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HERPES SIMPLEX VIRUS INFECTION 

 

Infectious keratitis in humans is almost always caused by the type I strain of herpes simplex virus 

(HSV) 
1
. It is usually acquired by close contact with persons with clinical or subclinical infections on the 

face, oral mucosa, or sometimes the genital mucosa 
1
. On rare occasions, the virus is suspected to be 

transmitted by corneal transplantation 
2
. The initial infection usually involves active viral replication in 

corneal epithelial cells that die and need to be replaced. Primary ocular infection is probably the result of 

direct inoculation of the surface of the eye or adnexa, but in atopic and immune compromised individuals 

it can be due to autoinoculation of active HSV infections elsewhere on the body, such as a cold sore. 

Herpetic stromal keratitis (SK), an immune mediated disease of the relatively acellular collagen matrix of 

the cornea, rarely occurs during primary ocular HSV infection. Most of the time SK is triggered by 

reactivation of latent HSV infection of neurons in the trigeminal ganglion, with subsequent axonal 

transport of viral proteins and/or infectious virus into the corneal stroma 
3
. 

Active viral replication in the corneal epithelium proceeds for a few days and the clinical 

consequences can be reduced by 2-3 days with anti-viral therapy. Therapy does not markedly reduce the 

duration of viral detection and treatments are only assumed to be effective since untreated controls are 

rarely available for comparison. Unfortunately, controlling the lesion fails to remove the virus from the 

body and life-long latency is invariably established in neurons of the trigeminal ganglion. During latency, 

no replication competent virus is produced and were this situation to remain without interruption, all 

would be well. Alas, periodically, and perhaps continuously in some cases, a few latently infected 

neurons are induced by a variety of stress stimuli to reactivate a productive cycle and new virus passes 

back to peripheral sites where lesions were formerly present 
4
. These recurrences may be subclinical or 

clinically evident, but repeated episodes can result in chronic inflammatory disease in the corneal stroma
5
. 

About 20% of patients with epithelial keratitis develop the stromal form of HSV corneal disease which is 

far more likely to compromise vision and more difficult to control therapeutically than epithelial keratitis 
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3
. Some patients with SK require prolonged, even indefinite treatment with anti-inflammatory drugs and 

usually the virus is not present in lesions after the initial stages. Indeed, there is a strong suspicion and 

some evidence that SK can develop into an auto-immune inflammatory process 
6
.  

For ethical and practical reasons it is difficult to manipulate and understand the role of the many 

events involved in human SK. In consequence, to assemble the steps involved in pathogenesis it is 

necessary to use a variety of animal model systems. None of the models are perfect, particularly to mimic 

the consequences of viral reactivation from latency. The most convenient model to use is primary 

infection of the mouse cornea with appropriate strains of HSV. Inflammatory lesions occur in the stroma 

and these resemble  SK lesions observed in humans 
7
. The mouse model is extremely unreliable to 

achieve lesions following exposure to virus reactivation stimuli 
8, 9

. The rabbit model is better for this 

circumstance although the many disadvantages of working with rabbits to study inflammation and 

immunology make their use problematic.  

 

THE TWO CRITICAL EVENTS IN SK: INFLAMMATION AND CORNEAL NEOVASCULARIZATION 

 

 The pathogenesis of herpetic SK includes two main events, the early and late immune response to 

the virus which results in inflammation, and the development of blood vessels in the transparent cornea. 

The following section will describe in detail both events and the different measures that have been used to 

reduce inflammation as well as to control corneal neovascularization (CV). For didactic purposes we 

describe both events separately however, during the development of the disease, inflammation and CV 

occurs simultaneously and one is the consequence of the other. In consequence, among the treatments that 

will be described, those drugs that affect primarily inflammation indirectly will affect CV and vice versa. 
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INNATE AND ADAPTIVE IMMUNE RESPONSE 

 

Following infection, replication commences in epithelial cells and this lasts for 5 to 6 days after 

which replicating virus is usually no longer detectable in the eye (Figure 1.1). Normally, little or no 

replicating virus reaches deeper layers in the eye such as the corneal stroma
7
. However, in 

immunocompromised animals virus does reach deeper tissues and also passes to the brain to cause 

encephalitis, a usually lethal lesion which in mice might be in part immunopathological 
10

. Replication 

invariably occurs too in the trigeminal ganglion where latency is permanently established 
11

. 

Virus infection triggers numerous signaling events many of which are driven by pathogen 

activating molecular pattern (PAMP) properties of the virus. These include at least 3 TLR ligands (TLR-

2, TLR-3 and TLR-9) all of which activate the innate immune system in some way 
12-14

. Curiously, 

humans without TLR-3 responsiveness show markedly increased susceptibility to HSV infection 
12

. It is 

not clear how and where the virus exerts its TLR ligand stimulating effects. Likely possibilities include 

virus budding from infected epithelial cells, cell contents released by killed cells, or perhaps extracellular 

free virus.   

While TLRs are the most well known PRR activated by HSV, there are other PRRs that were 

shown to be activated in vitro by HSV. These include NLRP3 and IFI16/p204 (IFI16 mouse homolog 

IFI204)
15, 16

, two families of PRRs that upon exposure to their ligands form large molecular complexes 

called inflammasomes
17

. Inflammasomes are characterized by the assemble of (i) a sensor protein that 

recognizes the trigger (ii) an adaptor molecule known as an apoptosis associated like protein (ASC) and 

(iii) an effector protein called pro-caspase 1
18

(Figure 1.2). According to the sensor protein that 

inflammasomes contain they are classified into two families, NLR family (nucleotide finding and 

oligomerization domain (Nod) and leucine rich-repeat-containing) that contain NLRP1, NLRP3, NLRC4 

and NLRP6 and NLRP12
19

 or PYHIN domain family (Pyrin domain (PYD) and HIN domain-containing) 

which includes AIM2 and IFI16
20

 (Figure 1.2). The formation of this cytoplasmic complex results in 
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activation of pro-caspase 1 into caspase 1 which in turn induces the maturation of IL-1 and IL-18 into 

their bioactive forms. As well, activation of the inflammasome can also result in pyroptosis
21

. In addition, 

while NLRP3 is localized in the cytoplasm and can be activated by a wide range of stimuli, IFI16 is 

localized in the nucleus and relocalize to the cytoplasm upon stimulation and it is considered a true 

receptor since it engages double stranded DNA ligands directly
16,22

. The knowledge about inflammasomes 

and HSV is based exclusively to date on in vitro studies. In vivo experiments are underway to reveal the 

relevance of these PRRs.  

Apart from the secretion of cytokines as a consequence of PRRs activation, there are other 

products generated (such as TLR ligands, HSPs and some cytokines) that act in a paracrine fashion to 

induce uninfected cells to produce and secrete numerous factors that participate in pathogenesis. These 

include the critical proinflammatory cytokines IL-6, IL-1 and IL-17A
7
. Chemokines such as CCL2, 

CXCL1 and CXCL2 are also produced and these serve to attract inflammatory cells of many types into 

the corneal stroma from blood vessels present at the ocular limbus 
23, 24

. Inflammatory cells are evident by 

24 hr pi and these include natural killer cells (NK), T cells, dendritic cells (DC), macrophages and most 

prominently neutrophils 
25-28

 (Figure 1.1). Notably, there are few if any lymphocytes especially those that 

are reactive with viral antigens 
29

. We remain uncertain as to the role of the various recruited cells, but it 

is known that they serve to abort the infection
30

. The DCs that invade the eye are likely involved in 

transporting viral antigen to the draining lymph node and initiating an adaptive immune response. Some 

DC subtypes and macrophages could be a source of lesion modulating molecules such interferons, 

transforming growth factor beta (TGF) and IL-10.  

The stromal lesions that occur in the eye represent immunopathological events that are 

orchestrated by T cells (Figure 1.3). Accordingly, T cells (primarily CD4+) become evident in the stroma 

by seven days pi. and this infiltration peaks around 14-21 days pi. 
7
 (Figure 1.4). Stromal lesions do not 

occur in animals that lack T cells, but lesion-producing competence can be restored with adoptive 

transfers of T cells, with CD4+T the most disease producing 
31, 32

. It is conceivable that the entrance of T 
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cells, which are presumably corresponding to chemokines such as CCL2, CCL5 and CXCL10 generated 

in the stroma, is facilitated by the new quite leaky vascular bed that expands from the limbus. A major 

unresolved issue is to define the antigen specificity of the CD4+T cells involved in orchestrating SK. 

Unfortunately, appropriate peptides or tetramer reagents to identify T cell specificity have not been used 

and are not readily available. Viral antigen specificity is suspected to be one of the targets for T cells, but 

activated T cells of other specificities are present in lesions and these are hypothesized to participate 
33

. 

Our group, for example, have observed that TCR transgenic mice on a RAG background, where almost 

100% of the T cells are reactive to a peptide that has no known cross-reactivity to HSV, can be 

responsible for lesions that appear identical to those seen in normal infected mice 
34

. In fact we have 

advocated that the environment of the inflamed cornea may serve to stimulate T cells of many 

specificities providing they gain access to the cornea. We believe that these bystanders can be stimulated 

to generate pro-inflammatory components that further contribute to SK. However, these bystander 

activation ideas are not uniformly accepted. 

An alternative concept is that SK lesions are the consequence of autoantigens being unmasked in 

the cornea and these drive autoreactive cells to mediate an autoimmune inflammatory reaction 
6
. An 

extension of this idea is that the virus itself may act as a molecular mimic for some of these autoantigens 

35
. This notion has attracted advocates 

35
, but the concept has never been independently confirmed and has 

been experimentally refuted 
34

.  

It is a curious and unexplained fact that by far the most frequent T cell type in SK lesions is 

CD4+T cell. However these T cells can be of many subtypes in terms of function. Early on the major 

subtypes are Th1 cells along with FoxP3+ regulatory T cells 
36, 37

. In the later stages, Th17 cells become 

more evident, although these never outnumber the Th1 cells 
38

. By the time Th17 cells become prominent, 

CV is quite extensive and it is possible that some cytokines generated from Th17 cells contribute directly 

or indirectly to the angiogenic process
39

. Murine SK lesions usually do not resolve spontaneously, 
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particularly if the lesions are severe. However it is conceivable that resolution could be achieved with 

novel therapies and this is an active area of investigation.  

 

PREVENTING AND CONTROLLING INFLAMMATION 

 

 As described in previous sections, the main orchestrators of SK are CD4+T cells. The different 

approaches that have been used to diminish the infiltration of such cells include reducing the number of T 

cells, reducing inflammatory mediators or emphasizing/ increasing the number of regulatory T cells 

(Treg). The description that follows briefly discusses the several previous and current approaches 

evaluated so far to control corneal inflammation in the mouse. Table 1.1 and figure 1.5 resumes the 

regimen of administration and mechanisms of action, respectively. 

 

Stopping and inhibiting T cells: Several approaches have been used to reduce the number of 

inflammatory T cells in cornea. One such measure is destroying activated T cells through the 

administration of galectins, a family of endogenous carbohydrate binding proteins expressed by activated 

but not naïve cells. Administration of galectin-9 reduced SK severity by inducing apoptosis of effectors T 

cells
40

. Such effect is known to be achieved through binding of galectin-9 to TIM-3 (T cell 

immunoglobulin and mucin-3) receptor, a member of the T cell immunoglobulin and mucin family of 

proteins
41

.  

Reduction of SK severity also occurred when administering galectin-1
42

. The effects of galectin-1 

on immune and inflammatory cells are likely to be due to the binding and cross-linking of this protein to 

cell-surface glycoproteins such as CD45, CD43, and CD7 
43

. Another potential way to inhibit T cells in 

SK and in turn reduce the severity of this disease is targeting T cell transcription factors
44, 45

.  TCDD is a 

drug that activates the cytosolic transcription factor AhR involved in inducing apoptosis of activated T 
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cells
46, 47

. A single administration of this drug was used successfully to suppress the severity of ocular 

immunoinflammatory lesions caused by HSV
48

. 

 Targeting Lymphotoxin-α (LT-) is another way to reduce the function of T cells
49, 50

. LT- is a 

cytokine produced by lymphocytes that upon binding to its receptor, which are on the cell surface of Th1 

and Th17 cells, can induce the production of inflammatory cytokines and chemokines
49, 50

. Administration 

of anti-LT mAb was shown to reduce the severity of SK lesions
51

. Finally another mean to achieve such 

effect was modulating the expression of miRNAs, for example miRNA 155. It has been reported that this 

miRNA targets two molecules (SHIP1 and IFN receptor -chain) involved in Th1 differentiation
52

. 

Administration of antagomir 155 reduced SK lesions in mice through inhibition of T cells function
52

. 

 

Changing the subset balance to favor Treg:Treg play an important role in protecting the host from 

ocular immunopathology  and expanding their numbers can result in diminished SK
53

. A novel approach 

to increase this group of cells takes advantage of the fact that Foxp3+ regulatory T cells, but less so other 

naïve T cell subsets, constitutively express high levels of the TNF receptor superfamily member 25 

(TNFRSF25)
54

. Stimulation of TNFR25 on Treg with an agonist was an effective means of reducing the 

severity of subsequent SK lesions
55

. However, since TNFR25 receptor was also present on activated T 

cells, when the therapy was administer at day 6 pi., activated T cells were increased as well. Combining 

TNFR25 to increased Treg, with galectin-9 (drug mentioned in the previous section) to reduce T cells, 

resulted in a successful therapy to control SK immunoinflammatory lesion
55

. 

Other drugs previously mentioned that are known to expand Treg or change the balance towards 

Treg include galectin-9 and TCDD, respectively
55

. 

 

Reducing mediators of inflammation: During the inflammatory process, signaling pathways and cellular 

mechanisms are activated. However, the host has his own mediators and mechanisms to switch off 

inflammation. Resolvin E1, a drug derived from polyunsaturated omega-3 fatty acid, represents one of 
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such mediators involved in the resolution of inflammation
56

. Thus, topical administration of Resolvin E 

markedly reduced inflammation and the SK lesions in the murine model
56

. 

Other measures to reduce the cellular infiltration in the cornea and in turn improve SK, include 

targeting chemokines. CXCL10 is a potent chemoattractant for activated T cells and NK cells
57, 58

, 

monocytes
59

, and neutrophils 
60

. Administration of anti-CXCL10 has shown to reduce the inflammatory 

response in the cornea
61

. As well, neutralization of MIP-1, chemokine known to activate granulocytes, 

has shown to have beneficial effects on SK
62

. 

Finally, inhibition of other inflammatory mediators such as IL-1 or metaloproteinases (MMPs) 

has been used to treat SK and are in included in table 1.1. and figure 1.5. 

 

CORNEAL NEOVASCULARIZATION (CV) 

 

As previously mentioned, another main event that occurs during the development of SK is CV. It 

is evident as early as 1 day after corneal infection with the process continuing to advance over a 2 to 3 

week period 
63

 (Figure 1.1). New blood vessels sprouting from the normal vasculature at the limbus can 

be seen in the eyes of Balb/c animals in the very early stages of keratitis. These continue to develop in 

mice and can expand eventually from the entire limbus to almost reach the central cornea and interfere 

with vision (Figure 1.6). New blood vessels of pathological angiogenesis are leakier than normal vessels 

and permit the escape of inflammatory cells into tissues that contribute to vision impairment (Figure 1.7). 

In the initial stages of CV, blood vessels can be inhibited with treatments such as anti-vascular endothelial 

growth factor (VEGF) mAb, although ghost vessels remain after treatment and these can become patent 

again under certain circumstances such as an episode of viral reactivation (Margolis TP, personal 

communication, 2003). The extent of CV is a rare occurrence in human SK. As discussed subsequently, 

the source of stimuli that drives this CV likely changes with time, with non-immune and innate immune 

events dominating initially and the adaptive immune system critically involved in later stages 
5
. 
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In the mouse, CV is likely driven by numerous angiogenic factors and facilitators with such 

molecules having a variety of cellular sources. Moreover, this source may change during the course of 

lesion pathogenesis 
64

. Most studies on CV have focused on VEGF-A and it is evident that a variety of 

approaches which impair the production or response to VEGF-A can markedly inhibit the extent of CV 
65

. 

Some have advocated that a significant source of the VEGF could be the virus infected epithelial cells 
66

. 

Such infected cells can produce VEGF, at least for a brief time, but the virus rapidly shuts off host cell 

mRNA and protein synthesis  making it doubtful if  the infected cell represents a relevant source of the 

VEGF responsible even for initial angiogenesis
67

.  

              Instead, additional sources are likely to be more consequential for driving CV. The first is a 

physiological source present in uninfected eyes of all species. The molecule is present, but is prevented 

from causing angiogenesis since it is bound to a soluble form of one of its receptors, sVEGFR1 
68

. The 

virus infection also inhibits the synthesis of sVEGFR1 more than VEGF itself 
64

. This will change the 

balance of the two molecules and will release some VEGF to cause angiogenesis. Moreover, early 

inflammatory entrants, such as neutrophils, contain proteases that readily cause sVEGFR1, but not VEGF, 

to lose its function 
64

. The outcome is also more VEGF to mediate angiogenesis. 

            An additional source of the VEGF could be even more instrumental in driving pathological 

angiogenesis. Our group noted some time ago that IL-6, initially produced by infected cells, could cause 

nearby cells to produce VEGF 
69

. Similarly, viral DNA because of its TLR-9 ligand activity could also 

cause uninfected cells to produce VEGF 
70

. More recently, the cytokine IL-17A, produced initially by  

T cells that are rapidly recruited to the cornea in response to HSV infection, was also shown to drive 

VEGF-A production from uninfected cells 
71

. These amplifying paracrine effects of infection, rather than 

direct effects of virus replication, would seem to be far more relevant as inducers of the VEGF and 

perhaps additional angiogenic factors (eg. fibroblast growth factor and Angiopoietin 1) that drive CV. 

Such ideas, however, need to be formally proven. 
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 Replication of HSV is a relatively short event in the mouse yet pathological angiogenesis is 

usually a progressive process proceeding well beyond the time when virus has been removed from the 

eye. The explanation for the prolonged CV remains unresolved but a viable hypothesis is that the lesion 

orchestrating proinflammatory T cells contribute indirectly once they arrive in the cornea. Such cells 

release a variety of cytokines and chemokines that together act as direct or indirect stimulators of 

angiogenic factor production. For example, release of the chemokines CXCL1 and CXCL2 recruits 

neutrophils to the stroma that themselves contain and release VEGF-A
72

. The neutrophils also produce a 

number of proteases that can act to degrade the corneal matrix so facilitating angiogenesis 
72

. The same 

molecules can further breakdown any residual sVEGFR1 releasing any bound to VEGF to mediate 

angiogenesis 
64

. In fact, MMP inhibitors can be used to diminish the levels of CV induced by HSV 

infection 
64

. Additionally, HSV infected MMP-9 knockout mice show diminished CV compared to wild 

type animals 
72

. 

 As seen, during CV development proangiogenic pathways that stimulate VEGF effect are 

activated. However, the host has its own antiangiogenic mechanisms to reduce the effects of VEGF. So 

far the only one studied is the interaction between SLIT2/Robo4, which counteracts the VEGF signaling. 

During angiogenesis, the balance between angiogenic and antiangiogenic factors is tipped toward 

angiogenic molecules. Thus more research is needed to understand and try to enhance the host’s 

antiangiogenic pathways. 

 

PREVENTING AND CONTROLLING CV 

 

As seen, CV plays a critical role during SK pathogenesis and its inhibition can help control 

disease severity. Numerous approaches to limit the extent of CV have been explored most of which so far 

have targeted the production, availability or signaling of VEGF. Most often CV can be markedly reduced 

if the anti-VEGF strategy is begun early after infection, but the therapies are much less successful when 
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commenced after CV is well established. The description that follows briefly discusses the several 

previous and ongoing approaches evaluated so far to control CV in the mouse. The regimen of 

administration and mechanisms of action of the drugs used are listed in table 1.2 and figure 1.5, 

respectively. 

 

Limiting availability of VEGF: Different approaches can limit the availability of VEGF during 

pathological angiogenesis. One way is to use a mAb to VEGF (Avastin) that was developed to inhibit 

angiogenesis in some human tumors 
73

. Curiously, avastin (and its more purified product lucensis) 

appears to be more effective to control aberrant angiogenesis in the human retina (wet macular 

degeneration) than it is against tumor angiogenesis in the cancers it was developed to control. Avastin 

works weakly against mouse CV 
74

, but the more appropriate reagent that is specific to mouse VEGF has 

yet to be evaluated.  

 A second approach to limit VEGF availability is to use recombinant soluble VEGF receptor 1 

(sVEGFR1), a fusion protein also called the VEGF trap. This reagent is used clinically to counteract 

aberrant CV in the retina 
75

 and our group has demonstrated that murine sVEGFR1 can be used to inhibit 

CV induced by HSV infection 
64

. Accordingly, the local administration of recombinant mouse sVEGFR1 

to infected eyes resulted in significantly reduced levels of CV, although frequent treatment was necessary. 

Of interest, as mentioned later, procedures that inhibit CV such as neutralizing IL-17A acts in part by 

changing the balance between VEGF and VEGFR1 emphasizing the latter 
38

 (Table 1.2) (Figure 1.5).         

 

Inhibiting the signals delivered by VEGF: Of the 5 VEGF family members, the mainly involved in CV 

is VEGF-A. This molecule signals vascular endothelial cells in blood vessels at the limbus by binding to 

specific receptors, VEGFR1 and VEGFR2, with the last the most important 
76

. Interrupting VEGF 

interaction with its receptors using a gene silencing approach (siRNA) given topically was shown to be an 

effective way of inhibiting CV, at least when used early after HSV infection 
65

. Other approaches to 
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counteract VEGF/VEGFR2 signaling are either more convenient to use, or more effective especially 

when used during the ongoing CV process. One such approach is to counteract downstream signaling 

effects of receptor binding. SRC kinase inhibitor drugs achieve that objective 
74

. The approach can also 

simultaneously inhibit the signaling by several other angiogenic factor receptors. A disadvantage of the 

approach is that more than once daily administration is needed at least with drugs tested so far 
74

. 

A potentially more powerful antiangiogenic approach is to modulate the expression of miRNAs 

involved in the angiogenic activity of VEGF. One such target for evaluation may be miR-132 recently 

shown by the Cheresh group as an activator of pathological angiogenesis in some tumors 
77

. Recently, we 

assessed the role of miR-132 in the CV caused by HSV infection
78

. We showed that HSV infection 

caused the upregulation of miR-132 expression. This effect was initially the consequence of IL-6 and IL-

17A driven upregulation of miR-132 in vascular endothelial cells
79

. In later stages, the miR-132 

upregulation may result from the products released from invading inflammatory cells
79

. The upregulated 

miR-132 acted to modulate the signaling response to VEGF/VEGFR2 interaction on vascular endothelial 

cells. The outcome was a blunting of RAS Gap which normally restrains the cells from proliferating and 

participating in angiogenesis 
77

. Apparently inhibiting miR-132 also acts to restrain retinal angiogenesis 

and this effect does not result in the compensatory angiogenic mechanisms that usually substitute for 

VEGF signaling when VEGF is inhibited 
80

. miRNA modulation represents a promising therapy because 

treatment can be administered infrequently. Moreover our preliminary results show that miR-132 

modulation in the later phases of CV is a more effective means of controlling the extent of CV than other 

approaches used so far.  

An additional way to counteract CV could be to enhance blood vessel endothelial cell signals 

which negatively regulate VEGF signaling 
81

. Our lab recently reported one such regulatory molecule. 

SLIT2 was thought to bind to its endothelial Robo4  receptor (R4) that in turn blunted VEGF signaling in 

eyes after HSV infection 
78

. We observed that the majority of the blood vessel endothelial cells isolated 

from infected corneas expressed  the R4 receptor while levels of SLIT2 were minimal during SK. 
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Accordingly, provision of additional SLIT2 protein in infected mice reduced CV and this inhibitory effect 

was mediated by reduced VEGF signaling downstream products Arf 6 and Rac 1. We further evaluate the 

function of R4 in HSV induced CV. 

 

CONCLUSION 

 

Herpetic SK is a chronic immunoinflammatory lesion in the cornea with a complex pathogenesis. 

Understanding molecular and cellular events that are involved in the development of SK pathogenesis is 

of interest so as to develop new strategies to the SK treatment and potential cure. As discussed previously 

cytokine targeted to reduce CV have been the most studied and those include means to reduce or inhibit 

VEGF signaling. The study described in the first chapter of this dissertation further evaluates the effect of 

R4 on the levels of CV and SK. In this study mice unable to produce R4 because of gene knockout (R4 

KO) developed significantly higher CV after HSV ocular infection than did infected wild type (WT) 

control. We revealed that this host pathway that counteracts VEGF signaling can be enhanced by 

administration of soluble R4 (sR4). While this therapy was effective, it was not practical since it was not 

durable and required frequent administration. Another point of interest is the problem of inducing 

vascular retraction once the blood vessels are already formed. The last part of this thesis discusses 

different options to potentially increase sR4 durability and efficacy, and potential means to remove new 

pathological blood vessels from the cornea. 

In the second chapter of this thesis the role of NLRP3 inflammasome on the pathogenesis of SK 

is evaluated. We discovered not only that NLRP3 in involved in the pathogenesis of SK but also that its 

absence increases in severity SK lesions. The last chapter of this thesis discusses new lines of research 

that can be generated after this very first study. 

As seen, SK is a multifactorial disease and the proper treatment involves understanding all these 

complex events and generating therapies that target more than one of the factors involved.
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FIGURE 1.1- PRINCIPAL EVENTS IN HSV INDUCED CORNEAL SK PATHOGENESIS. Following HSV 

infection of the cornea, replicating virus is detectable in the cornea until day 5-7 pi. Neutrophils infiltrate 

the cornea in a biphasic influx peaking first on day 2 pi. and then around day 11 pi. Development of new 

blood vessels from existing limbal vessels starts as early as day 1 pi. Influx of pathogenic CD4+ T 

lymphocytes occurs in the clinical phase around 7-9 days pi. 

 

FIGURE 1.2- DIFFERENT INFLAMMASOMES AND ACTIVATORS. http://www.biomedcentral.com/1471-

2369/15/21/figure/F2 

http://www.biomedcentral.com/1471-2369/15/21/figure/F2
http://www.biomedcentral.com/1471-2369/15/21/figure/F2
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FIGURE 1.3- EYE OF B6 MOUSE SHOWING CORNEAL OPACITY, HAZE, CORNEAL ULCER AND CV AT 

DAY 15 PI. KJLLLLLLLLLLLLLLLLLLLLLLLLLLLLKJLLLLLLLLLLLKJLKKLJLKJJKLK 

 

 

 

 

 

 

 

 

 

 

FIGURE 1.4- IMMUNOFLUORESCENCE STAINING OF CD4 +T CELLS (GREEN) IN CORNEAL TISSUE 

SECTION AT DAY 15 PI.PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP 
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FIGURE 1.5- DRUGS USED TO REDUCE INFLAMMATION AND ANGIOGENESIS IN THE CORNEA PPPPPPP 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 1.6- EYE OF BALB/C MOUSE SHOWING CV AT DAY 15 PI.PPPPPPPPPPPPPPPPPPPPPPPPP 
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FIGURE 1.7- OUTCOME OF PHYSIOLOGICAL AND PATHOLOGICAL ANGIOGENESIS A. Physiological 

angiogenesis. New blood vessel are formed. As blood flows, there are increased levels of oxygen, 

reduced levels of VEGF and the process reaches resolution. B. Pathological angiogenesis. Pathological 

blood vessels are tortuous and leaky. As there is low perfusion, there are low levels of oxygen, increased 

levels of proangiogenic factors and the process does not reach resolution. 
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Figure 3.3 continued  
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FIGURE 3.4- CORNEAL VIRAL TITERS OF NLRP3-/- VS WT ANIMALS. Corneal tissue was collected on 

day 0, 2, 7 and 10 pi. and titration was performed by standard plaque assay as described on materials and 

methods. Titers were calculated as log
10

pfu/ml. Data are representative of 3 independent experiments and 

show mean values ± SEM (n = 10 mice/group). P≤0.001 (***), P≤0.01 (**), P≤0.05 (*). 
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FIGURE 3.5- NEUTROPHIL INFILTRATION KEEPS INCREASING THROUGHOUT THE DISEASE IN HSV 

INFECTED EYES OF NLRP3-/- ANIMALS. C57BL/6 (WT) and NLRP3
-/-

 mice were scarified and infected 

with HSV. Corneas were collected at different time points to analyze the neutrophil infiltration 

throughout the disease. Numbers of total neutrophil infiltration (left) and representative FACS plots and 

percentages (right) are shown at day 2, 7 and 15 pi. At all time points neutrophil infiltration was 

significantly increased in NLRP3
-/-

 compared to WT mice.  
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FIGURE 3.6- NLRP3-/- MICE EXHIBIT INCREASED CORNEAL AND DLN CELLULAR INFILTRATES AT 

DAY 7 PI. C57BL/6 (WT) and NLRP3
-/- 

animals were infected with HSV. At day 7 pi. corneas and DLN 

were collected and stimulated with PMA/ionomycin during 4 hours (A) Representative FACS plots and 

percentages (left) and numbers of CD4+ T cells, CD4+ IFN-γ and IL-17 secreting cells from pooled 

corneas. (B) Representative FACS plots and percentages (left) and numbers of total CD4+T cells (right), 

CD4+ IFN-γ and IL-17from DLN  
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Figure 3.6 continued  
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FIGURE 3.7- NLRP3
-/-

 MICE EXHIBIT INCREASED CORNEAL AND DLN CELLULAR INFILTRATES AT DAY 

15 PI. C57BL/6 (WT) and NLRP3
-/- 

animals were infected with HSV. At day 15 pi. corneas and DLN 

were collected and processed for stimulation with PMA/ionomycin during 4 hr. (A) Representative FACS 

plots and percentages and numbers of CD4+ T cells, CD4+ IFN-γ and IL-17 secreting cells from corneas 

taken at day 15 pi. (B) Representative FACS plots and percentages and numbers of total CD4+T cells. 

CD4+ IFN-γ and IL-17 from DLN at 15 days pi. Data are representative of 3 independent experiments 

and show mean values ± SEM (n = 8). In the case of corneas each sample is representative of 3 corneas. 

P≤0.001(***), P≤0.01(**), P≤0.05(*).doi:10.1371/journal.ppat.1002427.g004.  
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Figure 3.7 continued  
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FIGURE 3.9- REDUCTION OF THE EARLY NEUTROPHILIC INFILTRATE PREVENTS THE EARLY ONSET 

OF THE DISEASE IN NLRP3-/- ANIMALS. C57BL/6 (WT) and two groups of NLRP3
-/- 

animals were 

scarified in the eye and infected with HSV. (A) Using mAb against Ly6G from day -1 to day 6 pi., 

neutrophils were reduced in one group of NLRP3
-/- 

animals (NLRP3
-/-

 TRT). The other two groups, 

including NLRP3
-/-

 and WT mice, were used as controls (NLRP3
-/-

 control and WT control) and treated 

with isotype control (IgG2b) Ab from day -1 to day 6 pi. (B) Representative FACS plots and percentages 

of corneas collected at day 7 pi. show that mouse anti-Ly6G was effective reducing neutrophils The 

progression of SK lesion severity was significantly increased in the NLRP3
-/-

 control mice compared to 

NLRP3
-/-

 TRT and WT control animals. Kinetics of SK severity is shown. (C) Representative 

histopathological pictures taken at 40x microscope augmentation show that NLRP3
-/-

 TRT animals had 

less cellular infiltration than NLRP3
-/-

 control mice. (D) The progression of SK and angiogenesis was 

evaluated throughout the disease and both were significantly increased in NLRP3
-/-

 control compared to 

NLRP3
-/-

 TRT and WT control animals (E-F) Quantification of bioactive IL-18 and IL-1 protein at day 

7 pi. by ELISA. NLRP3
-/-

 mice treated with anti-Ly6G had similar levels of bioactive IL-18 to NLRP3
-/-

 

and WT control. However, bioactive concentrations of IL-1were reducedinNLRP3
-/-

 TRT compared to 

NLRP3
-/-

 and WT control. Data are representative of 3 independent experiments and show mean values ± 

SEM (n=8 mice/group). P≤0.001(***), P≤0.01(**), P≤0.05(*). 
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reducing the frequency of administration, resulting in a more successful outcome. Future research should 

be conducted to evaluate such delivering systems. 

It is also conceivable that combination therapy targeting the reduction and/or increase of more 

than one proangiogenic and/or antiangiogenic factor respectively, would be of more benefit than 

administering only one treatment modality. Most of the alternatives to reduce CV discovered by our 

group focused on VEGF. However, there are other factors apart from VEGF that are involved in 

angiogenesis. Such is the case of Angiopoietin-1, known to be critical for vessel maturation, adhesion, 

migration, and survival
2, 3

; and Angiopoietin-2, which promotes cell death and disrupts 

neovascularization
4
. Combining sR4 to reduce the VEGF signaling, together with an agonist of 

Angiopoietin-1 and an antagonist of Angiopoietin-2 may be a successful combinatorial approach targeting 

different molecules involved in angiogenesis. Future experiments should be directed to standardize the 

combination of antiangiogenic reagents and generate a more successful treatment for HSV induced 

angiogenesis. With regard to sR4, we speculate that using sR4 as part of a combinatorial treatment will 

allow us to administer it therapeutically, with less frequency and more success.  

One issue of relevance is that when treating CV, it would be ideal to reverse the progress of 

neovascularization. Apart from approaches such as laser surgery, methods for removal of corneal 

pathological vessels are unknown. Moreover, inactive vessels remain as ghosts that under the correct 

circumstances can be resurrected into patent vessels. It has previously been seen that vessels undergoing 

angiogenesis present specific markers that are absent in normal blood vessels. Such markers include 

integrins
5, 6

, certain receptors for vascular growth factors
7, 8

 and membrane bound proteinases such as 

aminopeptidases
9
. It has been reported that aminopeptidase A (APA), a regulator of blood vessel 

formation, is expressed in angiogenic blood vessels
10

. Moreover, APA null mice have normal 

development but fail to mount the expected angiogenic responses to hypoxia or growth factors
10

. Using 

phage display technologies it was shown that the motif CPRECESIC specifically binds to APA, inhibits 

its enzymatic activity, and suppresses migration and proliferation of vascular endothelial cells
10

. 
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CPRECESIC has been shown to successfully suppress tumor growth in mice through its effects on the 

vasculature
10

. If, as we anticipate, neovessels following HSV infection express APA, we could use the 

APA binding peptide motif, CPRECESIC, to reduce the angiogenesis. A potential advantage of using this 

treatment would be the specificity of CPRECESIC to target only pathological new vessels. 

Aminopeptidase N (APN) is another surface protein that is expressed on endothelial cells of 

angiogenic vessels, and most of the myeloid origin cells including monocytes, macrophages and 

granulocytes
11, 12

. Evidence suggests that APN is an important receptor targeted by the NGR motif 
9, 13

. In 

addition, it is known that peptides that contain the NGR motifs are useful for delivering cytotoxic drugs 

or proapoptotic peptides
13, 14

. In the past, coupling of Doxorrubicin or a pro-apoptotic peptide to an 

integrin binding NGR peptide, yielded compounds that have enhanced antitumor activities and reduced 

side effects
14

. Thus, it may be possible to target angiogenic blood vessels by attaching reagents to NGR 

peptides. One potential reagent could be the D-enantiomer D(KLAKLAK) sequence peptidomimetic that 

disrupts mitochondrial membranes upon receptor mediated cell internalization and causes targeted 

apoptosis. This technology has been used to induce the apoptosis of fat tissue endothelial cells 
15

. Thus, if 

APN is present in corneal neovessels of mice with SK, as we suspect it is, use of this reagent would allow 

selectively-induced apoptosis of endothelial cells and reversal of formed pathological blood vessels. In 

addition, if the receptor is expressed on myeloid cells, we would be able to concurrently target 

inflammation. It is possible that neither APA nor APN are present on corneal blood neovessels, in which 

case alternate technologies such as phage display would allow identification of specific markers on such 

cells. Having this information, we could create peptides containing motifs with specific binding capacity 

for corneal neovessels and attaching D-enantiomer D(KLAKLAK) to the peptide may induce apoptosis or 

inhibitory effects on the corneal vessels. 

Another possibility includes use of peptides that carry certain motifs specific for angiogenic 

receptors such as VEGFR1. Using a combinatorial screening on VEGF-activated endothelial cells, it has 

been shown that the motif Arg-Pro-Leu (D)(LPR) targets VEGF receptor-1
16

. This peptide motif markedly 
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inhibited neovascularization in three mouse models: matrigel-based assay, functional human/murine 

blood vessel formation, and retinopathy of prematurity
16

. In addition to its systemic activity, (D)(LPR) also 

inhibited retinal angiogenesis when administered in an eye-drop formulation. Preliminary studies showed 

that the (D)(LPR) peptide could have activity in an experimental tumor-bearing mouse model
16

. Thus, 

targeting the extracellular domains of VEGF receptors also offers potential for clinical application toward 

reducing angiogenesis in SK. If proven effective in the SK model, use of (D)(LPR) in the eye drop 

formulation would allow improved quality of life and avoidance of unpleasant, risky, and expensive 

repetitive injections into the eye. 

Finally, there are antiangiogenic reagents yet to be evaluated by us but that have shown promise 

in reducing angiogenesis in other models. One reagent is Nutlin-3, a mouse double minute 2 homolog 

(MDM2) inhibitors. Nutlin-3 is a small molecule that upon binding to HIF-1 in the p53 binding domain 

results in HIF-1 inactivation
17-20

 and leads to diminished VEGF transcription. In vitro matrigel plug 

endothelial cell studies suggested that Nutlin-3 inhibits angiogenesis
21

. In vivo studies using laser-induced 

choroidal neovascularization, intravitreal administration of Nutlin-3 also reduced neovascularization
22

. In 

light of previous studies, administration of MDM2 could represent another novel strategy to diminish SK 

induced angiogenesis. 

The second part of the thesis describes the role of NLRP3 inflammasome on the pathogenesis of 

herpetic SK. Most of the information about inflammasomes and infectious diseases comes from in vitro 

experiments and have not been verified by in vivo studies. Unexpectedly, mice lacking NLRP3 because 

of gene knockout presented an amplified innate immune response with elevated levels of cytokines, 

chemokines and increased infiltration of neutrophils. In fact, reduction of neutrophils prevented the early 

onset of the disease and reduced the severity of SK lesions at day 7 pi. Accordingly, it is possible that 

during HSV infection, NLRP3 acts to modulate the effect of other inflammasomes or recognition systems 

set off by the HSV infection. Preliminary data indicated that mice deficient in ASC, a critical adaptor 

required for the assembly of many inflammasomes, had less severe SK lesions (data not shown). Even 
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though further experiments must be done to confirm our preliminary data, our findings indicate that in the 

absence of ASC, SK lesions are reduced, likely due to the inability of HSV-activated inflammasome 

assembly. In this case, our hypothesis that the NLRP3 inflammasome is capable of modulating the effects 

of other activated inflammasomes would be supported. Future research should be directed to elucidate 

which inflammasomes are activated after HSV infection. NLRP3, AIM2, IFI16 and RIG-1 

inflammasomes are currently known to be involved in various viral infections
23

. We can perhaps exclude 

RIG-1 and AIM2, since RIG-1 is considered to sense RNA viruses
24

 and AIM2 was shown by in vitro 

studies not to sense HSV-1
25

. Consequently, as previously reported
26

, the focus should be on NLRP3 and 

IFI16. However, we do not discard the possibility that some yet unknown inflammasome could also be 

activated upon HSV infection. Confirming our preliminary data would create an exciting line of research, 

since HSV ocular infection in the mouse would represent a valuable model to elucidate the crosstalk 

between inflammasomes.  

Recent reports have shown that certain inflammasome components have inflammasome-

independent functions
27,28,29

. As in our system we could show a more severe phenotype and inflammation 

in NLRP3
-/- 

than in ASC
-/-

, it is likely that NLRP3 has an inflammasome-independent function in the HSV 

ocular model. In order to elucidate this, future studies should be focused on experiments with knockout 

and double knockout mice lacking various specific components of the NLRP3 inflammasome.  

Another point of interest needing clarification is cellular the source of NLRP3. While the 

majority of cells that express NLRP3 are macrophages, dendritic cells, and neutrophils,
30

 it is known that 

other cell types such epithelial cells can also express NLRP3
31, 32

. It is also likely that stromal cells 

express NLRP3. In fact our in vitro studies have shown that the MKT cell line increases the expression of 

NLRP3 after HSV infection (data not published). In addition, it would be useful to determine the 

contribution of bone marrow derived cells (BMDC) to the phenotype seen in HSV ocularly infected 

NLRP3
-/-

 mice.  It is possible that the phenotype observed in NLRP3
-/- 

animals was due to NLRP3 

missing in non-BMDC.  To explore this, radiation bone-marrow chimeras could be used. After irradiation 
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of the recipient mice, four bone marrows can be transplanted (BMT): WT bone marrow transplanted to 

WT recipient (BMT
WT to WT

), WT bone marrow transplanted to NLRP3
-/-

 recipient (BMT
WT to NLRP3−/−

), 

NLRP3
-/-

 bone marrow transplanted to WT recipient (BMT
NLRP3−/− to WT

), and NLRP3
-/-

 bone marrow 

transplanted to NLRP3
-/-

 recipient (BMT
NLRP3−/− to NLRP3−/−

). In that way it will be possible to know if the 

increased pathogenesis is because of the BMDC that lack the NLRP3 or some other cell in the eye, such 

as epithelial corneal cells or stromal cells. 

Stimulating macrophages, dendritic cells (DC) and neutrophils with HSV might also evaluate the 

issue of which innate cells respond to HSV. For example, it is likely that NLRP3
-/-

 macrophages, 

neutrophils or both are hyperactive secreting more of some cytokine upon HSV stimulation compared to 

WT cells. However, the experiments with neutrophils could be quite challenging due to the short life of 

such cells. 

It is now known that there are different neutrophils subsets with potential pro and anti-

inflammatory roles under both physiological and pathological conditions. It is recognized that different 

subsets of neutrophils regulate lymphocyte function
33, 34

. Eicosanoids are the primary products released by 

neutrophils. Specific receptors for these clinically important lipid signals are expressed in several 

lymphocyte subpopulations
33, 34

. It would be interesting to characterize the different type of neutrophils 

present in SK lesions of NLRP3
-/-

 and WT animals. It is likely that not only the number but also the 

subsets of neutrophils present in both groups of animals could differ with the proinflammatory subset 

increased in NLRP3
-/-

 mice. In turn, it is possible that the proinflammatory factors released by neutrophil 

subsets may affect lymphocytes resulting in increased CD4+T cells and the severe phenotype observed in 

NLRP3
-/-

 mice. 

 While we could not find differences in macrophage number between NLRP3
-/- 

and WT animals, it 

is possible that the ratio of M1/M2 macrophages
35

 is altered, with the M1 subtype prevailing in NLRP3
-/-

 

compared to WT animals. Characterization of such macrophage subsets in our model would be of interest 

to determine if macrophage subtype correlates in some way with our severe phenotype.  
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Another possibility by which CD4+T cells could be increased in NLRP3
-/-

 animals could be that 

NLRP3 has a regulatory function on cells such as myeloid derived suppressor cells (MDSC). MDSC are a 

heterogeneous subset of cells with the capacity to impair T cell function 
36-38

. It has been reported that 

NLRP3 expression promotes accumulation of MDSC in tumor sites 
39

. Thus, it is possible to infer that in 

the absence of NLRP3 expression the accumulation of MDSC is reduced and T cell function increases. 

Because NLRP3
-/- 

animals have an increased corneal T cell infiltration, as soon as soon as 7 days pi., it is 

likely that there is a reduced number of MDSC in the cornea. Further research should be done to identify 

if MDSC are present in HSV infected corneas and determine if there is some relationship between MDSC 

and NLRP3. 

While we did not find differences in the of Tcell/Treg balance (data not shown) between NLRP3
-

/-
 and WT animals, another possible explanation for increased T cell number and more severe phenotype 

in NLRP3
-/-

 mice may be that Treg are less functional in NLRP3
-/-

 mice. Thus, co-culture studies with 

Tcells and Treg, evaluating the function of Treg may address such a hypothesis. 

Finally, another way to investigate the causality of this phenotype in NLRP3
-/-

 animals is 

comparison of a whole profile gene expression in corneas of HSV infected NLRP3
-/-

 and WT animals at 

different time points pi. (It would include taking samples every 12 hs during the first 3 days pi.). 

Conducting early and frequent sampling would allow exploration of the cause effect and not the 

consequent effect. The same could be done in different immunological cells known to contribute in the 

pathogenesis of SK, mainly neutrophils, macrophages and CD4+T cells. Sorting of these cells from 

NLRP3
-/-

 and WT mice and evaluating their genetic, miRNA and non coding long RNA profile would be 

useful to help determine if there is some downregulated or upregulated pathway that may explain the 

increased innate immune response. The use of Bio-informatics would be necessary for data analysis and 

management.  

In conclusion, these two studies open new avenues for the development of novel lines of research. 

As described more studies are needed before closing the chapter on SK pathogenesis research. 
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