the eye. Reproduced from Koganti et al. 

Microorganisms, 2019, by a Creative Commons Attribution licence (CC-BY) (44). 

 

1.2.2. Inflammation and immune implications of HSV keratitis 

 Ocular infections with HSV-1 engages the immune system which acts to reduce the viral 

load. However, a consequence of the ensuing inflammation is damage to the tissue. Many 

immune cells are capable of reducing the viral burden of the infection. For example, natural killer 

cells, innate lymphoid cells, dendritic cells, and macrophages all aid in reducing the viral burden 

(45-49). In addition to having direct effects on controlling the virus, dendritic cells and 

macrophages also function as antigen presenting cells and encourage the involvement of the 

adaptive immune system. In particular, CD8+ cytotoxic T cells are essential for clearing the initial 

infection but are also associated with lymphangiogenesis and scarring (50, 51). Even after all 

viruses are cleared, the inflammatory cascade does not always cease (52, 53). In cases of 

prolonged inflammation, the inflammation can lead to tissue damage and scarring, cause 
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opacities that impair vision (54). There is conflicting evidence as to whether CD4+ T cells and 

neutrophils help or worsen the pathogenesis of HSK. A neutrophil influx late in the acute infection 

is associated with the onset of severe clinical symptoms and corneal scarring, although 

neutrophils are beneficial early in the infection (55, 56). While CD4+ T cells clear the viruses, they 

can secrete cytokines that promote angiogenesis or further neutrophil recruitment that can 

worsen the disease (52, 57, 58). There is still a lot that is not properly understood about these 

cells and there is also controversy with regard to their involvement as some publications claim 

they reduce disease severity (55, 58). Apart from immune cells, epithelial cells are also able to 

respond to HSV-1 through toll like receptors (TLR), with TLRs 2, 3, 4, 7 and 9 being able to strongly 

respond to HSV-1, as well as cyclic GMP-AMP synthase (cGAS) and stimulator of interferon gene 

(STING) which detects intracellular DNA (59-64). 

 What is important for the pathology of HSK is not the initial inflammation during the acute 

phase of the infection, but the prolonged inflammation afterwards. There are multiple aspects 

that cause prolonged inflammation in the cornea following HSV-1 infection. One major factor is 

that HSV-1 remains latent within the corneal nerves originating from the TG (41). The virus can 

reactivate and infect cells within the cornea, causing additional inflammation which can then 

bring in additional damage to the eyes (41, 65). Unfortunately, the mechanisms involved for 

reactivation are not fully understood as there have been numerous potential triggers. For 

example, the number of HSV-1 genomes present in a latently infected cells and the genetics of 

both the virus and host all have an impact on the rate of reactivation (66-69). The host’s immune 

response also plays a role where a good interferon type 1 (IFN-1) response and certain HLAs on 

the major histocompatibility can reduce the rate of reactivation (70-72). Beyond genetic factors, 

many environmental factors have been correlated with increased rates of reactivation such as 

ultraviolet (UV) light, steroid drops, corneal transplantation surgery, and temperature changes 

(73-81). While the causes of reactivation are unclear, it is well established that recurrent HSV-1 

eye infections in general results in increased inflammation, corneal damage, and opacity. 

 In addition to being able to reactivate, HSV-1 has multiple ways to evade or take 

advantage of the immune system. HSV-1 is capable of avoiding many pathogen recognition 

receptors. For example, infected cell protein (ICP) 0, an immediate early viral protein, uses 
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ubiquitin-specific peptidase 7 (USP7) to deubiquitinate tumor necrosis factor receptor-associated 

factor 6 (TRAF6) and IκB kinase (IKK) γ (82). Both TRAF6 and IKK γ are important for TLR signaling 

and their inhibition reduces the effectiveness of TLR signalling, a pathway that can respond to 

HSV-1 infections (59-63). Additionally, the serine-threonine protein kinase US3 that is encoded 

by HSV-1 and is released from the viral tegument upon infection, where it blocks the 

accumulation of NF-κB in the nucleus. This decreases the effectiveness of TLRs, possibly leading 

to a decrease of IFN-1 expression as well as other pro-inflammatory cytokines (83). ICP0 also able 

inhibits other pathways such as the IFNAR-JAK-STAT signaling pathway that is responsible for 

responding to IFN-1. ICP0 can directly bind to STAT1 which is downstream of the IFN receptors 

and is important for mounting a response to IFNs by producing IFN-stimulated genes (84). cGAS-

STING can also be targeted by UL41, a HSV-1 tegument protein, and can diminish the expression 

of IFN-1 by reducing the accumulation of cGAS (64). These are some mechanisms that HSV-1 uses 

to evade IFN-1 (Figure 3). In addition, complement, DNA damage responses, stress granules and 

necrosis are other innate host defenses that can be inhibited by HSV-1 (85-88). 
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Figure 3. Immune evasion strategies of HSV-1 on the TLR pathways. HSV-1 has multiple 

proteins capable of reducing the signalling from the TLR pathway. Importantly, this reduces in the 

amount of IFN-1 and other pro-inflammatory cytokines produced by infected cells which are 

crucial for an anti-viral response. For p50 and p65 to promote production of IFN-1, IRF3 or IRF7 is 

required (not shown). Solid lines indicate confirmed interactions between adaptors and HSV-1 

proteins. Dashed lines indicate uncertain interactions or that the underlying mechanism is 

unknown. CBP: CREB-binding protein, P: phosphate, U: ubiquitin. Reproduced from Zhu et al. 

Microbiol Mol Biol Rev. 2020, by a Creative Commons Attribution licence (CC-BY) (89). 

 

 Not only can HSV-1 interfere with many pathogen recognition receptors, either directly 

or downstream, but it can also interfere with immune cells. To avoid activating the adaptive 

immune system, HSV-1 has evolved a few mechanisms to inhibit major histocompatibility 
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complex II (MHC II) activity. Infected cells show a reduction in the amount of invariant chain 

present, which is important for the proper formation of MHC II (90). In addition to reducing the 

abundance of the invariant chain, glycoprotein B competes with the invariant chain to bind to 

HLA-DR and HLA-DM, further preventing antigen presentation (90). The direct effectiveness of 

immune cells can also be targeted by HSV-1, especially for dendritic cells. When infecting 

immature dendritic cells, many inflammatory markers such as CD1a, CD40, CD80 and CD86 are 

down regulated (91). Dendritic cell maturation is inhibited, leading to viral susceptibility in 

surrounding cells (92, 93). With such a large range of immune evasion techniques, it is very 

difficult for the immune system to clear the virus, often resulting in prolonged inflammation.  

 

1.3. Treatments for HSV-1 corneal infections 

1.3.1. Targeting HSV-1 viruses and current anti-viral drugs 

 The most common anti-viral drugs to treat HSV-1 infection are acyclovir (ACV) and its 

derivatives. ACV targets the thymidine kinase made by the virus (94). Once phosphorylated by 

the thymidine kinase, ACV and its derivatives compete with deoxyguanosine trisphosphate to be 

inserted into the viral genome, causing premature termination of DNA replication (95). Since 

these drugs require phosphorylation by a viral kinase, there is very little cytotoxicity in healthy 

cells. The main problem with ACV is its poor bioavailability and its water solubility. Ganciclovir, a 

derivative of ACV, has a similar mechanism of action but is water soluble, allowing for the use of 

lower concentrations of the drug (96).  

 While ACV and its derivatives can significantly reduce the amount of virus and 

reoccurrence of HSV-1 infections, prophylactic use is not efficient. For example, 23.1% patients 

on ACV prophylaxis were reported to have a reoccurring HSV-1 related ocular disease (97). 

Additionally, resistance to ACV is increasingly becoming more common in patients and is 

particularly an issue in immune compromised patients whose immune system may not be able 

to handle the virus (98, 99). Furthermore, the drugs block viral replication and does not clear 

latent virus. Also, the poor uptake of the drugs in the cornea necessitates the use of systemic 

drugs that require high concentrations to reach the cornea (100). These higher doses may lead 
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to undesirable side effects such as nausea, vomiting, diarrhea, blurred vision, punctuate keratitis, 

eye irritation, and kidney damage (101-105). 

 Foscarnet is often used alongside ACV. It has a different mechanism of action, interfering 

with the pyrophosphate binding site of DNA polymerases (106). Foscarnet has a few problems 

though, such as not being reliant on a viral protein to be active, and therefore, it is more cytotoxic 

than ACV. Additionally, herpes viruses have become resistant to foscarnet, leading to an increase 

in viruses being resistant to both foscarnet and ACV (107). More experimental treatments include 

blocking Akt signaling using BX795, DNA aptamers binding to glycoprotein D, neutralizing 

antibodies against glycoproteins, cleaving heparan sulfate using OGT 2115 which prevents viral 

release and cationic peptides (108-113).  

 

1.3.1.1. Cathelicidins as an alternative to acyclovir 

 The innate immune system in humans includes the cationic host defense peptides also 

referred to as antimicrobial peptides (AMPs) such as cathelicidins and defensins. Cathelicidins 

function by inserting themselves into membranes through hydrophobic interactions causing 

membrane disruption. As they are highly cationic, they are more attracted to negatively charged 

membranes (114). Healthy host cells are protected from these cathelicidins since their outer 

membranes mostly consists of a neutral charge that does not attract the AMPs. The presence of 

cholesterol also makes it difficult for AMPs to insert themselves into the membrane (115). 

Humans only have one cathelicidin, LL37, which is produced by epithelial cells, including the 

corneal epithelial cells, and neutrophils (116, 117). Beyond having direct anti-pathogen effects, 

LL37 also has immunomodulatory effects. LL37 is able to promote macrophage differentiation to 

an M1 phenotype, which is helpful for clearing viral infections (118). Additionally, LL37 is able to 

enhance TLR activation, which is important for responding to viruses and producing IFN-1 (119-

121). A summary of the effects of LL37 can be found in Figure 4. 

 When tested in cell cultures, LL37 was shown to reduce the viral activity of HSV-1 (122). 

Additionally, smaller bioactive fragments of LL37 have been tested on other viruses with some 
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success. Of interest is GF17, which has anti-viral effects against Ebola virus and Zika virus (123, 

124). Cell viability studies showed that the half maximal effective concentration (EC50) was 

greater then 50µM compared to the EC50 of >2µM for LL37 (123, 125). These results suggest that 

the smaller LL37 fragments retain their anti-viral abilities while being less cytotoxic.  

 

Figure 4. Immune modulating effects of LL37. Treatment with LL37 can promote an M1 

macrophage phenotype, immune cell infiltration, promote IFN-1 production, and promotes 
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neutrophil NETosis. Reproduced from Kahlenberg et al. J Immunol. 2013, by a Creative Commons 

Attribution licence (CC-BY) (126). 

 

1.3.2. Corticosteroid treatments for HSV keratitis 

 Topical corticosteroids are the main immunosuppressants used to control the 

inflammation from HSK (127). They are given in addition to an anti-viral treatment to minimize 

the severity of the disease progression (128, 129). Corticosteroids function by binding to 

glucocorticoid receptors that modulate over 5000 genes and exert immunosuppressant effects 

(130). Beyond HSK, corticosteroids are used in many ocular diseases such as uveitis, retinitis, 

scleritis, trauma and post-operative medication (131-135). Despite their widespread use, they 

have many notable side effects. The more concerning side effects are glaucoma, cataracts, and 

enhancement of infectious diseases (Figure 5).  

 In the case of glaucoma, corticosteroids can impact the trabecular meshwork by 

increasing the amount of extracellular material deposited that in turn blocks the aqueous outflow 

(136). With reduced outflow, the intraocular pressure (IOP) can build up, putting stress onto the 

optic nerve, resulting in damage and decreased vision.  

 For cataracts, it is unclear how corticosteroids affect the lens. There is speculation that 

steroids may bind directly to the lens and their build-up leads to decreased clarity and eventually 

cataracts (137, 138). Recent evidence from the lens suggests that corticosteroids cause apoptosis 

and prevent lens epithelial cells from differentiating fully (139, 140).  

 Finally, the enhancement of infectious diseases by corticosteroids can be broken into two 

parts, decreased wound healing and increased risk of infections. The corticosteroid treatment 

can delay the healing of cornea epithelial defects in rabbits (141). Furthermore, treatments can 

also induce the reactivation of latent HSV-1, although the mechanism is still unclear (142, 143). 

Interestingly, despite these disadvantages, corticosteroid treatment is still highly recommended 

for HSK patients seeing as the advantages outweigh the potential downsides, highlighting the 

need for immunosuppressants.  
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Figure 5. Side effects of corticosteroid use on the eye. Corticosteroids are associated with 

increased IOP, HSV-1 reactivation, and cataracts. Created in BioRender.  

 

1.3.2.1. Cannabinoid receptor agonists as an alternative to corticosteroids 

 Interesting alternatives to corticosteroids are the agonists to cannabinoid receptors 1 and 

2 (CB1r and CB2r). CB1r and CB2r are common in the human cornea, limbus, and conjunctiva and 

have been shown to play a role in wound healing (144, 145). In a dry eye disease model, 

treatment with CB1r and CB2r agonists resulted in better corneal health, with increased nerve 

fiber length and decreased T cell infiltration compared to the non-treated (146). In a mouse 

model involving a corneal wound, CB2r had higher expression after the wound and the deletion 

of CB2r in vivo resulted in slower wound healing (147). For corneal inflammation, a study 

performing alkali burns on the cornea to induce inflammation observed less immune cell 

infiltration within the stroma and less scaring compared to knockout mice lacking corneal 

cannabinoid receptors (148). Additionally, cannabinoids can reduce IOP by promoting the 

aqueous outflow, with a lower IOP reducing the risks of developing glaucoma (149). One way it 

does this is by upregulating enzymes that degrade extracellular matrix at the trabecular 

meshwork (150, 151). Additionally, there is some evidence that CD1r and CD2r agonists, in 

addition to 5-HT1A, can reduce pain as observed in a mouse study where treated mice blinked, 
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squinted, and rubbed their eyes less frequently (152). Negative side effects from ocular 

cannabinoid treatments are not yet fully understood. In rabbit corneas, it was observed that CB1r 

signaling promoted corneal neovascularization, while reduced neovascularization was observed 

with CB1r activity was blocked (153). While neovascularization is often associated with 

inflammation, many studies report a reduction of inflammation with CB1r activation (144-152). 

Additionally, the study reporting on the neovascularization did not examine inflammatory 

markers beyond indicators for neovascularization (153).  All together, CB1r and CB2r are very 

promising routes to supress inflammation, especially CB2r which plays an important role in 

wound healing, but further works needs to be done to fully understand what is occurring within 

the cornea, both positive and negative effects (144-153).  
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Chapter 2 – Memoire Research Summary 

2.1. Rationale 

Ocular HSV infections result in 40 thousand annual cases of severe vision impairment 

globally and are the most significant cause of corneal blindness. Current treatments available for 

HSV keratitis patients try to reduce the viral burden and the undesirable inflammation of the 

disease. However, approved anti-viral treatments have difficulty entering into the deeper regions 

of tissues, and there is a rise of resistant viral strains. Immunosuppressants reduce inflammation 

but are linked with viral reactivation as well as negative side effects such as glaucoma. Early 

events of HSV-1 corneal infections were examined to address these concerns and test 

alternatives to approved anti-virals and immunosuppressants. 

 

2.2. Objectives  

Objective 1. Identify trends in early HSV-1 eye infections and an anti-viral treatment based on 

naturally occurring host defence peptides for efficacy against HSV-1. 

Objective 2. Reduce inflammation using TA-A001, a CB2r agonist, as an alternative treatment to 

corticosteroids following a corneal alkali burn. 

 

2.3. Contributions 

This memoire was written by Marc Groleau, with constructive criticism and corrections 

from Dr. May Griffith. All experiments and quantifications were performed by Marc Groleau 

unless otherwise stated.  

Understanding and treating HSV-1 ocular infections 

 GF19 was designed by Dr. Kamal Malhotra and synthesized by Dr. Marcelo Muñoz. GF19 

SiO2 nanoparticles (NP) encapsulation was performed by Dr. Bijay Poudel and Dr. Kamal 
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Malhotra. Dr. Fiona Simpson and Dr. Elle Edin made the CLP-LCPP hydrogels. Félix Lombard-

Vadnais assisted in BMDCs analysis.  

Treating ocular inflammation with a CB2r agonist  

 A combination of Marc Groleau, Natalia Callai Da Silva, Dr. Naoufal Akla, and Dr. Bijay 

Poudel performed the alkali burns, clinical exams, and treatments on the mice. Flat mount vessel 

staining was performed by Dr. Naoufal Akla, imaging and quantification were performed by Marc 

Groleau. Fluorescein quantification was performed by Neethi Thathapudi. Félix Lombard-Vadnais 

and Capucine Bourel assisted in qPCR analysis.  
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Chapter 3 – Methods 

3.1. Viral stock and titration 

 The HSV-1 McKrae strain was used for this study (a gift from D.J. Carr, Univ. of Oklahoma 

Heath Sciences Centre, Oklahoma, USA). Virus was plaque purified before usage. Virus 

propagation was performed in Vero cells (ATCC, CCL-81) using DMEM-Hi glucose (Sigma-Aldrich, 

St. Louis, MO, USA) supplemented with 10% fetal bovine serum (FBS) (Wisent, St-Bruno, QC, 

Canada) and penicillin-streptomycin (Gibco, Thermo Fisher Scientific, Waltham, MA, USA). Virus 

was collected after 3 days of infection, mixed with equal volume milk and freeze-thawed four 

times using dry ice. Stocks were maintained at -80°C until their usage. 

 Viral titers were performed by growing Vero cells in either 6 or 12 well plates with DMEM-

Hi glucose supplemented with 10% FBS and penicillin-streptomycin. Once cells were 90-95% 

confluent, the media was removed and serum free media containing the virus at varying 

concentrations were added. Cells were incubated with the virus for one hour, with shaking every 

15 minutes. The viral suspension was removed, and the cells were rinsed with 0.01M PBS and an 

overlay was applied. A liquid overlay was used, consisting of 1.2% Avicel (Sigma-Aldrich, St. Louis, 

MO, USA) in DMEM-Hi glucose (154). After 3 days, the liquid overlay was removed, and cells were 

fixed with 10% formaldehyde for 30 minutes. 0.5% crystal violet was used to stain the cells and 

count the plaques. 

3.2. Ex vivo HSV-1 infections  

 Eyes from 30 Tg(TIE2GFP)287Sato/J mice (Aged 5 to 44 weeks) were excised. Eyeballs 

were rinsed with 0.01M PBS containing 3x penicillin-streptomycin and placed randomly into a 96 

well plate with culture media: DMEM-Hi glucose, 10% FBS and penicillin-streptomycin. A 2mm 

diameter biopsy punch was used to scratch the corneas of the mice. Eyes were infected with 

varying amounts of HSV-1 diluted in DMEM-Hi glucose for an hour, with shaking every 15 

minutes. Following the infection, the eyes were rinsed with 0.01M PBS and submerged in culture 

media. The eyes were cultured for 48 hours before being fixed with 4% paraformaldehyde (PFA) 

in 0.1M tris buffered saline (TBS) overnight at 4°C and used for flat mount staining. This was also 
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performed using two research-grade human corneas, which were not suitable for grafting, and 

were obtained from the "Banque d’yeux du Centre Universitaire d’ophtalmologie (CUO)” eye 

bank (CHU de Québec, QC, Canada). Eyes were cut into sixths and placed into 12 well pates. 

Infection and fixation procedure was the same as the mice. After fixation, the corneal wedges 

were put through a sucrose gradient from 5 to 20% sucrose diluted in 0.1M TBS and frozen in 

optimum cutting temperature using liquid nitrogen.  

3.3. Ex vivo corneal infections for flow cytometry analysis 

 Eyes from 6 C57BL/6J mice (6 to 12 weeks old) were removed and rinsed with 0.01M PBS 

containing 3x penicillin-streptomycin. The corneas were dissected with a small surrounding 

scleral rim and separated from the rest of the globe. Corneas were completely submerged in 

DMEM-Hi glucose containing either 103, 104, 105 or no virus. After 1 hour in the initial infection 

media, eyes were rinsed in 0.01M PBS and incubated in DMEM-High glucose with 10% FBS and 

penicillin-streptomycin for two days. Corneas were digested in 4mg/mL collagenase from 

Clostridium histolyticum (Sigma-Aldrich, St. Louis, MO, USA) for an hour at 37°C with shaking 

every 10 minutes. A single cell suspension was obtained by using a plunger from a 3mL syringe 

and mashing the corneas against 70µm cell strainer. A live/dead stain was performed using 

Zombie Aqua Fixable Viability Kit (BioLegend, San Diego, CA). Samples were then fixed and 

permeabilized (Becton, Dickinson and Company, Franklin Lakes, NJ, USA) and stained for HSV-1 

and p40 - DeltaNp63 (Table 1). A BD LSR II was used on all the samples and were analyzed using 

FlowJo software (Becton, Dickinson and Company, Franklin Lakes, NJ, USA). High expressing cells 

with HSV-1 or p40 - DeltaNp63 was observed in live, singlet cells. 

3.4. In vivo HSV-1 infections 

 With ethical permission from the Animal Care and Use Committee of Maisonneuve-

Rosemont Hospital, 12 Swiss Webster (CFW) mice were used to test two concentrations of HSV-

1. Mice underwent clinical assessments before the infection. These tests included 

aesthesiometry, optical coherence tomography (OCT) and brightfield imaging in both eyes to 

verify that the eyes were in a healthy condition. Mice were anaesthetised with isoflurane and 

their right corneas were scratched using a 2mm diameter biopsy punch. A 10µL drop of either 
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104 PFU or 5×104 PFU diluted in 0.01M PBS was added to the right eye. Following the initial 

infection, mice were given Tobramycin (DIN. 02241755, Sandoz Canada, Inc., Boucherville, QC, 

Canada) on their infected eye twice daily for the duration of the infection. Additionally, mice 

were weighed and had they corneal sensitivity measured with aesthesiometry every day. After 

72 hours from the initial infection, mice were sacrificed through dislocation while under 

anaesthesia. Eyes were excised and immediately fixed in 4% PFA in 0.1M TBS, overnight at 4°C. 

Globes were dissected into two halves. One half was used for flat mount staining. The other half 

went through a sucrose gradient from 5 to 20% sucrose in 0.1M TBS and frozen in optimum 

cutting temperature (Thermo Fisher Scientific, Waltham, MA, USA).  

3.5. In vitro efficacy assays on anti-viral peptides 

 Human corneal epithelial (HCE) cells were cultured in 48 well plates on top of 8mm 

diameter cover slips in a humidified incubator at 37°C and 5% CO2. The growth media used was 

KeratinoMax serum free medium with supplements (Wisent, St-Bruno, QC, Canada). Once HCE 

cells were 90-95% confluent, the media was removed and fresh media containing the treatment 

and an MOI 1 of HSV-1 was added. Treatments included the anti-viral peptides LL37, GF17, GF19 

and scrambled GF19 (sGF19) at a concentration of 5, 10, 15, 25, 35 and 45µM. Controls consisted 

of infected, non-treated cells and non-infected, non-treated cells. Cells were incubated for an 

hour, rinsed with 0.01M PBS, and given fresh media containing the treatment. After 24 hours 

from the initial infection, the media was collected and stored at -80°C for plaque assays. Fresh 

media, not containing the treatment, was added to the HCE cells and after an additional 24 hours, 

the media was collected and stored at -80°C. Cells were fixed with 4% PFA in 0.1M TBS overnight 

at 4°C.  

3.6. Fabricating SiO2 nanoparticles and CLP-LCPP hydrogels 

 SiO2 NPs encapsulating GF19 were produced as previously described (122). To summarize, 

6mL cyclohexane was combined with 2mL Triton X-100 (both from Sigma-Aldrich, St. Louis, MO, 

USA). 1mL of H2O containing GF19 was added along with adding 0.75mL tetraethylorthosilicate 

dropwise (Sigma-Aldrich, St. Louis, MO, USA). Solution was brought to a pH of 5.0-6.0 using 

ammonia hydroxide (Sigma-Aldrich, St. Louis, MO, USA) and were stirred for two days at 50°C. 
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Linear carboxylic phosphorylcholine co-polymer (LCPP) was prepared by adding 885mg of MPC 

to TRIS-HCl 0.5M pH 6.7 for a final volume of 200mL. 450mg of AC-PEG-COOH was added to the 

solution followed by sonication and nitrogen flushing for 30 minutes. 51.3mg of ammonium 

persulphate (APS) was added, then sonicated and nitrogen flushed for 5 min, followed by the 

addition of 33.6µL of N,N,N′,N′-tetramethylethylenediamine (TEMED). Solutions were incubated 

at 20°C for 24 hours under positive pressure, nitrogen atmosphere, and constant stirring. 

Samples were dialysed in a 12-14kD molecular weight cut-off cellulose dialysis membrane. Once 

completed, material was freeze-dried. 

 Stock solutions of 15% (w/v) collagen-like peptide (CLP), 10% LCPP, and 10% DMTMM 

were prepared by using MOPS. 150µL of LCPP was mixed with 112.5µL of DMTMM and 337.5µL 

of MOPS. The solution was incubated at 65 ºC for one minute. 750µL of CLP solution was mixed 

with 150µL 10x GF19 encapsulated in SiO2 and was added to the mix which was then ready to be 

applied to the wound.  

3.7. Ex vivo antiviral efficacy of GF19 

 Eyes from 12 C57BL/6J mice (6 to 12 weeks old) were removed and rinsed with 0.01M 

PBS containing 3x penicillin-streptomycin. All corneas were scratched using a 2mm diameter 

biopsy punch and were placed randomly into a 96 well plate. Two treatments with three different 

conditions were tested. Free GF19 and GF19 encapsulated in SiO2 NPs were both tested at a 

concentration of 45µM. The three conditions were: 1) Pre-infection, where the eyes were given 

media containing the treatment for an hour before the infection. 2) Immediate, where eyes were 

given the treatment immediately following the initial infection and fresh treatment at 24 hours. 

3) Post-infection, where eyes were given the treatment after 24 hours from the initial infection. 

An infection only and non-infected, non-treated controls were also performed. Infections were 

performed by diluting the virus to 104 PFU in 200µL of DMEM-Hi glucose and submerging the 

eyes in it for 1 hour with shaking every 15 minutes. Media for all samples were collected at 24 

and 48 hours for viral titering. For all eyes, after 48 hours from the initial infection, samples were 

fixed with 4% PFA in 0.1M TBS, overnight at 4°C. After fixation, eyes were rinsed in 0.1M TBS and 

used for flat mount staining. 
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3.8. Bone marrow-derived dendritic cell (BMDC) culture and flow 

cytometric analysis  

 A brief summary of the protocol can found in Figure 6. With ethical permission from the 

Animal Care and Use Committee of Maisonneuve-Rosemont Hospital, the bone marrow was 

obtained from the tibia and femur of male, C57BL/6J mice (6 to 12 weeks old). Bone marrow cells 

were divided into 106 cells per well in a suspension culture plate and were cultured in RPMI 1640 

containing 10% (v/v) fetal bovine serum (FBS) (Wisent, ST-Bruno, QC, Canada), penicillin-

streptomycin-glutamine (0.5mg/mL), 10 mM Hepes, 1 mM sodium pyruvate, 55μm of β-

mercaptoethanol, and granulocyte-macrophage colony-stimulating factor (2.5ng/mL; GM-CSF) 

(All from Gibco, Thermo Fisher Scientific, Waltham, MA, USA). After 2 and 3 days from the initial 

seeding, half the media was exchanged for fresh media containing a higher concentration of GM-

CSF (5.0ng/mL). On day 6, the suspended cells were collected and a Histodenz density gradient 

(Sigma-Aldrich, St. Louis, MO, USA) was used to isolate enlarged cells. A million cells were added 

to a 24-well suspension plate containing the following treatment and 2mL of media. 

 Cells were treated with either 45µM GF19, 45µM GF19 encapsulated in SiO2 NPs within a 

CLP-LCPP hydrogel, 1µg/mL lipopolysaccharide (LPS) or were untreated. For TA-A001 testing, 

cells were exposed to either 45µL 0.5% CB2r agonist formulation (TA-A001), 45µL SmartCelle 

delivery vehicle, 45µL prednisolone, 1µg/mL LPS or no treatment by adding the components 

individually to the cell culture medium. After the treatment was added, the cells were cultured 

for an additional 24 hours. At 18 hours, GolgiStop (Becton, Dickinson and Company, Franklin 

Lakes, NJ, USA) was added to prevent the secretion of cytokines. Cells were stained for surface 

markers CD11c, CD40, CD80, and CD86 (Table 1) and Zombie Aqua Fixable Viability Kit 

(BioLegend, San Diego, CA). Fixation and permeabilization (Becton, Dickinson and Company, 

Franklin Lakes, NJ, USA) was performed to allow for intracellular staining of TNF-α (Table 1). A BD 

LSR II flow cytometer was used on all the samples and were analyzed using FlowJo software 

(Becton, Dickinson and Company, Franklin Lakes, NJ, USA). All cell suspensions were sampled for 

the same duration and analyzed with an LSR II. BMDCs were selected by CD11c expression and 
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live Zombie Aqua staining. Mean fluorescence intensity (MFI) of TNF-α, CD40, CD80, and CD86 of 

treated cells were compared to untreated cells to form a ratio. 

 

Figure 6. BMDC protocol outline. Mouse femur and tibia were obtained and broken in half in 

order to centrifuge out the bone marrow. Red blood cells were lysed using NH4Cl and a single cell 

suspension was obtained with a cell strainer. Cells were cultured in a 6-well suspension culture 

plate for seven days with a media change on days 2 and 3. A Histodenz gradient was used to 

isolate dendritic cells which were then cultured with the treatment for a day before being used 

for flow cytometry. Created in BioRender. 

3.9. Corneal alkali burns in mice treated with immunosuppressants 

 All experiments were performed after institutional ethics approval from the animal care 

committee of the Maisonneuve-Rosemont Hospital Research Centre, protocol #2021-2356. Fifty 

Balb/C mice, age 6 to 10 weeks, were divided into five groups of ten animals each. Under full 

anaesthesia, which was induced by isoflurane, each animal was given an alkali burn by soaking a 

2mm diameter piece of Whatman #1 filter paper in 0.25N sodium hydroxide (NaOH) and applying 

it to the right cornea for 15 seconds. The eyes were then rinsed in 0.01M PBS to remove any 

excess NaOH. Animals in the different groups received the following treatments: Teva-

Prednisolone (DIN. 00700401), as the positive control, SmartCelle delivery vehicle only as 

negative control and SmartCelle delivering 0.125%, 0.250% or 0.500% CB2r agonist formulation, 
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TA-A001. All treatments were given as 15µL eye drops 3 times daily for 2 weeks. Additionally, all 

mice received 4 days of Tobradex (DIN. 00778907) followed by 3 days of Tobramycin (DIN. 

02241755) on their burned eye twice daily. Mice in the Prednisolone group were given 0.05 

mg/kg Buprenorphine, an analgesic, on days 2, 3 and 4 post-burn. 

 The day before the burn and at 2 weeks post-burn, tear collection, aesthesiometry, 

tonometry, and OCT were performed on all the mice for both eyes. IOP measurements were 

measured using an iCare Tonolab (Icare Finland Oy, Vantaa, Finland) while mice had anaesthesia 

with isoflorane. Aesthesiometry was used to test for nerve touch sensitivity in the control and 

surgically operated eye by using a Cochet-Bonnet aesthesiometer (Handaya Co., Tokyo, Japan). 

OCT was performed to determine total corneal thickness in live animals with anaesthesia. Total 

corneal thickness was measured using FIJI. Additionally, sodium fluorescein staining and slit lamp 

examination were performed daily to determine epithelial integrity, optical clarity, and overall 

redness. The quantification of fluorescein was performed on all burnt mice corneas on days 0, 1, 

2, 3, 7 and 13 using FIJI. The images were split to visualize only the green fluorescence which was 

used for the quantification. The burnt area was quantified as a percentage area within the 

cornea. Finally, mice were weighted every 2 days to quickly assess the overall health of the 

mouse.  

 On day 14, mice were euthanized, and the globes were collected and separated into three 

subgroups (Figure 7). The corneas of three mice were used for flat mount immunohistochemical 

staining for vessels. The corneas of a further three mice for cryo-sectioning and the rest for 

quantitative PCR (qPCR).  
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Figure 7. Outline of alkali burned and immunosuppressant treated mice. BALB/c mice 

received an alkali burn on the right cornea followed by eye drops three times a day with an 

immunosuppressant. Clinical exams were performed on the mice for tear collection, 

aesthesiometry, tonometry, slit lamp, OCT, and weights. After two weeks, mice were sacrificed, 

and the eyes were removed. Eyes were then divided into three groups for post-mortem 

examination for flat mount imaging of neovascularization, qPCR, or cryosectioning. Created in 

BioRender. 

 

3.10. Flat mount immunohistochemistry 

 Eyes were dissected to consist of the cornea and part of the sclera encircling the cornea. 

Corneas were stored in 0.1M TBS at 4°C until their use. Autofluorescence quenching was 

performed by treating the eyes with 50mM NH4Cl in 0.1M TBS for 30 minutes. Samples were 

blocked for an hour using 5% FBS and 0.3% triton x-100 diluted in 0.1M TBS. When performing 

mouse on mouse staining, 1:25 mouse on mouse blocking reagent (Vector Laboratories, 

Burlingame, CA, USA) was added to the blocking. Primary antibodies diluted in the blocking 

solution were added after the blocking step and were incubated overnight at 4°C (Table 2). 

Secondary antibodies were added after, diluted in blocking solution for four hours at room 
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temperature (Table 2). If conflicting secondary antibodies were being used, they would be added 

in separate 4-hour incubations. A nuclear counterstain was performed using 5µg/mL DAPI diluted 

in 0.1M TBS for 10 minutes. Corneas were mounted using Vectashield Vibrance Mounting 

Medium (Vector Laboratories, Burlingame, CA, USA). All flat mount samples were imaged using 

Zeiss Axio Imager Z2 with an AxioCam MRc color CCD camera (Carl Zeiss, Oberkochen, Germany). 

 To reduce non-specific autofluorescence, an unstained channel was imaged and used to 

subtract the fluorescence in the stained channels in FIJI. Image processing and quantifications 

were performed in FIJI. For quantifications, MFI was measured through the entire full flat mount 

(Determined by DAPI staining) based on HSV antibody fluorescence.  

 For flat mount staining of CD31 neovascularization, excised eyes were fixed in 2% PFA in 

0.01M PBS at 4°C overnight, and then stored in 0.01M PBS until they were stained. Corneas were 

blocked using a solution containing 5% normal goat serum, 0.5% Triton X-100 in 0.01M PBS for 

two hours. Antibodies were diluted in the blocking solution, and each were incubated with the 

samples with washing in between the primary and secondary antibodies (Table 2). Corneas were 

then flattened onto a microscopy slide and immersed with Fluoroshield mounting medium 

containing DAPI (Sigma-Aldrich, St. Louis, MO, USA). All samples were imaged as a tilled z-stack 

on a Zeiss Axio Imager Z2 with an AxioCam MRc color CCD camera (Carl Zeiss, Oberkochen, 

Germany). Images were compressed into a maximum projection using extended depth of focus 

and stitched based on the vessel staining in Zen Blue. The distance between the large collecting 

vessels and the furthest vessel was measured in FIJI. Measurements were grouped into four 

categories. 0 = <300µm, 1 = 300-400µm, 2 = 401-500µm, 3 = >500µm. 

3.11. Slide mounted immunohistochemistry 

 Excised globes were fixed in 2% PFA in 0.01M PBS for 1 hour at room temperature and 

then washed in 0.1M TBS. The corneas were dissected out and saturated stepwise through a 

gradient of 5% to 20% sucrose in 0.1M TBS as cryoprotectant to prevent cell deformation prior 

to embedding in Optimal Cutting Temperature compound (14-373-65, Thermo Fisher Scientific, 

Waltham, MA, USA) and freezing with liquid nitrogen. Samples were cut into 10µm slices on a 

Leica CM3050 S cryostat and mounted onto Superfrost Plus® slides.  
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 For immunohistochemistry, sections were permeabilized in 0.3% Triton X-100 in 0.1M TBS 

for 15 minutes. They were then quenched for autofluorescence in 50mM ammonium chloride for 

30 minutes. Following that, they were blocked for 1 hour in TBS containing 5% normal goat serum 

and 0.01g/mL saponin. Mouse on mouse blocking reagent was added to the blocking solution 

(Vector Laboratories, Burlingame, CA, USA) to reduce non-specific staining. Primary antibodies 

(Table 2) were diluted in the blocking solution and were added to the samples for an overnight 

incubation at 4°C. Sections were incubated for an hour with secondary antibodies (Table 2) which 

were diluted at 1:1000 in the blocking solution. Slides were quenched for autofluorescence using 

Vector TrueVIEW Autofluorescence Quenching Kit (Vector Laboratories, Burlingame, CA, USA). 

Nuclei were stained with 5µg/mL DAPI for 10 minutes and mounted in Vectashield Vibrance 

Mounting Medium (Vector Laboratories, Burlingame, CA, USA).  

 All slides were imaged on a Zeiss LSM 880 confocal microscope (Zeiss, Oberkochen, 

Germany). For the exosome immunolocalization, colocalization channels were built using 

minimum intensity thresholds of 13000 and 4500 for CD63 and TSG101, respectively. The 

exosome colocalization channel and Monocyte Chemoattractant Protein-1 (MCP-1) were 

combined the using minimum intensity thresholds of 5000 and 15000, respectively. Spot 

reconstruction was performed in regions of interest (ROI) for the 3 stained channels as well as 

the two colocalization channels using the same minimum intensity thresholds in Imaris v9.1.2 

(Bitplane Inc., Concord, MA, USA). Five ROI were generated in the epithelium and five were 

generated in the stroma, all ROI were 750µm3. Sum intensities and counts from the spot 

reconstructions were used to compare between samples. 

3.12. Free floating immunohistochemistry 

 For cryosections, 50µm thick slices of mouse and human corneas were made and placed 

in 0.1M TBS at 4°C until ready for free-floating staining. Samples were stained using a free-

floating protocol due to the thickness of the samples (155). Permeabilization was performed for 

10 minutes in 1% Triton X-100 in 0.1M TBS. 50mM ammonium chloride was used to quench 

autofluorescence for 30 minutes. Samples were blocked for an hour in 0.1M TBS containing 5% 

FBS and 0.3% Triton X-100 in 0.1M TBS. Primary antibodies were diluted in the blocking solution 
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and were added to the samples for an overnight incubation at 4°C with constant rocking (Table 

2). Secondary antibodies diluted in the blocking solution were incubated for 2 hours (Table 2). If 

conflicting secondary antibodies were being used, they would be added in separate 2 hour 

incubations. A nuclear counterstain was done with 5µg/mL DAPI for 10 minutes and mounted in 

Vectashield Vibrance Mounting Medium (Vector Laboratories, Burlingame, CA, USA). All HSV-1 

stained samples were imaged using Zeiss Axio Imager Z2 with an AxioCam MRc color CCD camera 

(Carl Zeiss, Oberkochen, Germany). All images were processed in FIJI. 

For the nerve stains, images were taken snaps were taken a Zeiss LSM 880 confocal 

microscope (Zeiss, Oberkochen, Germany) and processed in Imaris v9.1.2 and the quantification 

was performed using Zen Blue v10.0.22000. Z-stack images were converted into a maximum 

projection using extended depth of focus and the non-stained 488 channel was used to create a 

mask of the tissue. MFI of the tissue was calculated within the Zen Blue program.  

3.13. Immunocytochemistry 

 Coverslips were transferred to a new 48 well plate for staining. Cells were permeabilized 

using 0.3% triton x-100 in 0.1M TBS for 15 minutes. 50mM ammonium chloride was used to 

quench autofluorescence for 30 minutes. Samples were blocked in 5% FBS and 0.01g/mL saponin 

in 0.1M TBS for an hour. Primary antibodies diluted in the blocking buffer were incubated 

overnight at 4°C (Table 2). Secondary antibodies diluted in blocking buffer were incubated for an 

hour, followed by 5µg/mL DAPI for 10 minutes to stain the nuclei (Table 2). Samples were 

mounted using Vectashield Vibrance Mounting Medium (Vector Laboratories, Burlingame, CA, 

USA) and imaged using Zeiss Axio Imager Z2 with an AxioCam MRc color CCD camera (Carl Zeiss, 

Oberkochen, Germany). FIJI was used to process all the images.   

3.14. Real-time quantitative PCR on whole mouse eyes 

 Whole mouse globes were flash frozen on dry ice immediately after euthanasia and 

excision and were stored at -80°C until ready to be processed. RNA extraction was performed by 

using Direct-zol™ RNA Miniprep with TRI-Reagent (Zymo Research, Irvine, CA, USA). Tissues were 

placed in TRI-Reagent and sonicated for 30 seconds on and off for a total of a minute of sonication 

using the Branson Digital Sonifier SFX 150 (Emerson Automation Solutions, St. Louis, MO, USA). 
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The instructions from the Direct-ZOLTM kit were followed. Briefly, an equal amount of ethanol 

was added to the lysed samples, followed by an RNA wash and a 15 minute incubation with 

DNase I. Samples were then washed twice in pre-RNA wash, then a RNA wash and finally 

transferred to a new collection tube using 50µL of DNase/RNase-Free Water. For cDNA synthesis, 

SuperScript™ IV VILO™ was used, following the recommended procedure (Invitrogen, Thermo 

Fisher Scientific, Waltham, MA, USA). qPCR was performed on a 7500 Real-Time PCR System 

(Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, USA). The cycling stage consisted 

of 40 cycles of 95°C for 20 seconds, 60°C for a minute, and 72°C for 30 seconds. iTaq™ Universal 

SYBR® Green Supermix (Bio-Rad Ltd., Mississauga, ON, Canada) was used and primers used are 

listed in Table 3 (Sigma-Aldrich, St. Louis, MO, USA). 

3.15. Cytokine multiplex assay on mouse tears 

 Tears were collected by adding 1.5µL of 0.01M PBS to the mouse’s eye and immediately 

collecting 1µL using Drummond™ Short-Length Microcaps™ Micropipets (21-170A, Thermo 

Fisher Scientific, Waltham, MA, USA). 9µL of assay buffer was added to the collected 1µL tear and 

stored at -80°C until ready for use. A cytokine multiplex assay was performed using the 

manufacturer’s recommendations for Milliplex MAP Mouse High Sensitivity T Cell (MHSTCMAG-

70K, Millipore Sigma, Oakville, ON, Canada). TNF-α, IL-1β, IL-6, IL-10 and IL-17A were tested. 

Briefly, plates were washed in wash buffer for 10 minutes followed by an overnight incubation at 

4°C containing the samples with the magnetic beads. Samples were washed and the detection 

antibodies were incubated with the samples for an hour. Streptavidin-Phycoerythrin was added 

directly to samples and incubated for 30 minutes. Samples were washed 3 times and 

resuspended in MagPix Drive Fluid PLUS. Samples ran on the MagPix using Bio-Plex Manager MP 

Software (Luminex Crop., Austin, TX, USA). The standard curves and assay sensitivity were based 

on the manufacturer’s instructions. 

3.16. Statistical analyses 

 Statistical analysis for BMDCs and flow cytometry expression of HSV-1 was performed 

using a one-way ANOVA Tukey's multiple comparisons test with a confidence interval of 95% for 

each marker (GraphPad Prism 9.3.0, GraphPad Software LLC., San Diego, CA, USA). The unit of 
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analysis was the mouse (n = 6 per group) or the number of eyes for the ex vivo infections (n = 3 

per group). qPCR also received the same statistical analysis as the BMDCs however the unit of 

analysis was n=2 for prednisolone, n=3 for vehicle and 0.250% TA-A001 and n=4 for 0.125% and 

0.500% TA-A001. The ex vivo efficacy of GF19, aesthesiometry, fluorescein, OCT and weights 

were analysed using a two-way ANOVA Tukey's multiple comparisons test with a confidence 

interval of 95% for each group. Two-way ANOVA Šidák’s multiple comparisons test was used to 

analyse tonometry, neovascularization, exosome expression and nerve expression. 

 

Table 1. Antibodies for flow cytometry 

Target Antibody Dilution Factor 

p40 - 

DeltaNp63 

Recombinant Anti-p40 - DeltaNp63 antibody [EPR17863-47], 

(Isotype: Rabbit IgG), (Reactivity: Mouse, Rat, Human), (Format: 

Unconjugated), (AP: WB, IHC, FC, ICC), (Species: Rabbit), Abcam, 

ab203826 

1:200 

Rabbit IgG Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary Antibody, 

Alexa Fluor™ 700, Invitrogen, A-21038 

1:1000 

HSV-1 Herpes Simplex Virus Type 1/2 Goat anti-Virus, (Isotype: Goat 

IgG), (Reactivity: HSV-1, F strain), (Format: FITC), (AP: ELISA, 

ICC), (Species: Goat), Invitrogen, PIPA127209 

1:200 

CD11c Brilliant Violet 650™ anti-mouse CD11c, (Clone: N418), 

(IsoType: Armenian Hamster IgG), (Reactivity: Mouse), (Format: 

BV650), (APP: FC), (Species: Hamster), Biolegend, 117339 

1:1600 

TNF-a PerCP/Cyanine5.5 anti-mouse TNF-α, (Clone:  

MP6-XT22), (IstoType: Rat IgG1, κ), (Reactivity: Mouse), 

(Format: PerCP/Cyanine5.5), (APP: FC), (Species: Rat), 

Biolegend, 506321 

1:800 
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CD40 CD40, APC, clone: 1C10, eBioscience™, 501129392 1:400 

CD80 PE anti-mouse CD80, (Clone: 16-10A1), (IsoType: Armenian 

Hamster IgG), (Reactivity: Mouse, Cross-Reactivity: Dog 

(Canine)), (Format: PE), (APP: FC), (Species: Hamster), 

Biolegend, 104708 

1:1600 

CD86 FITC anti-mouse CD86, (Clone: GL-1), (IsoType: Rat IgG2a, κ), 

(Reactivity: Mouse), (Format: FITC), (APP: FC), (Species: Rat), 

Biolegend, 105006 

1:50 

 

Table 2. Antibodies for immunohistochemistry 

Target Antibody Dilution Factor 

HSV-1 HSV Type 1 Goat anti-Virus, Polyclonal, Invitrogen, 

PIPA17493 

1:100 

p63 Anti-p63 antibody [4A4], Abcam, ab735 1:100 

α-smooth 

muscle actin 

Anti-alpha smooth muscle Actin antibody, Abcam, ab5694 1:100 

CD63 Anti-CD63 Antibody (MX-49.129.5), Santa Cruz, sc-5275 1:1000 

TSG101 Recombinant Anti-TSG101 antibody [EPR7130(B)], 

AbCam, ab125011 

1:1000 

Monocyte 

chemoattractant 

protein-1 

Ultra-LEAF™ Purified anti-mouse/rat/human MCP-1 

Antibody, BioLegend, 505911 

1:500 

βIII Tubulin Anti-beta III Tubulin antibody - Neuronal Marker, Abcam, 

ab18207 

1:200 

Substance P Anti-Substance P Antibody, pain, clone NC1, Millipore 

Sigma, MAB356 

1:200 

CD31 Purified Rat Anti-Mouse CD31, BD Biosciences, 553370 1:100 
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Mouse IgG Goat anti-Mouse IgG (H+L) Highly Cross-Adsorbed 

Secondary Antibody, Alexa Fluor™ Plus 647, Invitrogen, 

A32728 

1:1000 

Goat IgG IgG (H+L) Cross-Adsorbed Donkey anti-Goat, DyLight™ 

550, Invitrogen, PISA510087 

1:1000 

Rabbit IgG Goat anti-Rabbit IgG (H+L) Highly Cross-Adsorbed 

Secondary Antibody, Alexa Fluor™ 488, Invitrogen, 

A11034 

1:1000 

Rabbit IgG IgG (H+L) Highly Cross-Adsorbed Goat anti-Rabbit, Alexa 

Fluor™ 594, Invitrogen, A11037 

1:1000 

Armenian 

Hamster IgG 

Goat anti-Hamster IgG (H+L) Secondary Antibody [DyLight 

488] (Pre-adsorbed), Novus Biologicals, NBP1-73008 

1:1000 

Rat IgG Goat anti-Rat IgG (H+L) Cross-Adsorbed Secondary 

Antibody, Alexa Fluor™ 594, Invitrogen, A11007 

1:800 

Rat IgG Goat anti-Rat IgG (H+L) Cross-Adsorbed Secondary 

Antibody, Alexa Fluor™ 680, Invitrogen, A21096 

1:1000 

 

Table 3. Oligonucleotide Sequences for qPCR 

Oligonucleotide Forward Oligonucleotide Sequence 

(5′–3′) 

Reverse Oligonucleotide Sequence 

(5′–3′) 

MCP-1 ACTGAAGCCAGCTCTCTCTTCCTC TTCCTTCTTGGGGTCAGCACAGAC 

Tac1 CGGCCAAGGAGAGCAAAGA ACGGCCACGAGGATTTTCAT 

GAPDH CCCAGCAAGGACACTGAGCAA TTATGGGGGTCTGGGATGGAAA 
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Chapter 4 – Results 

4.1. Understanding and treating HSV-1 ocular infections 

4.1.1. Ex vivo HSV-1 infection characterization 

 Infections in excised eyes were used to identify trends in early HSV-1 infections. Most of 

the eyes, regardless of the starting virus concentration, showed many infected cells within the 

vicinity of the scleral rim.  Starting at 103 PFU, virus could be seen in the limbus, colocalizing with 

or near p63 positive cells.  p63 is a marker for stem cells and transient amplifying cells. 

Interestingly, at 5×104 PFU, the cornea was heavily infected while exposure to even higher 

concentrations (105 and 5×105 PFU) of virus showed fewer infected cells (Figure 8A). This 

observation might be due to HSV-1 lysing the cells. Flow cytometry was performed on infected 

eyes to verify the microscopy observations. A non-significant decrease (p>0.05 by one-way 

ANOVA Tukey's multiple comparisons test) in the number of live cells was observed in infected 

corneas compared to the non-infected corneas, as well as a decrease in p40-DeltaNp63 

expressing cells (Figure 8B). p40-DeltaNp63 is one of six isoforms of p63 and is more specific to 

stem cells than p63 which stains transiently amplifying cells as well (156). Additionally, more 

infected cells were detected when infected with 103 PFU compared to the other infection 

concentrations (Figure 8B).  

 To verify the relevance of these results in humans, ex vivo infections with human corneas 

(obtained from the Héma-Québec-Vision Health Research Network biobank) were performed. 

Staining for p63 in the cryosectioned eyes revealed extensive colocalization of the HSV-1 infected 

cells with p63 and around vessels within the limbus (Figure 8C). Together, these results indicate 

a preference of infecting the limbus early during the infection and that stem cells or transient 

amplifying cells are often infected.  
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Figure 8. HSV-1 infections in excised mouse and human eye bank corneas. (A) Eyes of 

Tg(TIE2GFP)287Sato/J mice were excised and infected with HSV-1 from 102 PFU to 5×105 PFU for 

two days in culture. Corneas were stained for HSV-1 (Red), p63 (Green), and DAPI (Blue). Scale 

bar: 500μm. (B) Corneas from C57BL/6J mice were infected with HSV-1 and cultured for two days. 

Flow cytometry was used to identify abundance of live cells, HSV-1 infected cells, and p40-

DeltaNp63 expressing cells. *P ≤ 0.05 by one-way ANOVA Tukey's multiple comparisons test. (C) 

Ex vivo infections of human corneas with either 106 or 107 PFU. Sections were stained for HSV-1 

(Magenta), p63 (Green), α-SMA (Yellow), and DAPI (Blue). Scale bar: 100µm. 
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4.1.2. In vivo HSV-1 infections in mice 

 HSV-1 infections were performed by inoculating the corneas of Swiss Webster mice which 

are known to permit HSV-1 latency (157, 158). The mice did not show clinical signs of being 

distressed by the infection. There was no increased eye sensitivity (lid closure, blinking) or weight 

loss, and they were well-groomed with no behavioural change throughout the infection period 

(Figure 9). Although only the right eye was infected, virus was detected in the non-infected 

contralateral eye by immunohistochemistry.  

 Flat mount staining revealed a preferential localization of HSV-1 to the limbus and 

conjunctiva-sclera. Similar to the ex vivo infections, there was marked colocalization between 

p63 and HSV-1 infected cells (Figure 10). Cryosections of the corneas revealed substantial 

variation between the mice in terms of how strongly the viral infection had progressed.  In 

general, for mice infected with 104 PFU, 75% of eyes had virus in the central corneal epithelium 

and 50% had virus in the corneal stroma (Figure 10). At 5×104 PFU, 92% and 83% of eyes had virus 

in the central corneal epithelium and stroma respectively.  

 Within the limbus, 100% of eyes infected with 5×104 PFU had virus present, while 83% of 

the eyes infected with 104 PFU had virus present. Furthermore, HSV-1 was often found in deeper 

layers of the limbal tissue and did not co-localize with p63 (Figure 10). This indicates that HSV-1 

has a slight preference for infecting limbal cells over corneal cells and that the cornea has infected 

cells in both the epithelium and stroma before the onset of clinical symptoms.  
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Figure 9. Clinical exam progression of HSV-1 infected Swiss Webster mice. (A) The right 

corneas of Swiss Webster mice were scratched with a circular biopsy punch. Top panel was before 

the scratch, middle was getting scratched, and bottom was after the scratch. The white arrow 

indicates the top of the scratch. Corneal sensitivity was measured with an aesthesiometer of the 

contralateral uninfected eye (B), and the infected eye (C) showed no observable changes after 

HSV-1 infection. (D) The body weights of mice showed no significant post-infection changes. 
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Figure 10. Mouse cornea immunohistochemistry at three days post HSV-1 infection. Left 

panels show flat mounts stained for HSV-1 (Red), p63 (Green), and DAPI (Blue). Scale bar: 500µm. 

Center and right panels show cross-sections through the cornea and limbus, respectively. Sections 

were stained for HSV-1 (Red), p63 (Green), and DAPI (Blue). Scale bar: 50µm. 
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4.1.3. In vitro and ex vivo efficacy of anti-viral treatment by GF19 

 Cell cultures with human corneal epithelial (HCE) cells were used to determine the 

efficacy of LL37 cathelicidin, GF17, and its modified counterpart, GF19. Starting at 5 µM, both the 

GF19 and LL37 cell cultures showed a decrease in the amounts of HSV-1 being released into the 

media compared to GF17 or the controls treated with scrambled GF19 (sGF19) peptide (Figure 

11B, 24 hours) (n=3 samples). At a concentration of 15µM and higher, GF17 also showed a 

decreased viral release compared to sGF19. Furthermore, virus was not detected in LL37 treated 

cells starting at 15µM and for GF19 starting at 45µM (Figure 11B, 24 hours). After the initial 24 

hours, the media was removed and fresh media not containing the peptides was given to the HCE 

cells. The removal of the treatment was performed to observe the presence of infected cells and 

the susceptibility of the remaining cells. Lack of detectable virus would indicate that the 

treatment either lysed infected cells, halting the production of infectious virions or was able to 

protect the healthy cells from infection. Interestingly, LL37 showed a notable decrease in active 

virus compared to the other peptides starting at 10µM (Figure 11B, 48 hours). GF19 showed very 

little virus present at 45µM, with two thirds of the cell cultures having no virus detected. 

Additionally, when looking at the DAPI staining of the cells, there was less clumping of cells and 

less virus detected at the higher concentrations of GF19 (Figure 11A). Together, this would 

suggest that GF19 at 45µM is reducing cytopathogenic effect in cells and reducing the amount of 

active virus being secreted, both of which appear similar to non-infected cells. BMDCs treated 

with hydrogels containing GF19 had lower expression of pro-inflammatory markers, indicating 

that the materials were immune compatible (Figure 11C). However, non-encapsulated GF19 

showed comparable expressions of CD40 and CD86 to LPS treated BMDCs (Figure 11C).  
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Figure 11. In vitro efficacy and immune compatibility of anti-viral GF19. Human corneal 

epithelial cells were infected with HSV-1 at MOI 1 and were given anti-viral treatments of varying 

concentrations for the first 24 hours. Following the 24 hours, media containing the treatment was 
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removed and media not containing was added to the cells. (A) Cells were stained for HSV-1 (Red) 

and DAPI (Blue). Scale bar: 500µm. (B) Cell culture media was used to quantify amount of virus 

secreted through plaque assays. (C) BMDCs treated with LPS, 45µM GF19 or hydrogels containing 

45µM GF19. Flow cytometry was used to observe expression of TNF-α, CD40, CD80, and CD86. 

Data was presented as a ratio of MFI of treatment over that of untreated cells. Asterisks indicate 

significance versus the positive control, LPS. *P ≤ 0.05 and **P ≤ 0.01 by one-way ANOVA Tukey's 

multiple comparisons test. 

 

 To further test the efficacy of GF19, ex vivo infections were performed and given a 

treatment of either 45µM GF19 or 45µM GF19 encapsulated in SiO2 NPs. Pre-treatment and 

immediate treatment with GF19 resulted in very little virus detected within the cornea while the 

delayed-treatment with GF19 had a few cells infected in the cornea but much less than that of 

infected corneas (Figure 12A). When GF19 was encapsulated in SiO2 NPs, the pre-treatment was 

not effective at inactivating the virus and the immediate and delay treatments were not as 

effective as GF19 alone (Figure 12A). However, the longer-term cumulative effects of lower doses 

of sustained GF19 release from the NPs was not studied here. Plaque assays, performed to 

quantify the amount of active virus produced, had similar results to the imaging (Figure 12B). 

Both the in vitro and ex vivo assays show that GF19 was effective at reducing viral loads, 

particularly if applied prophylactically or immediately after infection.  
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Figure 12. Ex vivo efficacy of anti-viral GF19. Excised eyes from C57BL/6J mice were infected with 104 PFU for 2 days and received 

treatment with 45µM GF19 or 45µM GF19 encapsulated in SiO2 NPs. Subgroups were created which separated the treatment regime 

into three: 1) Pre-GF19 – enucleated eyes were incubated for an hour in treatment before infection. 2) Immediate GF19 - , eyes were 

treated with GF19 immediately after the infection. 3) Delay GF-19 – corneas were treated with GF19 at 24 hours after the initial 

infection. (A) Flat mounts were stained for HSV-1 (Red) and DAPI (Blue). Scale bar: 500µm. (B) Quantifying active virus sections through 

plaque assays at 24 and 48 hours. Asterisks indicate significance versus the positive control, infected. *P ≤ 0.05, **P ≤ 0.01, and ***P 

≤ 0.001 by two-way ANOVA Tukey’s test. 
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4.2. Treating ocular inflammation with a CB2r agonist  

4.2.1. In vitro immune compatibility  

 BMDC cultures were used to test the immune compatibility of CB2r agonist TA-A001, 

making sure that TA-A001 treatment does not activate dendritic cells, cells that can promote a 

pro-inflammatory response in the cornea and reduce vision acuity (45-49). Expression of immune 

markers CD40, CD80, CD86, and TNF-α were significantly lower for cells treated with 

prednisolone, a high concentration of TA-A001 or the SmartCelle delivery vehicle of TA-A001 

(Figure 13). Interestingly, despite starting at the same amount of BMDCs, both prednisolone and 

TA-A001 had a low number of live BMDCs after the treatment (Figure 13). This suggests that TA-

A001 does not activate dendritic cells.  

 

 

Figure 13. BMDCs compatibility with CB2r agonist, TA-A001. BMDCs were treated with either 

prednisolone, SmartCelle delivery vehicle, or 0.500% TA-A001 delivered through SmartCelle. Flow 

cytometry was performed to measure the MFI of TNF-α, CD40, CD80, and CD86 as well as the 

counts of CD11+ live dendritic cells. Data was presented as a ratio to the untreated cells. Asterisks 

indicate significance compared to the positive control, LPS. ***P ≤ 0.001 and ****P ≤ 0.0001 

compared to LPS by one-way ANOVA Tukey’s test. 
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4.2.2. Clinical evaluation of in vivo mouse corneal alkali burns 

 Mice were given an alkali burn on the cornea and given a treatment of prednisolone, 

vehicle or one of three concentrations of TA-A001 for 14 days. At day 3, post-burn, two mice from 

the prednisolone group died. Brightfield and OCT images showed no marked morphological 

changes in the treated corneas except for the prednisolone group where small disruptions to the 

epithelium were observed (Figure 14A-B). When examining the thickness of the cornea with OCT, 

one cornea from the prednisolone group and one from the 0.500% TA-A001 group were very 

thick, and this thickness was not observed in the contralateral eyes (Figure 14E). Corneal 

sensitivity of prednisolone treated mice decreased at two weeks compared to before the burns 

(Figure 14C). The other groups as well as the contralateral eyes did not show a significant 

difference (Figure 14C). The IOP significantly increased after mice were treated with prednisolone 

but significantly decreased in mice given 0.250% or 0.500% TA-A001 (Figure 14D). Fluorescein 

staining of the cornea, used to detect injuries to the ocular surface, was used to determine the 

rate of epithelial wound closure after the alkali burn and administration of the different eye 

drops. By day 2 post-burn, all the groups had significantly decreased the area of the wound 

(Figure 14F). Between one and two weeks after wound closure and re-epithelialization, 

fluorescein staining of the epithelium was observed but it was diffuse as opposed to bright 

staining when the injury was sustained. For groups 0.250% and 0.500% TA-A001, the diffuse 

fluorescein took longer to appear, suggesting a more compact epithelium and a properly 

functioning tear film (Figure 14F). Finally, mice given prednisolone steadily lost weight through 

the two weeks, with a significant decrease in weight that was first observed on day 6 (Figure 

14G). The clinical results show that prednisolone treatment resulted in negative side effects that 

were not observed in TA-A001 treated mice. 
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Figure 14. Clinical exams of alkali burned mice treated with prednisolone, drug vehicle or 

TA-A001. Female BALB/c mice were burned with 250mM NaOH for 15 seconds, then treated with 

prednisolone, one of three concentrations of TA-A001 or the SmartCelle delivery vehicle alone. 
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Brightfield (A) and OCT (B) images of eyes at two weeks post-burn. The arrowhead shows a 

disruption of the corneal epithelial curvature. Corneal sensitivity (C), intraocular pressure (D), and 

corneal thickness (E) before the burn and at two weeks post-burn. (F) Fluorescein staining of the 

treated eyes immediately following the burn and at days 1, 2, 3, 7, and 13 post-burn. Data was 

presented as area of fluorescein over the full area of the mouse eye. Fluorescein staining seen on 

days 7 and 13 was diffuse only and is indicated by the hollow points and green colouring. (G) 

Weights of the mice every two days throughout the experiment. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 

0.001, and ****P ≤ 0.0001 by two-way ANOVA Tukey's multiple comparisons test for all except 

the tonometry which used two-way ANOVA Šidák’s multiple comparisons test. 

 

4.2.3. Post-mortem evaluation of in vivo mouse corneal alkali burns 

 Flat mount staining of CD31+ vessels revealed a significant increase in corneal 

neovascularization in 0.500% TA-A001 treated mice (Figure 15). Despite having more 

neovascularization, when looking at the expression of TSG101, CD63 and MCP-1, the 0.500% TA-

A001 treated mice had very little expression of all three markers, of which, CD63 and MCP-1 are 

markers for inflammation (Figure 16A-D). Interestingly, there was significant expression of CD63 

and MCP-1 in the epithelium for 0.250% treated mice which was not observed in the other mice 

(Figure 16A-D). TSG101 expression did not have any significant differences. The stroma also did 

not have any significant differences between the samples. mRNA expression of MCP-1 had no 

significant differences between the samples and the 0.250% TA-A001 treated mice had the 

lowest expression (Figure 16E). Additionally, a cytokine multiplex assay for TNF-α, IL-1β, IL-6, IL-

10 and IL-17A on individual mouse tears were below the limit of detection for the five cytokines 

for the vast majority of the samples, samples from both before the burn and at two weeks. These 

results would suggest that TA-A001 treatment promotes neovascularization and that 0.250% TA-

A001 treated mice had high MCP-1 protein expression while the higher dose, 0.500% TA-A001, 

had no significant change in MCP-1 expression. 
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Figure 15. Corneal neovascularization after two weeks on prednisolone, drug vehicle or TA-A001 treatment. Flat mount imaging 

of CD31 in the corneas. Three corneas from each group were stained except prednisolone which had two. The graph summarizes the 

incidence of corneal neovascularization. Scores: 0 = <300µm, 1 = 300-400µm, 2 = 401-500µm, 3 = >500µm. Scale bar: 500µm. *P ≤ 0.05 

by two-way ANOVA Šidák’s multiple comparisons test. 
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Figure 16. Expression of extracellular vesicles and MCP-1 in prednisolone, drug vehicle or 

TA-A001 treated mice. (A) Cryosections of three mice per group were stained for TSG101 

(Magenta), CD63 (Yellow), MCP-1 (Green), and DAPI (Blue). Colocalized channels of TSG101 and 

CD63 were termed exosomes (Red), colocalization of exosomes with MCP-1 was termed exosomes 

+ MCP-1 (Brown). Quantifications of epithelial TSG101 (B), CD63 (C), and MCP-1 (D) was measured 

by performed spot reconstruction in Imaris v9.1.2 and measuring five random regions of interest, 

each of 750µm3. (E) mRNA expression of MCP-1 in mouse eyes by qPCR. *P ≤ 0.05 and **P ≤ 0.01 

by two-way ANOVA Šidák’s multiple comparisons test. 
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 Nerve staining with antibodies against βIII tubulin and substance P (a pro-inflammatory 

neuropeptide), revealed slightly different expressions between the groups (n=3 per group). 

Substance P levels were lower in prednisolone treated mice compared to the TA-A001 treated 

mice, but the different was not significant (p>0.05) (Figure 17A-C). The mRNA expression of 

substance P was similar between the different groups (Figure 17D). βIII tubulin, which is a 

structural protein in the neuronal processes, showed similar expression amongst the different 

groups (Figure 17C). In the contralateral eyes, long and relatively straight nerves can be seen in 

the stroma and a lot of innervation in the epithelium (Figure 17A). Prednisolone treated mice did 

not have as much innervation and would often have a haze of βIII tubulin indicating damaged 

nerves (Figure 17A).  Corneas treated with the lower concentrations of 0.125% and 0.250% TA-

A001, showed some innervation within the epithelium. The nerves were slightly disorganised and 

not as uniform as in the contralateral eyes (Figure 17A). With the 0.500% TA-A001 group, the 

epithelial innervation and nerve organization in the stroma resembled that of the contralateral 

eyes (Figure 17A). This would suggest that TA-A001 treatment resulted in nerve regeneration to 

resemble the nerve layout of a non-burned cornea. 
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Figure 17. Corneal nerve density and morphology after prednisolone, drug vehicle or TA-A001 treatment. (A) Thick cryosections 

were stained for βIII tubulin (Green), substance P (Magenta), and DAPI (Blue), n=three mice per group. Quantifications of βIII tubulin 

(B) and substance P (C) was measured by performing extended depth of focus in Zen Blue, creating a mask of the sample using an 

unstained channel, and measured the MFI. (D) mRNA expression of Tac1 of mouse eyes as determined by qPCR. 
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Chapter 5 – Discussion 

5.1. Understanding and treating HSV-1 ocular infections 

Primary HSV-1 infections are mild and often undetected, but the viruses undergo latency 

after retrograde transport to the trigeminal ganglia (TG) and persistent within the body. 

Reactivation of the virus leads to active infection and replication in corneal cells.  Reactivation 

often involves inflammation which is detected as HSK. If uncontrolled, HSK can lead to tissue 

damage and scarring. It often takes seven days for mice to develop HSK after being infected with 

HSV-1 (159). It is unclear how long it takes HSK to develop in infected human patients due to not 

knowing when the patient was infected. A case report involving a patient being infected by a 

donor cornea transplant took five days to develop clinical symptoms (160).  

To characterise early HSV-1 eye infections, a combination of ex vivo and in vivo 

experiments were performed. Mouse eyes infected ex vivo for two days had a lot of virions 

present in the limbus that colocalized with p63, a stem cell and transient amplifying cell (TAC) 

marker (Figure 8A). Additionally, eyes that were infected had a slight, non-significant, decrease 

in viable cells, from having 92% live cells to 84% live cells once infected, and higher initial infection 

concentrations had less infected cells, from having 0.57% of cells infected at 103 PFU to having 

0.33% cells infected at 105 PFU (Figure 8B). This suggests that HSV-1 begins lysing cells before 

HSK occurs and that cells in the limbus, in particular, stem cells and TACs, were more likely to be 

infected and lysed. The colocalization of infected cells with p63 was also observed in human 

corneas that were infected ex vivo for two days (Figure 8C). The increased risk of stem cells being 

infected and lysed coincides with HSK patients having an increased rate of limbal stem cell 

deficiency (LSCD) (36).  

To further study the localization of the virus early in the infection, mice were infected in 

one eye with HSV-1 for three days. During this time, mice did not show clinical signs of HSK (Figure 

9). Despite this, virus was found in both eyes for most of the mice through immunohistochemistry 
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and were strongly present in the limbus (Figure 10). Unlike the ex vivo infections, the in vivo 

infections showed little colocalization of p63 with HSV-1 (Figure 10). In humans, roughly 9.3% of 

HSK patients develop LSCD (135). The inconsistency of HSV-1 infections in the limbus of the 

infected mice might be linked with the low percentage of people who develop LSCD. It is unclear 

as to what caused this inconsistency, however the immune system might be playing a protective 

role. A difference between the ex vivo and the in vivo infections is the potential of immune 

responses to infiltrate into the tissue. In ex vivo, the eyes were limited to immune cells and 

defensive mechanisms present in the eye at the time of excision. For in vivo, immune cells or 

molecules have the potential to come into the site of infection. This further makes sense when 

observing the infection in the cornea, where most eyes had HSV-1 virions present in both the ex 

vivo and in vivo infections. The lack of vascularization in the cornea can make it difficult for an 

immune response to be mounted quickly and, as such, virus is abundant in the live infected mice. 

Additionally, most HSV-1 eye infections resolve themselves in one to three weeks after symptoms 

appear, in large part due to the immune system controlling the infection (161, 162).  

HSK patients are often given ACV, or one of its derivatives, to control the viral infection. 

Despite their widespread use, there are multiple issues with ACV such as more than a fifth of 

patients still having reoccurring HSV ocular disease, the rise of ACV-resistant HSV-1, only blocking 

viral replication, and poor uptake into corneal tissues (97, 98, 100). Alternative anti-viral 

treatments are being explored, such as the use of the cationic peptide, LL37 (122). GF17, a 

fragment that has been effective against Zika virus and Ebola virus, has been modified with two 

additional amino acids, termed GF19 (123, 124). In vitro testing of GF19 on human corneal 

epithelial (HCE) cells show a reduction of HSV-1 activity during the period of treatment and after 

the treatment (Figure 11A-B). For the first 24 hours, while the infected cells were treated with 

45µM GF19, no virus was detected in the supernatant. After the treatment was washed away, 

two thirds of the cell cultures treated with 45µM GF19 did not have any detected virus in the 

supernatant (Figure 11A-B). Additionally, there was a decrease in virions present with 25µM and 

35µM GF19 treatment compared to the scrambled GF19 (sGF19). Since LL37 is capable of 

modulating the immune response and promote an IFN-1 response, it is likely that the post-

treatment effects of GF19 are due to it also modulating the immune response (119). The anti-



65 

viral properties observed by LL37 in the HCE cell cultures may also be due to the toxicity of LL37 

which previous studies indicate high toxicity starting at 2µM in HCE cells (125).  

To assess the inflammatory capacity of GF19, 45µM GF19 was given to BMDCs for 24 

hours. Expression of CD40 and CD86 on treated BMDCs were like LPS treated BMDCs (Figure 11C). 

CD40 and CD86 are both costimulatory molecules which promote naïve T cell differentiation 

(163). Furthermore, CD40 can also promote a CD8+ T cell response as well as promoting natural 

killer cell proliferation, both cells important in responding to ocular HSV-1 infections (48, 50, 58, 

164, 165). This suggests that the use of GF19 could promote immune cell responses that are 

beneficial in responding against HSK. Interestingly, the expression of CD40 and CD86 are 

decreased when GF19 was delivered through SiO2 NPs in a CLP-LCPP hydrogel (Figure 11C). 

Seeing as GF19 was causing the upregulation of desirable costimulatory molecules, it might not 

be beneficial to deliver the treatment through a hydrogel as it is reducing the inflammatory 

effects of GF19 and might lead to a less potent anti-viral response. 

The efficacy of GF19 was also tested in an ex vivo setting using multiple treatment 

conditions, such as treating before the infection, immediately after the infection and after 24 

hours form the initial infection. Treatment with GF19 in all three conditions resulted in a 

reduction of virus secreted into the media (Figure 12). Interestingly, the pre-treatment with GF19 

was able to reduce the number of virions secreted despite being washed out before the infection. 

Since LL37 is able to promote an IFN-1 response in treated cells and that IFN-1 plays a large role 

in combating HSV-1 infections, the protective effects of GF19 could be due to promoting an IFN-

1 expression (70, 71, 83, 84, 119-121). When the GF19 was delivered through SiO2 NPs, the pre-

treatment was not effective at reducing the viral burden, but the other conditions were able to 

reduce the amount of virus secreted. The pre-treatment was most likely ineffective because in 

one hour, very little GF19 would have been released from the SiO2 NPs designed for sustained 

release, and not in sufficient quantity to have had a strong effect.  
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5.2. Treating ocular inflammation with a CB2r agonist  

Corticosteroids are often prescribed to patients suffering from keratitis, including HSK. 

While effective at reducing inflammation, they also come with notable side effects, in particular, 

elevated IOP and glaucoma (136). Agonists to cannabinoids receptors (CBr) are a potential 

alternative treatment, with publications showcasing the improved wound healing and decreased 

IOP with CBr agonist treatment (136, 146-149). CB2r agonist TA-A001 delivered through 

SmartCelle vehicle, the vehicle alone, and prednisolone were given to BMDCs. The expression of 

inflammatory markers TNF-α, CD86, and CD86 were similar between TA-A001 treated cells and 

those treated with prednisolone (Figure 13). CD40 was slightly more expressed in TA-A001 

treated cells but were still significantly lower than the cells treated with the positive control, LPS. 

Since the CD40 expression was still very low compared to the LPS activated cells, the CD40 may 

not be playing a pro-inflammatory role. Low levels of CD40 on dendritic cells can promote 

regulatory T cells generation (166). Additionally, BMDC counts were very low in TA-A001 treated 

cultures which coincides with previous studies claiming that CBrs can promote NF-κB-dependent 

apoptosis (167). The combination of causing apoptosis and low expression of CD40 in BMDCs 

may play a role in reducing inflammation in a live model. 

Alkali burns were used to induce corneal inflammation in mice, which were then treated 

with one of three concentrations of TA-A001, the vehicle alone, or prednisolone. Mice treated 

with prednisolone had eyes that were less touch-sensitive, had more diffuse fluorescein staining 

at two weeks, and had a higher IOP than before the treatment (Figure 14C). The prednisolone 

treated mice also lost weight over the 2-week study that indicated an adverse effect on overall 

health of the animals, which was not observed in the other groups (Figure 14G). On the contrary, 

mice treated either 0.250% TA-A001 or 0.500% TA-A001 had no weight loss and showed a 

decrease in IOP (Figure 14). Importantly, lowering the IOP reduces the risk of developing 

glaucoma (168). The mice treated with higher concentrations of TA-A001 performed much better 

in the clinical examinations compared to the prednisolone treated mice.  

Post-mortem immunohistochemical examinations of sectioned corneas were performed 

to obtain a more complete understanding of what is occurring in these mice. Neovascularization 
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was measured in the mice by staining for CD31, a marker that can stain blood vessels in the 

cornea (169). The mice treated with 0.500% TA-A001 had a significantly more vasculature 

expression in the cornea (Figure 15). This coincides with a previous cannabinoid study where a 

CB1r blockade reduced neovascularization in the cornea (153). Neovascularization in the cornea 

often causes a decrease in vision and optical clarity, as well as being associated with inflammation 

suggesting that care is needed when determining the optimal dosage of TA-A001 (170, 171). 

To better understand the inflammation in the cornea, exosomes markers TSG101 and 

CD63, which are involved in cell-cell communication were stained in addition to MCP-1, a marker 

for inflammation, a potent chemoattractant for monocytes/macrophages, and can be 

transported by exosomes (172-175). In the epithelium, there was a significant increase of CD63 

and MCP-1 expression for mice treated with 0.250% TA-A001 but the other treatments did not 

have a significant difference (Figure 16).  

Cells secreting CD63+ exosomes as well as MCP-1 expression can promote corneal 

neovascularization which may be one of the contributors to the vascularization observed in TA-

A001 treated corneas (173, 176). Upregulation of MCP-1 by 0.250% TA-A001 but not the other 

doses suggests pro-inflammatory activity. Interestingly, CD63 and MCP-1 had very low expression 

in the 0.500% treated mice despite these mice having more corneal neovascularization. The lack 

of expression in these corneas may be indicative of a lack of prolonged inflammation despite the 

vascularization. What may be happening is that TA-A001 treatment may cause a temporary 

increase in expression of MCP-1 in corneas and that the time for when MCP-1 is expressed is dose 

dependent, with higher concentrations of TA-A001 resulting in an earlier MCP-1 expression. This 

could explain why the 0.500% TA-A001 treated mice had a significant increase in 

neovascularization with low MCP-1 expression, since the temporary MCP-1 expression occurred 

before day 14 and could have promoted the neovascularization observed at day 14. 

Unfortunately, MCP-1 expression was only examined at day 14, requiring additional timepoints 

to study if the time of high MCP-1 expression was dose dependent. Additionally, no significant 

differences in mRNA expression were observed for MCP-1 for any of the treatment groups 

suggesting a lack of inflammation (Figure 16E). Interestingly, for 0.250% TA-A001 treated mice, 

they had a significant protein increase of MCP-1 in the epithelium but had the lowest MCP-1 
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mRNA expression. This might be due to the lack of specificity from the qPCR assay which looked 

at the MCP-1 mRNA within the eye instead of focusing on the corneal epithelium which was 

observed for protein expression. To examine other potential sources of neovascularization, other 

inflammatory markers were examined. 

Another way to assess inflammation is the secretion of cytokines into the tear film. During 

inflammatory conditions, low concentrations of cytokines could be detected in the tear film of 

mice (177-180). When trying to observe TNF-α, IL-1β, IL-6, IL-10 and IL-17A expression in the tear 

films, the cytokine concentrations were below the limit of detection for the vast majority of 

samples after the two weeks of treatment. Of note, IL-1β plays a large role in corneal 

neovascularization and the lack of it could suggest a greater importance of MCP-1 or other factors 

as the cause of the neovascularization observed (176). As such, it is unlikely that these pro-

inflammatory cytokines contributed to the neovascularization observed in 0.500% TA-A001 

treated mice. 

 Finally, another marker for inflammation is the release of substance P from neurons. 

Substance P is stored within neurons in the cornea and upon stress, will release the neuropeptide 

promoting inflammation through stimulating macrophages and promoting vascularization (181-

184). Staining for βIII tubulin, a nerve marker, and substance P showed a non-significant increase 

in substance P expression with TA-A001 treatment (Figure 17). Interestingly, in the images, 

substance P was highly colocalized with βIII tubulin, suggesting that substance P was not released 

and remained within the nerves. This is further supported with the insignificant difference in Tac1 

mRNA expression within the eye. Under inflammatory conditions, increased expression of Tac1 

mRNA can be found in the cornea, so the lack of Tac1 expression seen in TA-A001 treated mice 

suggests that lack of producing and releasing substance P (183). Since substance P remained in 

the nerves and that Tac1 expression did not significantly differ, it is unlikely that substance P 

contributed to the neovascularization seen in the 0.500% TA-A001 treated mice. Additionally, 

when observing βIII tubulin staining, the innervation of the epithelium appears slightly different 

between the treatments (Figure 17). The epithelial innervation of 0.500% TA-A001 treated mice 

were similar to the non-burned contralateral eyes, while prednisolone treated mice had hazier 

and more diffuse βIII tubulin staining. This suggests that TA-A001 treatment was able to help 
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sensory neuron regrowth following the alkali burn and is probably why only the prednisolone 

treated mice saw a decrease in corneal sensitivity.  

 

5.3. Conclusions and future prospects  

5.3.1. Understanding and treating HSV-1 ocular infections 

 To summarize, early after HSV-1 eye infections occur, a lot of virions were present in the 

limbus, some of which co-localizes with stem cells and TACs. It would be interesting to see if the 

host’s immune system plays a big role in stem cell infections and if so, what the factors for stem 

cell infections would be. Another portion that could be studied is what are the other cells being 

infected. Many of the corneas had infected cells and it could be beneficial to understand which 

cells in particular are harbouring the virus. If HSV-1 is actively lysing these cells, a potential 

treatment could be to supplement the function of the lysed cells. For example, if myofibroblasts, 

cells capable of producing large amount of collagen and extracellular matrix, were being lysed, a 

treatment to help maintain a proper extracellular matrix could reduce the disease severity. 

Additionally, efficacy tests with GF19 shows that the anti-viral peptide was able to reduce 

viral burden even when washed out of the cells and produced some activation of BMDCs. It is 

likely that GF19 is exerting immune modulating effects on the cells however more work would 

need to be done to properly identify what is occurring. Despite not fully understanding the 

mechanisms of viral protection that GF19 uses, it has clearly shown anti-viral properties and 

should be pushed further into testing. It would be important to see if GF19 can effectively reduce 

the viral burden of an HSV-1 eye infection, both as a preventative treatment and as a therapeutic 

treatment.  

5.3.2. Treating ocular inflammation with a CB2r agonist  

 The CB2r agonist, TA-A001, showed a reduction in inflammation that was comparable to 

the widely used corticosteroid, prednisolone, but with less side effects such as increased 

intraocular pressure or disruption of the epithelium. In addition to being better tolerated, high 

concentrations of TA-A001 had a comparable level of inflammation as prednisolone treated mice 
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except, TA-A001 treated corneas had more vascularization and had more epithelial innervation. 

More work should be done to better understand the vascularization seen and if it is connected 

with the elevated expression of MCP-1 seen in the 0.250% TA-A001 treated mice. Other then the 

neovascularization, 0.500% TA-A001 appears to reduce inflammation to a similar extent as 

prednisolone while minimizing negative consequences and promoting innervation.  

 Another area that would be interesting to further explore is the use of TA-A001 with HSV-

1 infections. Since corticosteroids have the potential of reactivating latent HSV-1, along with the 

other negative side effects, a CB2r agonist may provide immune suppression without HSV-1 

reactivation. A potential concern with the use of TA-A001 is the increased MCP-1 expression since 

MCP-1 expression in HSK can promote CD4+ T cell infiltration which promotes disease severity 

(185). Since the MCP-1 was not highly expressed with the highest concentration of TA-A001, it is 

unclear how MCP-1 was expressed due to TA-A001 and if it would have a negative impact in HSK.  

 Beyond the use of these treatments individually, future endeavours could look at 

combining the anti-viral GF19 and the immunosuppressant TA-A001. Controlling HSK is both a 

viral problem but also an inflammatory problem, requiring both types of treatments. Combining 

GF19 treatments with TA-A001, if successful, could result in a combinational treatment that has 

less side effects than the conventionally used treatments. 
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Chapter 7 – Appendices 

These appendices contain work that was done for several projects that are not directly part of 

my thesis work. However, I am a contributor or co-author on these projects. 
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Biomaterial corneal implants 

7.1. Introduction 

 The cornea is crucial for vision and irreversible damage can result in blindness. Globally, 

an estimated 23 million people have unilateral corneal blindness while 4.9 million are bilaterally 

corneal blind (186). The only commonly accepted treatment to restore a patient’s vision is 

through transplantation with human donor corneas. However, there is a severe global shortage 

of donor corneas resulting in only one cornea being available for approximately 70 patients (187). 

With such a lack of donors, patients can remain on a waiting list for long periods of time. 

Unfortunately, patients suffering from perforations do not have the luxury of time and require 

immediate treatment to save the eye. In addition to the donor cornea shortfall, although rare, 

corneal transplants can transmit pathogens (160, 188). A decrease in corneal graft survival rates 

from 84% in non-infected patients to 52% in has been noted in donor transmitted HSV patients 

after four years (189).  

Alternatives to donor corneal transplants are being explored, in particular cell-free 

biomaterial implants that promote in situ tissue regeneration corneal tissue. Currently, 

cyanoacrylate glue is used for emergency purposes, such as for corneal perforations which need 

to be sealed as quickly as possible to save the globe (190, 191). Unfortunately, cyanoacrylate glue 

has poor biocompatibility, with particular concern of damaging endothelial cells and promoting 

inflammation. Furthermore, if the glue is not fully polymerized, toxic cyanoacrylate monomers 

can hydrolysis into formaldehyde, which promotes scarring and neovascularization (190-193). 

Fibrin glue has also been used for wound closure in human corneas and have shown better 

biocompatibility than cyanoacrylate (193). However, fibrin glue takes longer to polymerize and is 

not as readily available as cyanoacrylate glue (191, 193). Both fibrin glue and cyanoacrylate glue 

are intended for short term treatments. Patients still require a corneal transplant to restore 

vision, creating the need for non-donor alternatives to function long term.  

Both solid and injectable liquid cell-free implants made from a wide range of biomaterials 

from fully synthetic polymers to decellularized extracellular matrices have been developed as 

alternatives to donor corneal transplantation. One in particular comprising a fully synthetic 
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collagen analogue made of collagen-like peptides (CLP) conjugated to polyethylene glycol (PEG), 

has been tested both as solid corneal implants and an injectable liquid formulation. These CLP-

PEG-based biomaterials were designed to recreate the collagenous extracellular matrix of the 

human cornea, and to stimulate regeneration of corneal tissues.  Solid CLP-PEG implants are able 

to regenerate the tissues and nerves in mini-pig corneas (194). The incorporation of a synthetic 

phosphorylcholine lipid, 2-methacryloyloxyethyl phosphorylcholine (MPC) that is known to 

suppress inflammation into solid CLP-PEG implants were able to block inflammation and allow 

corneal tissues and nerves regeneration in mini-pig corneas (195). Circumventing inflammation 

resulted in decreased haze or neovascularization, compared to CLP-PEG implants without MPC 

(195). While effective, solid implants are limited by the need for an operating team since the 

implantation procedure is similar to that of a donor corneal transplant.  

Corneal perforations are considered emergencies and require urgent care. Liquid glue-

filler formulations have been developed by several groups that can be injected into the 

perforation, sealing the wound. CLP-PEG-Fibrinogen, a liquid formulation of the CLP-PEG 

implants developed by the Griffith Lab were in mini-pig corneas, and showed similar regeneration 

stimulating capacity as the solid implants, and regenerated neo-corneas were similar to 

syngeneic transplant in the corneas (192, 194). However, MPC was not included in these 

implants, nor were they tested under conditions of inflammation. A new CLP formulation that 

included MPC was developed and was composed of CLP with a linear carboxylic 

phosphorylcholine copolymer (CLP-LCPP) and was tested in corneal perforations with light alkali 

burns to simulate inflammation. 

An additional benefit for synthetic implants is the ability to make further modifications to 

them such as delivering treatments through the hydrogels. Nanoparticles (NPs) mixed in with the 

hydrogel scaffold are able to have additional functions beyond mimicking a healthy cornea. Silver 

NPs have been incorporated into hydrogels and implanted into mice subcutaneously have shown 

anti-microbial proprieties against Pseudomonas aeruginosa, Staphylococcus aureus, and 

Staphylococcus epidermidis (196). Furthermore, NPs can be loaded with a treatment. LL37 

packed into silver NPs mixed into a hydrogel intended for corneal implants showed anti-microbial 

effects in vitro with minimal release of NPs from the collagen hydrogels (197). Other potential 
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treatments include gold NPs delivering anti-neovascularization antibodies in a collagen hydrogel 

(198). 

In this study, we sought to determine the possibility of using the secretion of extracellular 

vesicles (EVs), particularly exosomes, to distinguish between biomaterials that promoted 

seamless regeneration versus those that cause adverse events. We discovered that exosomes 

were produced in all mini-pig corneas that had regenerated (192).  We compared the two 

formulations containing collagen-like peptides (CLPs) with biomaterials known to produce 

inflammation or cytotoxic reactions to search for EV-exosome indicators of graft integration or 

failure. Finally, the use of NPs were examined for their compatibility in the implants and their 

effectiveness at delivering treatments.  

 

7.2. Contributions 

 Injectable materials were tested on mice by surgeon Dr. Marie-Claude Robert. Materials 

were made by Drs. Fiona Simpson, Elle Edin, and Bijay Poudel. Quantification of exosome 

expression was performed by Dr. Santiago Costantino. Everything else was performed by Marc 

Groleau.  

 

7.3. Methods 

7.3.1. Fabrication of CLP-PEG-Fibrinogen hydrogels 

 Production of CLP-PEG-Fibrinogen used the same method as previously described (192). 

To make the CLP-PEG, 20mL of H2O was degassed using nitrogen for 20 minutes. 770mg of eight-

arm PEG-maleimide was added to the 20mL of degassed H2O, followed by 625mg CLP, and stirred 

for 20 minutes. 2M NaOH was used to raise the pH to 4.5 while adding 30mL of degassed H2O. 

The solution would then be stirred for five days, monitoring the pH, and adjusting it to 4.5 when 

needed. Finally, 50mL of H2O was added to the solution to then be filtered through 0.45μm 

syringe filter and dialysed daily for seven days at a pH of 4.5 (molecular weight cut-off: 14kD). 

Once completed, material was freeze-dried. 
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 CLP-PEG and fibrinogen (Tisseel, Baxter International, Deerfield, IL, USA) were added 

together and mixed in with H2O give a final dilution of 10 and 1% (w/w), respectively. 

Reconstitution would take two to three weeks and once resuspended, the solution would be 

heated above 37°C to melt it and centrifuged at 3000rpm for 10 minutes. This would be repeated 

until there were no more bubbles present.  

 CLP-PEG-Fibrinogen hydrogels were made by heating the CLP-PEG/fibrinogen mixture to 

50°C and were transferred to a heated T-piece mixing system. 4-(4,6-dimethoxy-1,3,5-triazin-2-

yl)-4-methylmorpholinium chloride (DMTMM), a crosslinker, was added for a final concentration 

of 2% into the T-piece and mixed until homogeneous. To apply into the cornea, a solution of 

250U/mL of thrombin was first applied to the wound followed by the application of the T-piece 

mixture. 

7.3.2. Fabrication of CLP-LCPP hydrogels 

 LCPP was prepared by adding 885mg of MPC to TRIS-HCl 0.5M pH 6.7 for a final volume 

of 200mL. 450mg of AC-PEG-COOH was added to the solution followed by sonication and 

nitrogen flushing for 30 minutes. 51.3mg of APS was added, then sonicated and nitrogen flushed 

for 5 min, followed by the addition of 33.6µL of TEMED. Solutions were incubated at 20°C for 24 

hours under positive pressure, nitrogen atmosphere, and constant stirring. Samples were 

dialysed in a 12-14kD molecular weight cut-off cellulose dialysis membrane. Once completed, 

material was freeze-dried. 

 Stock solutions of 15% CLP, 10% LCPP, and 10% DMTMM were prepared by using MOPS. 

150µL of LCPP was mixed with 112.5µL of DMTMM and 337.5µL of MOPS. The solution was 

incubated at 65 ºC and a minute. 750µL of CLP solution and 150µL of MOPS was added to the mix 

which was then ready to be applied to the wound.  

7.3.3. Application of nanoparticles 

 SiO2 NPs were produced as previously described. To summarize, 6mL cyclohexane was 

combined with 2mL Triton X-100 (Both from Sigma-Aldrich, St. Louis, MO, USA). 0.75mL 

tetraethylorthosilicate was added dropwise (Sigma-Aldrich, St. Louis, MO, USA) and the solution 

was brought to a pH of 5.0-6.0 using ammonia hydroxide (Sigma-Aldrich, St. Louis, MO, USA) and 
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were stirred for two days at 50°C. Both SiO2 NPs and lipid NPs were then mixed with the hydrogel 

solution before the addition of a cross linker for the CLP-PEG-Fibrinogen implants or mixed in 

with the CLP solution for CLP-LCPP implants.  

7.3.4. Implantation into inflamed mouse corneas 

 With ethics approval from the animal care committee of the Maisonneuve-Rosemont 

Hospital Research Centre, protocol #2021-2356. Forty-two Balb/C mice, age 6 to 10 weeks, were 

divided into multiple groups of 3 animals each. Before the surgeries, mice were given an 

analgesic, 0.05 mg/kg buprenorphine. Under full anaesthesia, which was induced by ketamine 

and xylazine (50/5 mg/kg), each animal was given an alkali burn by soaking a 2mm diameter piece 

of Whatman #1 filter paper in 0.125N sodium hydroxide (NaOH) and applying it to the right 

cornea for 15 seconds. A 1mm full perforation was performed in the burned eye and it was filled 

with one of the treatments. The treatments include CLP-Peg-Fibrinogen with and without SiO2 

NPs, CLP-LCPP with either SiO2 NPs, mesoporous SiO2 NPs or no NPs, cyanoacrylate glue, fibrin 

glue or gelatin. As a control for the implant, mice received the burn but did not receive a full 

perforation or implant afterwards. Additionally, all mice received buprenorphine for 2 days, twice 

daily and Tobradex eye drops (DIN. 00778907) for 7 days, twice a day. Mice were sacrificed on 

days 1, 3, 7, and 14. Eyes were removed and fixed in 0.1M phosphate buffer with 0.18M sucrose 

and 4% PFA, overnight at 4°C.  

7.3.5. Implantation of transfecting reagents in mouse corneas 

 The experiment was performed after institutional ethics approval from the animal care 

committee of the Maisonneuve-Rosemont Hospital Research Centre, protocol #2021-2356. 

Twelve Balb/C mice, age 6 to 10 weeks, were divided into groups of 3 animals each. Mice 

underwent slip lamp examination and OCT to verify the health of the cornea before starting the 

experiment. Before the surgeries, mice were given buprenorphine (0.05 mg/kg), an analgesic. 

Ketamine and xylazine (50/5 mg/kg) were used for anaesthesia during the operations, a 1mm full 

perforation was performed in the left eye and it was filled with one of the treatments. The 

treatments were all CLP-LCPP with lipid NPs either containing nothing or one of the two 

transfection formulations tested, both supposed to cause the production of green fluorescent 

protein (GFP). Before the operation and on days 3, 7, 10 and 14 post-operation, a blue light was 
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used to excite any GFP present. OCT was performed on day 14 to assess corneal healing. 

Additionally, all mice received buprenorphine for 2 days, twice daily and eye drops of Tobradex 

(DIN. 00778907) for 4 days, followed by 3 days of Tobramycin (DIN. 02241755), both eye drops 

were given twice a day. Mice were euthanized on day 14 and their eyes were dissected and fixed 

in 4% PFA in 0.1M TBS, overnight at 4°C.  

7.3.6. Histology and immunohistochemistry 

 The fixed eyes were passed through a sucrose gradient from 5% to 20% in 0.1M TBS and 

globes were frozen in optimum cutting temperature (14-373-65, Thermo Fisher Scientific, 

Waltham, MA, USA). 

 For hematoxylin and eosin H&E staining, the sections were rinsed in distilled water and 

stained with Harris hematoxylin (HHS32-1L, Sigma-Aldrich, St. Louis, MO, USA) for 8 minutes. 

Slides were washed and placed into a 1% acid alcohol solution and Scott’s tap water. Dehydration 

with 95% ethanol was done before staining with eosin-phloxine solution (HT110316-500ML, 

Sigma-Aldrich, St. Louis, MO, USA). All samples were cleared in xylene and mounted with 

Permount Mounting Medium (SP15-100, Thermo Fisher Scientific, Waltham, MA, USA) and 

imaged using Zeiss Axio Imager Z2 with an AxioCam MRc color CCD camera (Carl Zeiss, 

Oberkochen, Germany). 

 For immunohistochemistry, sections were permeabilized in 0.3% Triton X-100 in 0.1M TBS 

for 15 minutes and quenched in 50mM ammonium chloride for 30 minutes. Following that, they 

were blocked for 1 hour in TBS containing 5% normal goat serum and 0.01g/mL saponin. For 

stains that had a mouse primary antibody, mouse on mouse blocking reagent was added to the 

blocking (Vector Laboratories, Burlingame, CA, USA). Primary antibodies were diluted in the 

blocking solution and were added to the samples for an overnight incubation at 4°C (Table 6). 

Sections were incubated for an hour with secondary antibodies which were diluted at 1:1000 in 

the blocking solution (Table 6). For the exosome stain consisting of CD63, TSG101 and MCP-1, 

slides were quenched for autofluorescence using Vector TrueVIEW Autofluorescence Quenching 

Kit (Vector Laboratories, Burlingame, CA, USA). Nuclei were stained with 5µg/mL DAPI for 10 

minutes and mounted in Vectashield Vibrance Mounting Medium (Vector Laboratories, 
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Burlingame, CA, USA). All slides were imaged on a Zeiss LSM 880 confocal microscope (Zeiss, 

Oberkochen, Germany). Exosome quantification was performed by compressing the images into 

a maximum projection and measure the MFI of the sample. Snaps of the samples were performed 

using Imaris v9.1.2 (Bitplane Inc., Concord, MA, USA). 

 

7.3.7. Statistical analyses 

 A one-way ANOVA Tukey’s multiple comparison was used to analyse the BMDCs (n = 3). 

MFI of CD63, TSG101 and MCP-1 was measured, and the treated eyes were divided by the 

contralateral, non-treated eye of the same mouse. A two-way ANOVA Tukey's multiple 

comparisons test with a confidence interval of 95% for each marker (GraphPad Prism 9.3.0, 

GraphPad Software LLC., San Diego, CA, USA) was used. The unit of analysis was the mouse (n = 

3 per group, except CLP-Peg-Fibrinogen for day 3 which had an n = 2). 

 

Table 4. Antibodies for immunohistochemistry 

Target Antibody Dilution Factor 

GFP  Anti-GFP from mouse IgG1κ (clones 7.1 and 13.1), Sigma-

Aldrich, 11814460001 

1:200 

CD63 Anti-CD63 Antibody (MX-49.129.5), Santa Cruz, sc-5275 1:1000 

TSG101 Recombinant Anti-TSG101 antibody [EPR7130(B)], 

AbCam, ab125011 

1:1000 

Monocyte 

chemoattractant 

protein-1 

Ultra-LEAF™ Purified anti-mouse/rat/human MCP-1 

Antibody, BioLegend, 505911 

1:500 

Mouse IgG Goat anti-Mouse IgG (H+L) Highly Cross-Adsorbed 

Secondary Antibody, Alexa Fluor™ Plus 647, Invitrogen, 

A32728 

1:1000 
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Rabbit IgG IgG (H+L) Highly Cross-Adsorbed Goat anti-Rabbit, Alexa 

Fluor™ 594, Invitrogen, A11037 

1:1000 

Armenian 

Hamster IgG 

Goat anti-Hamster IgG (H+L) Secondary Antibody [DyLight 

488] (Pre-adsorbed), Novus Biologicals, NBP1-73008 

1:1000 

 

7.4. Results 

7.4.1. Early impacts of corneal implants 

 To gain a better understanding of early events in biomaterial-corneal cell interactions 

within an inflamed eye, a corneal alkali burn model of inflammation in mice was developed. One 

cornea of each mouse received an alkali burn followed by a full-thickness perforation. Control 

animals received an alkali burn only.  The perforations were filled an injectable hydrogel 

comprising CLP-PEG-Fibrinogen.  H&E showed that cells were infiltrating the implant in the 

stroma within the first day and that by day 3, the corneas had re-epithelialized (Figure 18A). Both 

patched corneas and corneas that received burns only showed a similar morphology in H&E 

sections.   

The burned corneas expressed exosome markers TSG101 and CD63, as well as MCP-1 

throughout the 7-day observation period (Fig. 18B-E). In the burned and patched corneas, the 

regenerating neo-corneas showed increased expression of TSG101 and CD63, although these 

increases were not significant (p>0.05 by a two-way ANOVA Tukey's multiple comparisons test). 

The increase in MCP-1 observed on day 3, however, was significant (p≤0.05) (Figure 18E). MCP-1 

expression decreased by day 7. In the burned eyes, an increase in MCP-1 expression was 

observed on day 7 but was not significant (Figure 18E). All three markers were predominantly in 

the stroma, mostly deeper into the tissue (Figure 18B). 
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Figure 18. Extracellular vesicles secretion and MCP-1 expression within a week after 

implantation in mice. All 18 mice were given an alkali burn and half of the mice received a full 

thickness perforation and CLP-PEG-Fibrinogen implant in addition to the alkali burn. Mice were 

sacrificed at days 1, 3, and 7 with three mice per group. (A) Corneas received H&E staining to 

observe cell infiltration and re-epithelialization. Scale bar: 50µm. (B) Corneal sections were also 

stained for TSG101 (Magenta), CD63 (Yellow), MCP-1 (Green), and DAPI (Blue). Colocalization of 

TSG101 and CD63 was shown in the exosome channel (Red) and the colocalization of the 

exosomes and MCP-1 was shown in the exosomes + MCP-1 channel (Brown). Quantification of 

the TSG101 (C), CD63 (D), and MCP-1 (E) was performed on the tissue and the data was presented 

as a ration between the implanted eye and the contralateral eye. *P ≤ 0.05 by two-way ANOVA 

Tukey's multiple comparisons test. 

 

7.4.2. Comparison of CLP-based hydrogels to common corneal sealants 

 Histopathological examination of H&E stained sections revealed a disorganized and 

distended cornea after treatment with cyanoacrylate glue and fibrin glue, both of which are 

approved for human use (Figure 19A). Mouse corneas that received gelatin implants had 

epithelial defects as well as a disorganized stroma (Figure 19A). CLP-PEG-Fibrinogen and CLP-

LCPP implants, with and without NPs, showed morphologically similar epithelial and stromal cell 

compartments to non-operated corneas at 14 days post-operation (Figure 19A).  

 All groups showed staining for CD63, a marker for extracellular vesicles (EVs) that are 

more abundant during inflammation, TSG101, another EV marker but is less associated with 

inflammation, as well as MCP-1, a marker for inflammation and promotes macrophage 

infiltration (172-175, 199-203). There was high expression of CD63 and MCP-1 for cyanoacrylate 

glue, fibrin glue, and gelatin implants, suggesting that these eyes were inflamed (Figure 19B-E). 

CLP-PEG-Fibrinogen implants had high expression of TSG101 while CLP-LCPP implants had the 

lowest expression of all three markers compared to the other implants (Figure 19B-E). 

Interestingly, when SiO2 NPs were delivered through a CLP-LCPP implant, there was an increase 

in both of the EVs markers but when SiO2 NPs were delivered through CLP-PEG-Fibrinogen, there 
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was a decrease in expression. Additionally, for all the implants, the EV markers were localized 

predominantly within the epithelium except for the fibrin glue implants, which were mostly in 

the stroma (Figure 19B). The colocalization channels for exosomes, TSG101 colocalizing with 

CD63, and exosomes with MCP-1 had a similar expression pattern as the CD63 (Figure 19B). 
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Figure 19. Expression of extracellular vesicles and MCP-1 in implanted mice. Corneal 

implants were given to 3 female BALB/c mice per material after they received an alkali burn and 

full thickness perforation. (A) Corneas were stained for H&E. Scale bar: 50µm.  (B) Two weeks 

after the implants, samples were stained for TSG101 (Magenta), CD63 (Yellow), MCP-1 (Green), 

and DAPI (Blue). An exosomes channel (Red) was created based on the colocalization of CD63 

and TSG101 as well as an exosomes + MCP-1 channel (Brown) based on the colocalization of 

exosomes with MCP-1. Quantification of the TSG101 (C), CD63 (D), and MCP-1 (E) was performed 

on the imaged tissue. Data was presented as a ratio of the implanted eye by the contralateral 

eye. *P ≤ 0.05 by two-way ANOVA Tukey's multiple comparisons test. 

 

7.4.3. Efficacy of injectable CLP hydrogels for delivery through nanoparticle carriers 

 Injectable CLP based hydrogels were tested for their utility for the potential delivery of 

drugs or other bioactives through the incorporation of nanoparticles. Lipid NPs loaded with an in 

vivo transfection reagent carrying DNA for Green Fluorescent Protein (GFP) was incorporated 

into CLP-LCPP. Initial testing showed uptake of the DNA and faint green fluorescence while, 

subsequent testing did not reveal GFP uptake (Figure 20A-C). Brightfield and OCT imaging showed 

that some of the implants were glued to the lens but were otherwise similar to the non-operated 

eye (Figure 20D-E). Corneas transfected in vivo with GFP showed no GFP expression in the 

implants except for in the initial test (Figure 20F). However, it was noted that the collagen-citrate 

glue needed to retain CLP-LCPP filled most of the cornea so the amounts of GFP-containing 

liposomes within the CLP-LCPP reaching the corneal cells was questionable, and therefore the 

results were inconclusive.  



97 

 

Figure 20. In vivo transfection of mouse corneas with GFP DNA. Female BALB/c mice were 

given a full thickness perforation and a CLP-LCPP implant containing lipid NPs. Formulation 1 and 

2 both contain a transfecting reagent capable of causing cells to produce GFP. The initial test of 

one mouse was of formulation 2, the other groups were 3 mice each. Blue light was used to excite 

the GFP in a live mouse on days 7 (A), 10 (B), and 14 (C). Brightfield (D) and OCT (E) imaging of 

the cornea was also taken on day 14. (F) Corneal sections were imaged for GFP (Green), stained 

GFP (Magenta), and DAPI (Blue). Scale Bar: 50µm. 
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7.5. Discussion 

 To address the shortage of human donor corneas, biomaterials that gel spontaneously in 

the body have been developed. In order to gain a greater understanding of the early events after 

a corneal implant, CLP-PEG-Fibrinogen implanted mice were compared to alkali burn only mice. 

H&E staining showed that the initially cell-free biomaterials were rapidly repopulated by 

overgrowth of epithelium and ingrowth of stromal cells starting at day 3 (Figure 18A). Exosomes 

are recognised as products of cell-cell interaction. In this case, they were produced as a result of 

cell-biomaterial interactions and were examined for their utility to predict graft integration or 

failure using exosome markers and MCP-1. MCP-1 is strongly associated with corneal graft failure, 

with overexpression of MCP-1 associated with increased likely of graft failure and even the high 

expression of MCP-1 before an implant is also associated with increased graft failure (202, 203). 

CD63 is associated with graft failures for cardiac and renal transplantation, although not much 

work has looked into CD63 expression in corneal graft failures (199-201). CD63 is often used as 

an exosome marker. Staining for CD63, TSG101, and MCP-1 revealed that there was a large 

increase in MCP-1 expression at three days post corneal implant (Figure 18B-E). While the high 

expression of MCP-1 is concerning since it might indicate a greater risk of graft failure, the MCP-

1 dropped to much lower levels by day 7, making it unclear if the MCP-1 expression will 

contribute towards graft failure. Since long-term 12 month studies in mini-pigs have used the 

same material, CLP-PEG-Fibrinogen, and have shown stably integrated and fully regenerated neo-

corneas, it is unlikely that a transient increase in MCP-1 expression is correlated to graft failure 

(192). It is more likely that sustained high levels of MCP-1 expression would be more predictive 

of serious grafting consequences. 

 As previously observed, the addition of MPC to CLP-PEG solid implants resulted in less 

haze and vascularization compared to CLP-PEG implants without MPC (195). In an effort to 

improve the liquid formulation implants, LCPP, a polymer of MPC, was used for implantation and 

compared to CLP-PEG-Fibrinogen. Mice were given alkali burns to induce inflammation followed 

by a full thickness perforation and implant for two weeks. H&E staining shows that both 

cyanoacrylate glue and fibrin glue implants resulted in a very thick stroma with a high amount of 

cell infiltration (Figure 19A). On the other hand, corneal perforations treated with CLP based 
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materials (CLP-PEG-Fibrinogen and CLP-LCPP), healed and regenerated neo-corneas that were 

comparable with non-operated eyes.  

 Comparing the different materials, samples were stained for CD63, TSG101, and MCP-1 

to assess inflammation and the early risks of graft failure. The materials currently approved for 

human use, cyanoacrylate glue and fibrin glue, had a lot of CD63 and MCP-1 expression in the 

cornea in comparison to the CLP based materials and the non-operated eyes (Figure 19B-E). This 

would suggest that the CLP based materials would have better long-term graft survival compared 

to cyanoacrylate glue and fibrin glue. Additionally, CLP-LCPP implants had slightly lower 

expression of all three markers than CLP-PEG-Fibrinogen implants (Figure 19B-E). This would 

suggest that these implants would function better in the long term, similar to what was observed 

when MPC was added to solid CLP-PEG implants (195). 

 As for the additional modifications to the implants, SiO2 NPs were added to the CLP 

materials which were implanted into mouse corneas. Interestingly, their impact on MCP-1 

expression varied slightly depending on the material. CLP-PEG-Fibrinogen implants 

supplemented with SiO2 NPs had a non-significantly lower MCP-1 expression compared to the 

implant without SiO2 NPs while the opposite effect was observed for CLP-LCPP (Figure 19B-E). As 

such, it seems that the addition of NPs only had a minor effect on the cornea and could potentially 

be used to deliver a treatment.  

 Beyond SiO2 NPs, lipid NPs were tested for their efficacy at delivering their treatment to 

cells through a CLP-LCPP implant. The lipid NPs that were given to the mice contained a 

transfecting reagent that would cause the cells to express GFP. The initial test with these lipid 

NPs showed a bit of GFP expression in the cornea when excited with a blue light and stained for 

GFP in cryosections (Figure 20). While this was an encouraging result, the repeated attempt 

produced very little or no GFP expression. This was most likely due to the difficulty in filling 

minute corneal perforations in mice with a glue followed by hydrogel, strongly suggesting the 

need for a simpler application method.  

 In conclusion, biomaterials were tested to see their suitability for corneal implantation. 

Early observations of the cornea following implantation shows a temporary high expression of 
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MCP-1 which dissipates within a week. The CLP-PEG-Fibrinogen and CLP-LCPP materials were 

associated with regeneration of neo-corneas that resembled healthy untreated corneas. They 

showed lower expression of CD63 and MCP-1 than cyanoacrylate glue and fibrin glue which 

resulted in distended and disorganized corneas. This supports the contention that exosomes may 

have utility for predicting biomaterials implantation outcomes. However, more work is needed 

for confirmation. 
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