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Purpose 

The Transforming Growth Factor β1 (TGFB1), TGFB receptor (TGFBR2) and 

Connective Tissue Growth Factor (CTGF) are key regulators of fibrosis in the cornea 

and in other tissues, including liver, skin and kidney.  In this study, an anti-fibrotic drug 

targeting these three critical scarring genes was developed using a synergistic 

combination of siRNAs, and its effect on downstream scarring genes, Collagen-I (Col-I) 

and alpha smooth muscle actin (SMA) was assessed in rabbit corneal fibroblasts 

(RbCFs). The efficacy of this synergistic triple siRNA combination was tested for its 

effects on reducing alpha smooth muscle actin (SMA) and corneal scarring (haze) in ex 

vivo organ cultured corneas and in vivo in rabbits. 

Methods  

Initially for in vitro experiments, up to six individual siRNAs for each of the three-target 

gene mRNAs were transfected into cultures of RbCFs at concentrations from 15 to 

90nM. The knock down of target gene proteins were measured by ELISA and the two 

most effective siRNAs were tested in dual combinations. Knockdown percentages of 
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both individual and dual siRNA combinations were analyzed for synergy using 

Combination Index to predict „effective‟ and „ineffective‟ triple siRNA combinations. 

Effects of both triple siRNA combinations on target and downstream mRNAs were 

measured using qRT-PCR and levels of SMA protein were assessed by 

immunohistochemistry.   

        In ex vivo experiments, the central 6 mm diameter region of fresh rabbit globes 

was ablated to a depth of 155 microns with an excimer laser. Corneas were excised, 

cultured at the air-liquid interface in defined culture medium supplemented with TGFB1, 

and treated with either 1% prednisone acetate or with 22.5 μM cationic histidine-lysine 

nanoparticles complexed with the effective triple siRNA combination. Scar formation 

was measured using image analysis of digital images and levels of smooth muscle actin 

(SMA) were assessed in ablated region of corneas using qRT-PCR and 

immunostaining. 

        Finally in animals, two different scarring models were utilized to assess the effects 

of the triple siRNA combination on corneal scarring. In the first model, rabbit corneas 

were unevenly ablated creating a mesh pattern then treated immediately with the triple 

siRNA combination.  After 1 day the ablated areas of corneas were collected and levels 

of mRNAs for TGFB1, TGFBR2 and CTGF were measured.  After 14 days, levels of 

mRNA for SMA were measured and SMA protein immunolocalized in frozen sections. 

 In the second model, rabbit corneas were uniformly ablated to a depth of 155 microns 

followed by three daily doses of the triple combination of siRNA.  After 14 days, corneas 

were photographed and images were analyzed using ImageJ software to assess 

corneal scarring.  Corneas were also analyzed for levels of SMA mRNA. 
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Results 

Single and dual siRNA combinations in in vitro experiments produced a wide range of 

protein knockdown of target genes (5% to 80%).  The effective triple siRNA significantly 

reduced mRNA levels of target genes (>80%) and downstream scarring genes (>85%), 

and SMA protein (>95%), and significantly reduced cell migration without reducing cell 

viability. 

        Excimer ablated ex vivo cultured corneas developed intense haze-like scar in the 

wounded areas and levels of mRNAs for pro-fibrotic genes were significantly elevated 3 

to 8 fold in wounded tissue compared to unablated corneas.  Treatment with NP-siRNA 

or steroid significantly reduced quantitative haze levels by 55% and 68%, respectively, 

and reduced SMA mRNA and immunohistostaining. 

        In the first in vivo therapeutic experiment with a single siRNA dose, two of three 

rabbits showed substantial reductions of all three target genes after 1 day with a 

maximum knock down of 80% of TGFB1, 50% reduction of TGFBR2 and 40% reduction 

of CTGF mRNA levels and reduced SMA mRNA at day 14.  In the second in 

vivo therapeutic experiment with multiple doses of siRNA treatment, both rabbits 

showed a ~22% reduction in scar formation at day 14 as calculated by image analysis. 

There was also a corresponding 70% and 60% reduction of SMA RNA expression. 

Conclusion 

These results demonstrate that simultaneous targeting of TGFB1, TGFBR2, and CTGF 

genes by the effective triple siRNA combination produced high knock down of target 

and downstream scarring genes in vitro. Furthermore, treatment of the effective triple 

siRNA combination on in vivo and ex vivo excimer ablated rabbit corneas reduced 
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levels of SMA, leading to reduced corneal scarring at 14 days. The ex vivo corneal 

culture system also reproduced key molecular patterns of corneal scarring and haze 

formation generated in rabbits. The results from this study pave the way towards 

developing a multi-target approach for the reduction of corneal haze and perhaps of 

other scarring processes affecting the body. 
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CHAPTER 1 
INTRODUCTION 

Molecular Mechanism of Corneal Scarring  

Corneal scarring remains a serious complication that can ultimately lead to 

functional vision loss. The Transforming growth factor beta1 (TGFB1) system, has 

emerged as a key component of the fibrogenic response to wounding by regulating the 

transformation of quiescent corneal keratocytes into activated fibroblasts that synthesize 

ECM and into myofibroblasts that contract corneal matrix (C. Chen et al. 2000; Jester, 

Petroll, and Cavanagh 1999) (Blalock et al. 2003; Grotendorst 1997; Massague 1990). 

The TGFB1 system has also been implicated in regular scarring of other fibrotic tissues 

like lung (Westergren-Thorsson et al. 1993), liver (Perkett 1995), kidney (Border et al. 

1992), skin (Bullard et al. 1997) and pancreas (Vogelmann et al. 2001) that are 

correlated with increased expression of type I and type III collagen, integrins, SMA and 

fibronectin (C. Chen et al. 2000; Penn, Grobbelaar, and Rolfe 2012).  

Connective tissue growth factor (CTGF is upregulated in both fibroblasts and 

epithelium after corneal wound healing (Blalock et al. 2003). Although it participates in 

the regulation of diverse biological processes related to growth and development, the 

overexpression of CTGF is correlated with severe fibrotic disorders, including fibrosis in 

skin, kidney, liver, lung, and vasculature. CTGF was initially identified as a growth 

factor, then classified as a matricellular protein, and most recently appreciated as a 

matrix component (Grotendorst 1997). CTGF acting as a downstream mediator of 

TGFB1 down-regulates synthesis of corneal crystallin proteins in quiescent keratocytes 

and up-regulates synthesis of collagen, converting them into activated corneal 

fibroblasts. Furthermore, CTGF directly stimulates transformation of activated 
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fibroblasts into myofibroblasts, which are filled with alpha smooth muscle actin that 

forms microfilaments that are the major source of light scattering in corneal scars 

(Blalock et al. 2003) (Ivarsen, Laurberg, and Møller-Pedersen 2003; Møller-Pedersen 

2004; Tiemann and Rossi 2009). Keratocytes also transform into myofibroblasts under 

the influence of TGFB1. (Desmoulière et al. 1993) (Jester et al. 1996; Sasaki et al. 

1996) Thus, the excessive scattering of light that is clinically described as corneal scar 

and haze results from the combination of collagen laid down in irregular pattern in the 

wound and opaque activated fibroblasts and myofibroblasts that no longer synthesize 

the corneal crystallin proteins that keep their cytoplasm transparent . 

Current Treatments  

There currently are no FDA approved drugs that selectively reduce the 

expression of genes causing corneal scarring and haze.  Mitomycin C is used during 

some ocular surgeries, but it may have very damaging side effects, including death of 

endothelial cells (Sihota, Sharma, and Agarwal 1998), stromal melting, and conjunctival 

thinning (la Fuente, Seijo, and Alonso 2008; Raviv et al. 2000; Tong et al. 2007). They 

have also shown to block TGFB-induced cell proliferation and myofibroblast 

differentiation in cultured quiescent keratocytes while altering the transcriptional 

regulation of macrophage chemotactic protein-1 (MCP-1) and alpha smooth muscle 

actin (αSMA). Overall these findings suggest that there may be long-term and perhaps 

permanent consequences to the application of MMC as an anti-fibrotic therapy (Jester, 

Nien, et al. 2012). Anti- inflammatory steroids have also been used as potential anti-

fibrotic agents. Steroids have been demonstrated to reduce cell proliferation in vitro and 

stromal collagen synthesis in rabbit refractive surgery models (Nien et al. 2011). 
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However, additional investigations have found that the efficacy of steroids appears to 

vary with the method and timing(Sarchahi et al. 2011) of application (Aras et al. 1998). 

Thus, there is a need for an effective anti-scarring drug that can be given 

topically and specifically targets fibrotic genes while also avoiding non-specific serious 

side effects that threaten vision. 

Significance and Impact  

The number of patients with complaints of corneal scarring has increased with 

the increasing population of patients who have undergone refractive surgical 

procedures. Vision-impairing corneal scarring following injuries caused by trauma, 

surgery, or infection remains a major clinical problem, accounting for 1.6 million new 

cases of blindness each year, an additional 2.3 million with bilateral low vision, and 19 

million with monocular blindness (Weichel et al. 2008). The public health implications of 

disabling haze are potentially great especially since no drugs have been FDA approved 

to effectively reduce corneal scarring because of the risk of serious side effects. Most of 

the patients seeking refractive surgery now are young to middle-aged, and in 30 to 40 

years a certain percentage can be anticipated to develop cataracts or age-related 

macular changes (Maguire 1994). There are an estimated 20 million refractive surgical 

procedures performed worldwide each year, mainly consisting of LASIK surgery for 

myopia. Refractive laser operations have been shown to result in visual problems in 

darkness, where 38% were classified as mild, while 5% were so serious that patients 

were unable to drive in darkness (Bull 2008; Fan-Paul et al. 2002). With the population 

over age 55 expected to increase by 82% between 1980 and 2030, and over 1 million 

refractive surgical procedures currently performed each year in the United States, 
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keratorefractive surgery may become an important public health issue (Fan-Paul et al. 

2002).  

Another important cause for corneal scarring cases are the blast and burn 

injuries to the eye caused by explosions during combat operations or terrorist attacks 

that have become increasingly common in modern warfare. The incidence of ocular 

injuries had increased during combat from 0.6% during the Civil War of 1860–1864 to 

13% during Operation Desert Storm in 1991 (Weichel et al. 2008). A study by Heier et 

al. (Heier et al. 1993) of trauma at a CSH during Operation Desert Shield and Desert 

Storm showed that ocular injury and/or disease accounted for 14% of all visits to the 

emergency department. Of these, corneal foreign bodies (17%), ocular burns (13%) and 

traumatic iritis (7%) were the most common injuries treated. Traumatic blast and burn 

injuries to the cornea also occur in the civilian population as a result of accidents. 

Furthermore, it is an unfortunate reality that civilians remain at risk for attacks by 

domestic and foreign terrorists. Thus, the development of drugs that reduce corneal 

scarring would find broad and frequent use in treating the numerous corneal injuries.  

Since TGFB1 and CTGF are responsible for stimulating scarring in these 

refractive surgery procedures, the drugs developed in this research project for traumatic 

corneal wounds would also have direct application in these elective surgical procedures. 

Also, because scarring in the skin also is regulated by TGFB1 and CTGF systems, 

these agents would have enormous potential commercial value for plastic and 

reconstructive surgery applications. 

RNA Interference  

Post-transcriptional gene silencing (PTGS) is the phenomenon by which 

introduction of double-stranded RNA (dsRNA) into a diverse range of organisms and 
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cell types causes degradation of the complementary mRNA (Fire 1999). When the 

dsRNA is exogenous, the RNA is imported directly into the cytoplasm and cleaved in to 

short fragments of 20–25 base pairs with a 2-nucleotide overhang at the 3' end by the 

endoribonuclease Dicer (Bernstein et al. 2001). These short double stranded fragments 

are called short interfering RNAs (siRNAs), consisting of a guide strand that is perfectly 

complementary to a target mRNA and a passenger strand (Tiemann and Rossi 2009). 

These siRNAs are then separated into single stands and incorporated into one or more 

of the Argonaute proteins in RNA induced silencing complex (RISC), where the guide 

RNA strand serves as a sequence specific guide for complementary base pairing with 

the target (Dirk Grimm 2010; Hammond et al. 2001). The target mRNA is then cleaved 

leading to its subsequent knockdown (Mario Stevenson 2004). The basic schematic of 

RNA interference is given in Figure 1-1. 

There are many advantages of siRNA-based therapy that makes the technology 

so desirable. Firstly, it has been shown that have a high degree of specificity and gene 

silencing efficiency (Campochiaro 2006). Recent studies have also shown that 

molecules less than 30bp in length are generally believed to avoid induction of 

interferon (IFN) pathways {Kim:2005fz}{Angaji:2010um}. These inherent advantages of 

RNAi make it a more viable method of altering gene expression than other methods.  

Targeting Cell Signaling Pathways with a Multi Component Approach  

Most of the published literature on siRNAs have employed a single target system 

(TGFB1 or CTGF) to reduce fibrosis in liver (Li et al. 2006), skin, kidney and eye 

(Sugioka et al. 2010). There has not been a multi target siRNA approach in the field of 

scarring. Multi-target approaches can interrupt or act on the signaling network at 

multiple points and affect the cell in ways that an individual component cannot. There 
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are a lot of benefits in targeting three growth factors, especially since each growth factor 

apart from having its own distinct roles may also be dependent on other growth factors. 

For example, not only does TGFB1 auto-induce itself, it also combines with TGFBR2 to 

stimulate the expression of CTGF, which has been shown to up regulate the expression 

of SMA and Collagen-I. TGFB1 has been show to stimulate the transition of keratocytes 

to myofibroblasts that are characterized by the production of SMA. Additionally, TGFB1 

promotes fibroblast cell proliferation and migration but retards epithelial cell migration. It 

is difficult to obtain an effect by employing a single target in a complex signaling 

pathway where the action of one growth factor can be compensated by another. An 

approach aimed at multiple targets can potentially be more efficacious and less 

vulnerable to acquired resistance as the system is less able to compensate for the 

action of two or more drugs simultaneously (Borisy et al. 2003; Keith, Borisy, and 

Stockwell 2005).  

A number of diseases including cancer and infectious diseases have been 

successfully treated using multi-component therapies (Keith, Borisy, and Stockwell 

2005). Separate targets are affected simultaneously by the individual components to 

create a combination effect. The targets can occupy the same or separate pathways 

within an individual cell, or even in separate tissues. In combination, the two drugs may 

produce a result different from the activity of the individual components. This can be 

attributed to the fact that the components when used in combination can interrupt or act 

on the complex signaling networks at multiple points, and affect the cell in ways that the 

individual components cannot. Since, the action of one component can be affected by 
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the presence of the other component it may be beneficial to systematically screen 

combinations for potential synergy (Borisy et al. 2003).  

siRNA Delivery 

siRNA interacts with membrane proteins, and are taken up by the cell through 

the cell membrane by generally penetrating into a classic endosomal vesicle, and this 

vesicle is delivered into the cytoplasm (Resnier et al. 2013). siRNAs cannot be injected 

in systemic circulation as these nucleic acids are rapidly degraded by plasmatic 

nucleases. Hence, the encapsulation of siRNA into a delivery system serves to enhance 

their cellular penetration and delivery into cytoplasm by protecting them from nucleases. 

Specific tissues or cell types can be selectively targeted using cell type-specific affinity 

ligands such as antibodies, peptides or aptamers. Finally, the carrier also stabilizes the 

siRNA to enable sufficient circulation half-life. Although, viral vectors act as efficient 

delivery systems they can potentially induce accidental gene expression changes 

following integration to host genome or induce toxic responses. Hence, a safer option 

would be to use the non-viral delivery system if efficient delivery of exogenous siRNA to 

the cytoplasm can be achieved (Shim and Kwon 2010). 

siRNA can be delivered either exogenously to cells, or expressed endogenously 

via plasmid transfection or viral siRNA expression vectors. The types of target tissues 

and cells dictate the optimum administration routes of local versus systemic delivery. 

For example, siRNA can be directly applied to the eye, skin or muscle via local delivery, 

whereas systemic siRNA delivery is the only way to reach metastatic and hematological 

cancer cells. Local delivery offers several advantages over systemic delivery, such as 

low effective doses, simple formulation, low risk of inducing systemic side effects and 

facilitated site-specific delivery (Dykxhoorn and Lieberman 2006). Therefore, for drug 
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delivery to the eye, a more cost-efficient strategy for siRNA delivery would be the local 

delivery method.   

Cationic Polymers 

Since, siRNAs are negatively charged and readily bind to cationic molecules, 

delivery carriers usually consist of cationic polymers, peptides or liposomes that form 

complex by ionic interactions (Zimmermann et al. 2006). The resulting complex 

facilitates cellular uptake via the endocytic pathway, providing excellent protection of 

siRNAs from nuclease attack. Lipid based transfection reagents are the most common 

approach for nucleic acid delivery to cells in vitro. The cationic lipids in these reagents 

provide a suitable platform for incorporating the negatively charged siRNA. However, 

cationic lipid based reagents are considered too toxic for systemic siRNA delivery in 

vivo (Peer et al. 2008). In addition to its toxicity, liposome based transfection reagents 

are very sensitive to serum in cell culture media, thus require a complicated transfection 

procedure and are not suitable for high throughput studies. In this study, Mirus TransIT 

– TKO transfection reagent, a non-liposomal cationic proprietary polymer/lipid 

formulation, was used for all the transfections in vitro experiments.  

Similar to liposomes, cationic polymers can also serve as efficient transfection 

reagents because they can bind and condense nucleic acids into stabilized 

nanoparticles. Polyethyleneimine (PEI) is a synthetic polymer that has been used in 

branched or linear forms of different lengths for nucleic acid delivery both locally as well 

as systemically (Shim and Kwon 2010). However, there is significant concern regarding 

toxicity of nanoparticles formed from siRNA and unmodified PEI with high molecular 

masses (e.g., 25 kDa) and doses (Kircheis et al. 2001). 
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Polylysine was one of the earliest carriers of nucleic acids (Perales et al. 1994). 

Although these initial studies were promising, the use of polylysine as a carrier was 

associated with cytotoxicity including complement activation. As yet, unmodified 

polylysine carriers have not been effective carriers of siRNA but various modifications of 

the polylysine carriers have yielded effective delivery systems for siRNA (Plank et al. 

1996). One such modification that increases the ability of lysine-rich peptides to 

transport nucleic acids is the addition (or incorporation) of histidines with the lysine 

peptide.  

Endosomal Escape 

Once delivered to the right tissue or the right cell, another obstacle that has to be 

overcome with siRNA delivery systems is the endosome. The siRNAs need to be 

delivered to the cytoplasm to be effective and most of the delivery systems which use 

receptor mediated endocytosis or even pinocytosis result in endosomal internalization 

and eventually elimination via the Golgi network (Figure 1-2). Escape from the 

endosome is therefore a critical factor for efficient therapeutic applications (Resnier et 

al. 2013). A few approaches have been made trying to tackle this issue. Some polymers 

are designed to escape the endosome by the so-called „proton-sponge effect‟ and direct 

membrane interaction of polycation and sulphoglucanes which enhances the escape 

(Russ et al. 2008). Receptor ligands that could also be used as delivery vehicle can be 

expressed with His-tags that enable the protein–siRNA complex to escape the 

endosome (Tarwadi et al. 2008). Viruses such as adenoviruses escape the endosome 

through their ability to lyse lipid bilayer membranes at a certain pH, which is present in 

the sorting endosome (Wickham et al. 1994). Hence, the endosome escape remains a 

critical factor for RNAi therapeutics and needs to be carefully addressed  (Figure 1-1) 
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In case of HK polymers, it has been reported that, while lysine is important for binding 

DNA/RNA, histidine has an important role in buffering acidic endosomes, thereby 

leading to endosomal disruption and release of nucleic acid (Midoux and Monsigny 

1999). Histidines may also have a role in stabilizing the nanoparticle. Furthermore, 

specific ratios and patterns of histidine and lysine have been found to augment the 

siRNA delivery (Q. R. Chen et al. 2001). It has also been recently demonstrated that 

reducible histidine-lysine peptides of lower molecular weight are effective carriers of 

siRNA (Leng et al. 2009; Mark Stevenson et al. 2008). 
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Figure 1-1. Signaling pathway in corneal fibrosis. 
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Figure 1-2. Intracellular trafficking of siRNA delivery systems. Two modalities are 

observed in this phenomenon, a receptor mediated endocytosis and a non-receptor 

mediated endocytosis. In all these cases, delivery systems are entrapped into 

endosomal vesicles. These vesicles fuse with lysosome and inevitably lead to siRNA 

degradation. To avoid this, delivery systems need to escape the endosomal vesicles. 

Finally, siRNA is delivered into the cytoplasm and produces their inhibitor effect.  

Source - (Resnier et al. 2013) 
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CHAPTER 2 
GENERATION OF A TRIPLE siRNA COMBINATION AND EVALUATION OF ITS IN 

VITRO EFFICACY 

Purpose  

To develop an anti-fibrotic treatment targeting three critical scarring genes using 

a combination of siRNAs and assess its effect on downstream scarring genes, 

Collagen-I (Col-I) and alpha smooth muscle actin (SMA. 

Background 

In an injured cornea, a complex signaling cascade of molecular events is initiated 

by transforming growth factor beta (TGFB1), which binds to the transforming growth 

factor receptor II (TGFBR2) and induces the synthesis of connective tissue growth 

factor (CTGF). Addition of neutralizing antibodies to CTGF to cultures of 

TGFB1stimulated corneal fibroblasts blocked the synthesis of collagen and SMA, 

indicating that CTGF is the major mediator of TGFB effects on collagen synthesis by 

corneal fibroblasts. (Desmoulière et al. 1993; Polsky, Armstrong, and Chou 1991) Thus, 

these in vitro data support our hypothesis that the TGFB1/TGFBR2/CTGF system is the 

major regulator of corneal wound healing and that RNAi agents that selectively inhibit 

these key genes would reduce formation of corneal scar and haze.  

Alternative strategies such as antibodies (Mead 2003) and antisense 

oligonucleotides (ASOs) (Cordeiro et al. 2003) have also been used to block the 

TGFB1pathway. Since, ASOs do not harness a naturally existing endogenous gene 

silencing pathway, its effect relies on achieving a high enough concentration in the 

target tissues over a prolonged period of time so that a sufficient fraction of target 

mRNA will be recognized. Hence in practice, to achieve the required tissue 

concentration, patients are given multiple doses. By contrast, siRNAs harnesses an 
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endogenous and catalytic gene silencing mechanism, which means that once it has 

been delivered, they are efficiently recognized and stably incorporated into the RISC to 

achieve prolonged gene silencing (Tiemann and Rossi 2009). Also, use of ASOs can 

induce an interferon response in some patients. Though mammalian cells are 

exquisitely sensitive to the introduction of dsRNA, molecules less than 30bp in length 

are generally believed to avoid induction of interferon (IFN) pathways (Angaji et al. 

2010; Kim et al. 2005).  

 Monoclonal antibody based therapies can lead to the production of auto-

antibodies against the antigen binding domain of a monoclonal antibody or the constant 

region of a non-humanized mouse monoclonal antibody. Other challenges for topical 

monoclonal antibody therapies to reduce corneal scarring is the very short life time of 

monoclonal antibodies in tears of patients, which requires multiple doses a day to 

reduce TGFB1protein in tears. Hence, a RNA interference based approach has many 

advantages when compared to ASOs or monoclonal antibodies in the treatment of scar 

formation following injury, surgery or infection. 

In this study, we have developed a RNA interference-based treatment to reduce 

corneal haze by targeting three critical scarring genes – TGFB1, TGFBR2 and CTGF. 

The RNAi pathway begins with exogenous double stranded RNA (dsRNA) being 

processed by the RNAse III family member Dicer into small interfering RNA (siRNA) 

molecules that are 20-25 nucleotides long. (Bagasra and Prilliman 2004) The resulting 

siRNA is incorporated into the multi-protein complex called RNA-induced silencing 

complex (RISC) with the degradation of the sense strand of the double-stranded RNA. 

(Leuschner et al. 2006) The resulting siRNA recognizes the target mRNAs with 
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sequence complementarity, which is then cleaved by Argonaute 2, within the RISC 

complex. (Scherer and Rossi 2003)   

It is often difficult to achieve a significant therapeutic effect by employing a one-

target, one-drug paradigm on such a complex, multi-factorial, amplifying, signaling 

pathway. Hence, using a multi-target approach that can interrupt a complex, amplifying, 

signaling network at multiple points should be able to affect the cell in ways that an 

individual component cannot. In 1983, Chou and Talaly developed the combination 

index (CI) calculation that can quantify potential synergism or antagonism when two or 

more drug treatments are combined. (Chou and Talalay 1983; Chou 2006)  

In the field of anti-fibrotic research, there have been recent papers published on 

using multiple siRNAs that target a single mRNA gene target (Matsumoto, Niimi, and 

Kohyama 2012) or combining siRNA treatment with other drugs. (Zhang et al. 2011) 

However, there have been no reports of combining multiple siRNAs that target different 

genes within the same pathway to reduce corneal scarring. We hypothesize that 

simultaneously targeting three key scarring genes within the same major wound-healing 

pathway - TGFB1, TGFBR2 and CTGF, would have a cascade effect on reducing the 

expressions of downstream mediators such as collagen-I and α-smooth muscle actin 

(SMA) in corneal scarring. Since this wound healing pathway plays a dominant role in 

wound healing in other tissues, this triple combination of siRNAs may also effectively 

reduce scarring in other organs including skin, kidney, liver and lung.  

Materials and Methods 

Cell Culture  

Cultures of rabbit corneal fibroblasts (RbCF) were established by outgrowth from 

rabbit whole eyes, as described previously. (P. M. Robinson et al. 2012; Woost et al. 
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1992) Briefly, epithelial and endothelial cells were removed from corneas, the stroma 

was cut into cubes of approximately 1 mm3, placed in culture medium consisting of 

equal parts Dulbecco's Modified Eagle Medium (DMEM), with 4.5g/L glucose and 1g/L 

L-glutamine.  Medium was supplemented with 10% heat-inactivated normal calf serum 

and antibiotic-antimycotic cocktail (Life Technologies, Carlsbad, CA). Cell from cultures 

between passages 2 and 5 were used for all experiments. To increase the expression of 

TGFB1, TGFBR2 and CTGF, RbCF were placed in serum-free media for 48 hours, and 

then the medium was replaced by 8ug/ml of estradiol (Sigma, St. Louis, MO) and 

4ng/mL of TGFB1(R&D Systems, Minneapolis, MN) in DMEM.  The cells were dosed 

twice with the estradiol before transfection of the siRNA and then once after. (Takahashi 

et al. 1994; Wira 2002) 

Protein Concentration  

Protein levels for all three proteins (TGF- beta1, CTGF and TGF – beta R2) were 

measured using capture sandwich enzyme-linked immunosorbent assay (ELISA). The 

levels of TGF-beta1 were determined using the TGF-beta1 ELISA kit from (R&D 

systems Minneapolis, MN).  The assay was performed following the manufacturer‟s 

recommended procedure.  The level of CTGF protein was analyzed using the CTGF 

polyclonal antibodies from US biological (Swapscott, MA), following our previously 

published procedure. (Chou and Martin 2005; P. M. Robinson et al. 2012) TGF- beta R2 

levels were determined using the same procedure as the CTGF protein except the 

capture and detection antibodies were TGF – beta R2 antibodies (R&D systems 

Minneapolis, MN). Knockdown percentages were calculated by comparing the protein 

levels of the treated samples to the samples treated with the scrambled siRNA. 
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Reverse Transcription–Polymerase Chain Reaction 

Total RNA was extracted using the Qiagen RNeasy mini isolation kit (Qiagen, 

Inc., Valencia, CA) and used according to the manufacturer‟s directions.  cDNA was 

synthesized using the High Capacity cDNA Reverse Transcription Kit (Applied 

Biosytems, Carlsbad, CA) according to manufacturer‟s procedure.  The level of mRNA 

for TGFB1, CTGF, TGFBR2, SMA, collagen II, and 18S ribosomal RNA were 

determined using the Real-Time PCR TaqMan assay. The primers and probes for each 

gene are described in Table 2-3.  The endogenous control, ribosoma18S RNA, was 

used normalize target genes.  Primers, probes and cDNA were combined with TaqMan 

Universal PCR Master Mix (Applied Biosytems, Carlsbad, CA) and amplification was 

performed by the Applied Biosystems 7300HT Fast Real Time PCR System.  The 

thermal cycling conditions were as follows:  2 min at 50°C, 10 min at 95°C, 40 cycles of 

15 sec at 95°C, and 1 min at 60°C. The relative gene expression of the growth factors 

was calculated using the 2-ΔΔCt method. 

In Vitro Knockdown Experiments  

siRNAs targeting the rabbit mRNA sequences of TGFB1, CTGF and TGFBR2 

were purchased from Dharmacon (Dharmacon Products, Thermo Fisher Scientific, 

Lafayette, CO) (Table 2-1). RbCF were transfected with individual siRNA sequences 

(15nM, 30nM, 60nM and 90nM) using TransIT-TKO® Transfection Reagent (Mirus, 

Madison, WI) following the manufacturer‟s instructions. A transfection optimization 

experiment was performed to ensure maximal transfection of the siRNAs.  Six hours 

after transfection, the medium was changed to full serum growth medium and then it 

was changed back to serum free medium 24 hours post-transfection.   
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For the dual siRNA combination transfection, the siRNAs targeting 

TGFB1(designated T1 and T2), TGFBR2 (designated R1 and R2) and CTGF (C1 and 

C2) were added at 30 nM for a final combined concentration of 60 nM.  For the triple 

combination, the siRNAs were added at 30 nM for a final combined concentration of 90 

nM.  A commercially available scrambled siRNA sequence purchased from Dharmacon 

was used as the negative control.  Forty-eight hours after transfection, protein or total 

RNA samples were collected.  Cell lysates were collected with the addition of phosphate 

buffered saline solution (PBS) supplemented with 0.1% Triton® X-100 with protease 

inhibitors cocktail III (Calbiochem, Darmstadt, Germany) with the addition of 0.5mM 

EDTA.   The RNA samples were stabilized using an RNAlater RNA Stabilization 

Reagent (Qiagen, Inc., Valencia, CA). The samples were frozen at -20oC until further 

use. 

Synergism and Generation of Triple siRNA Combination 

Combination Index (CI) is a numerical parameter to quantify the degree of 

synergism between siRNA sequences.  At the extremes, synergism is CI = 0 to 1 and 

antagonism is CI = 1 to infinity. It is given by the following equation. (C. Chen et al. 

2000; Chou and Hayball 1996; Chou 2006; Jester, Petroll, and Cavanagh 1999) 

 

fa – is the fraction affected by siRNA sequences ( 1/100 * knockdown % ) 

D – individual concentration of the drug in the combination 

Dm – individual drug dose that inhibits system by m % 

m – coefficient signifying the shape of the dose-effect relationship 
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All the data analysis for synergism was performed using the software Compusyn. 

(Chou and Martin 2005; Westergren-Thorsson et al. 1993)  

For each target growth factor, two individual siRNA sequences were tested which 

led to a total of 8 different dual combinations for each growth factor. The Compusyn 

software was then used to compute CI values for each combination, which would give 

the synergy of individual siRNA sequences within dual combinations at 60 nM. The CI 

values of 24 different combinations were processed to find two dual combinations with 

maximal synergy for each growth factor that was made up of the same individual siRNA 

sequences (Table 2-2).  These individual siRNA sequences were then combined to 

generate a triple siRNA combination and were deemed to be „effective' as they have 

maximal synergy in knocking down their respective growth factors in the presence of the 

other two siRNA sequences. The same methodology was repeated again to generate 

an „ineffective‟ triple siRNA combination whose sequences were identified to have poor 

synergy among the individual siRNA sequences, These two triple siRNA combinations – 

„Effective‟ and „Ineffective‟ were further tested in in vitro knockdown experiments to 

confirm their potency.  

Cell Viability and Migration Assays  

Forty-eight hours after treatment with the siRNAs, cell viability was assessed by 

MTS assay using Cell Titer 96 Aqueous One Solution Reagent (Promega Corp, 

Madison, WI) following manufacturer‟s protocol.  Relative absorbance was determined 

by comparing untreated cells to the siRNA treated cells. For the migration assay, 

RadiusTM Cell Migration Plate (Cell Biolabs, San Diego, CA) was used according to 

manufacturer‟s protocol. Images were taken at 10x magnification and analyzed using 

Adobe Photoshop. 
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Immunohistochemistry  

To stain for SMA, the siRNA transfection experiment was conducted on a glass 

slide with four chambers (HLab-Tek, Hatfield, PA). Forty-eight hours after transfection, 

the chambers were removed, and the cells were fixed in 4% paraformaldehyde for 10 

minutes. The slides were then treated with methanol for 15 minutes at -20oC and 

blocked in goat serum for 1 hour. Finally, they were incubated with SMA antibody-Cy3 

(Sigma) for 1hour. The cells were mounted with DAPI and imaged using in vitro 

confocal microscope. ImageJ software was used for analyzing the images.  

Image Analysis by ImageJ and Adobe Photoshop 

ImageJ software was used for analyzing the images. Briefly, the image was split 

into its respective red and blue channels. A constant color threshold of 25-255 was set 

for all the red channel images, which was used for measuring the area of staining. The 

number of cells stained with DAPI was counted in the blue channel image using a 

constant color threshold of 18-87 and a size value from 8 to infinity. The percentage 

area of cells stained with SMA was then normalized to the number of cells in each 

corresponding image. This value was then used to calculate the reduction in SMA in the 

treated images with respect to the untreated controls.  

For the image analysis in migration assay, Photoshop was used to analyze the 

images. The magic wand feature was used to carefully select and measure the percent 

area of cells. This value was used as a measure of the migration of cells. 

Statistical Analysis 

All experiments were performed in triplicate and all statistical analyses were 

conducted using GraphPad prism (San Diego, CA). Student‟s t test or Analyses of 

Variances (ANOVA) with Tukey‟s post-hoc assessments were accordingly used to test 
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for significance between the groups. Results were considered statistically significant 

where p<0.05.  

Results 

Dual siRNA Combination 

Since the TGF-β pathway is a key mediator of the fibrotic response to corneal 

wounding, we designed and tested a series of individual siRNA sequences targeting 

three key scarring genes involved in this pathway (Figure 2-1). The goal of these 

experiments was to identify two effective siRNAs for each of the three targets that were 

capable of knocking down their expression. Following that, we evaluated the effect of 

different dual combinations of these siRNA sequences on rabbit corneal fibroblasts 

following stimulation with TGFB1and estradiol. Figure 1 represents the knockdown 

efficiency of all possible dual siRNA combinations that can be obtained by combining 

three individual siRNA sequences – T1, R2 and C1. The knockdown percentages of 

both single and dual siRNA combinations were then used in combination index 

calculations to predict a triple siRNA combination with optimal synergism among its 

individual sequences. 

The combination of TGFB1 siRNA-1 and CTGF siRNA-2 (T1C2) produced a 

~60% knockdown of TGF- beta1 protein and 79% of CTGF protein (Figure 2-2A & 2-

2C).  Greater than 75% of TGF- beta R2 protein was reduced when the TGFB1 siRNA-1 

and TGFBR2-siRNA-2 (T1R2) were combined.  Interestingly, there was a reduction of 

only ~37% of TGF-beta1 protein in this combination (Figure 2-2A & 2-2B).   The 

combination TGFBR2-siRNA-2 and CTGF siRNA-1 (C1R2) produced a ~58% reduction 

of CTGF protein and a reduction of ~65% of TGF-beta R2 (Figure 2-2B & 2-2C).  A 

knockdown of CTGF protein of ~60% was observed by combining TGF-beta1 siRNA 1 
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with CTGF siRNAs -1 (T1C1) while the TGF-beta1 protein knockdown was ~44% 

(Figure 2-2A & 2-2C). In some cases, we observed negative interaction between 

specific pairs of siRNAs. For example, TGFBR2 siRNA R2 led to 60% reduction in TGF-

beta R2 receptor in combination with CTGF siRNA1 (C1), but less than 10% reduction 

in the same protein when combined with CTGF siRNA2 (C2).  Similarly, CTGF 

knockdown by siRNA1 (C1) was reduced in combination with TGF-B1 receptor siRNA1 

(R1). We believe the reason for this negative interaction may be because of a 

competition for critical RNAi components like the RISC complex or the preference of 

Ago2 for a certain configured dsRNA over another as was reported in other 

experiments. (Castanotto et al. 2007; Dirk Grimm 2010)  

Synergism and Generation of a Triple siRNA Combination 

For each target growth factor, two individual siRNA sequences were tested which 

led to a total of 8 different dual combinations for each growth factor. The Compusyn 

software was then used to compute CI values for each combination, which gave the 

synergy of the individual siRNA sequences within dual combinations at 60 nM. At the 

extremes, synergism is defined as CI = 0 to 1 and antagonism is CI = 1 to infinity. 

Analyzing the computed CI values of 24 different dual combinations, the sequences T1, 

C1 and R2 were finalized for the „Effective‟ siRNA triple combination. This was because 

the dual combinations involving these siRNA sequences had the maximum synergy 

based on the computed CI values. Similarly, an „ineffective‟ siRNA triple combination 

was finalized with the sequences T2, C2 and R1 respectively (Table 2-2). It is 

noteworthy, that each of the individual siRNAs in the low synergy combination was 

effective against its intended target when used alone (Figure 2-1). 
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Knockdown of Target Growth Factors by the Effective Triple Combination 
(T1R2C1) 

At a total concentration of 90 nM, the effective combination of TGFB1siRNA1, 

TGFBR2 siRNA-2 and CTGF siRNA-1 (T1R2C1) resulted in ~80% knockdown in the 

expression of the three target growth factors: TGFB1, TGFBR2 and CTGF (Figure 2-3A, 

2-2B & 2-2C). The knockdown percentages for the triple siRNA combination did not 

increase linearly with concentration of the treatment. The knockdown percentages were 

calculated relative to transduction with a scrambled siRNA control and all expression 

levels were normalized to 18S rRNA. The toxicity of the treatment was tested by adding 

increasing concentrations (90 nM to 180 nM) of the effective siRNA triple combination 

(T1R2C1) to low passage cultures of RbCF. There was no significant reduction in the 

cell viability at a final concentration of 90 nM, indicating minimal toxicity (Figure 2-3D). 

However, when compared to cells which were not treated with siRNA, there was a 10% 

decrease in cell viability when the total siRNA concentration was180 nM. It should be 

noted, that delivery of 180 nM siRNA required twice the level of moderately toxic 

transfection reagent. Therefore, we conclude that the reduction in levels of target 

proteins and mRNAs was not caused by the general toxicity of the siRNAs.  Therefore, 

optimal knockdown of target mRNAs without cytotoxicity was achieved at 90 nM siRNA 

concentration. 

The Effective Triple Combination (T1R2C1) is More Potent than Its Corresponding 
Individual siRNAs and the Ineffective Triple Combination (T2R1C2) 

Since the effective triple combination was efficient at reducing the target mRNAs, 

we next wanted to test the efficacy of this combination on the downstream targets of the 

TGF-β pathway, which are collagen and SMA. At a total siRNA concentration of 90 nM, 

the effective triple combination (T1R2C1) was efficient in reducing the mRNA 
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expression of collagen-I and SMA by ~80% while individual siRNA sequences at 90 nM 

were able to achieve a maximum knockdown of only ~60% (Figure 2-4A & 2-2B). 

At a concentration of 90 nM, the effective triple combination (T1R2C1) also 

significantly gave a higher knockdown of both the target and downstream mediators 

when compared to the ineffective triple combination (T2R1C2). The ineffective 

combination was especially poor (~20%) in reducing the expression of SMA when 

compared to the high reduction percentage of ~80% by the effective (Figure 2-4C). The 

knockdown percentages were calculated with respect to a scrambled siRNA control and 

normalized to 18S rRNA. 

The Effective Triple Combination (T1R2C1) Is More Effective In Knocking Down 
Protein Expression of SMA than the Ineffective Triple Combination (T2R1C2) 

To confirm the protein level knockdown of downstream mediators, 

immunohistostaining for SMA was performed. The RbCF were treated with TGFB1and 

estradiol to stimulate the expression of SMA. The effect of both effective (Figure 2-5A) 

and ineffective triple combinations (Figure 2-5B) was compared to the control, which 

was transfected with a scrambled siRNA (Figure 2-5C). There was dramatic reduction of 

SMA protein staining when treated with the effective triple combination while the effect 

of ineffective triple combination was less evident. Image analysis on 12 random images 

taken from 4 different wells show that the effective triple combination gave a 

significantly higher reduction of SMA protein staining (~98%) when compared to the 

ineffective triple combination (~55%)(Figure 2-5D).  The percentage area of cells 

stained with SMA was normalized to the number of cells in each corresponding image. 

The SMA reduction percentage in the treated images was calculated with respect to the 

untreated controls. 
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The Effective Triple Combination (T1R2C1) Inhibits Migration of Rabbit Corneal 
Fibroblasts 

A migration assay was performed to assess the functional effect of the effective 

triple siRNA combination. RbCF were cultured in 6 well plates provided from the 

Radius® cell migration kit. After growing it to confluence, a circular region in the middle 

of the well was removed using a gel removal solution. The migration of cells were 

imaged (Figure 2-6A to 2-2D) and measured by image analysis using Photoshop.  

Measured at two days after injury, the effective triple combination (T1R2C1) significantly 

inhibited the migration of cells into the cell-free area. The percentage of cells that 

migrates was calculated digitally from the three replicates was used as a measure of 

migration (Figure 2-6C). Linear regression analysis on data from the first three days (R 

squared value – 0.8828) was used to predict the time required for complete closure in 

siRNA treated wells as approximately 4 days, which is twice that of untreated cells. 

Discussion  

Corneal wound healing is a complex process in which a variety of cytokines, 

growth factors, and proteases interact to regulate key phases of corneal healing. 

However, the TGF-β system has emerged as a key component of the fibrogenic 

response to wounding by regulating the transformation of quiescent corneal keratocytes 

into activated fibroblasts that synthesize ECM and into myofibroblasts that contract 

corneal matrix. (C. Chen et al. 2000; Jester, Petroll, and Cavanagh 1999) The TGF-β 

system has also been implicated in regular scarring of other fibrotic tissues like lung 

(Border et al. 1992; Westergren-Thorsson et al. 1993), liver (Bullard et al. 1997; Perkett 

1995), kidney (Border et al. 1992; Vogelmann et al. 2001), skin (C. Chen et al. 2000; 

Penn, Grobbelaar, and Rolfe 2012) and pancreas (Abreu et al. 2002; Vogelmann et al. 
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2001) that are correlated with increased expression of type I and type III collagen, 

integrins, SMA and fibronectin. (C. Chen et al. 2000; Penn, Grobbelaar, and Rolfe 2012) 

Apart from scarring, both TGFB1and CTGF have roles in angiogenesis (Abreu et al. 

2002), glaucoma (Zee, Langert, and Stubbs 2012) and proliferative diabetic retinopathy 

(Hatanaka et al. 2012), 

Since, TGFB1, TGFBR2 and CTGF are involved in the scarring mechanism of 

most fibrotic tissues, the system in this study with a multi-target approach can 

potentially be modified to regulate scarring in different tissues of the body. The 

significance of such a system is intensified by fact that there are currently no FDA 

approved drugs to regulate scar formation in any part of the body. 

Most of the published literature on siRNAs have employed a single target system 

to reduce fibrosis in eye (Sugioka et al. 2010), skin, kidney and liver (Li et al. 2006).  We 

previously developed gene specific approaches for single targets using ribozymes and 

ASOs targeting TGFB1or CTGF. (Blalock et al. 2004; P. M. Robinson et al. 2012) While 

they were effective in vitro – ribozymes tend to be larger and less stable that siRNAs 

and ASOs tend to be less potent than siRNAs. Though multiple targets in TGF-β system 

have been targeted in combination (Zhao et al. 2013), there has not been a multi- gene 

siRNA approach in the field of corneal scarring. Multi-target approaches can interrupt 

the signaling network at several points and affect the corneal fibroblast in ways that 

reducing the expression of an individual component cannot. Delivery of multiple siRNAs 

is also no different than that for single siRNAs, and many of the complex „„in vivo‟‟ drug 

interactions that occur between traditional pharmaceuticals do not apply to these 

agents, thereby facilitating their future use in humans. (Bjorge et al. 2011)  
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There are several benefits in targeting three growth factors, especially since each 

growth factor apart from having its own distinct roles, may also be dependent on other 

growth factors. For example, not only does TGFB1auto-induce itself, it also combines 

with TGFBR2 to stimulate the expression of CTGF, which has been shown to up 

regulate the expression of SMA and Collagen-I. TGFB1has been show to stimulate the 

transition of keratocytes to myofibroblasts that are characterized by the production of 

SMA. Additionally the ability of TGFB1to elicit multiple, and sometimes opposing, 

cellular responses in different cell types indicate the complexity of signaling in the 

wound-healing pathway. For example, TGFB1promotes fibroblast cell proliferation and 

migration but retards epithelial cell migration. It is difficult to obtain an effect by 

employing a single target in a complex signaling pathway where the action of one 

growth factor can be compensated by another and thus justifies the need for a triple 

combination.  

Combined siRNA sequences targeting multiple mRNAs can have unexpected 

antagonistic effects because each siRNA competes with the other to be assembled into 

the RISC complex. (Straetemans et al. 2005) There are a number of key determinants 

of RNAi efficacy that can adversely affect the efficiency of mRNA knockdown by a 

siRNA combination (Castanotto et al. 2007; Dirk Grimm 2010). This may be the reason 

for the non-linearity observed in the dose effect curves of the combination siRNA 

knockdown experiments. In this study, the triple siRNA combination with optimal 

synergy between the individual siRNA sequences had significantly better results than 

the ineffective triple combination, even though each of the siRNAs in the low synergy 

group was potent against its intended target mRNA. The effective triple siRNA 
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combination, apart from knocking down the target growth factors by ~80% (Figure 2-3) 

through a cascade effect, also knocked down the mRNA level expressions of 

downstream mediators like collagen-I and SMA, which led to a significant reduction in 

the SMA protein level as detected by the immunohistochemistry (Figure 2-5).  

Another important functional effect achieved by the effective triple siRNA 

combination was the reduction in cell migration of cells. Following an injury in the 

cornea, it has been documented that the expressions of TGFB1and CTGF increases in 

the surrounding tissues and tears. (T.-C. Chen et al. 2012) In this study, we have shown 

that the effective triple combination significantly reduced migration of corneal fibroblasts 

and may prevent myofibroblast transformation by beneficially prohibiting the stromal 

fibroblasts from contacting the TGFB1present in the surrounding tissues and tears. 

However, if this retardation of corneal fibroblast was permanent, it might lead to reduced 

stromal cell density resulting in long term safety concerns. The data from our study 

show that the cells treated with the triple siRNA combination could still migrate. In fact, 

using regression analysis we estimated that the time required for the triple siRNA 

treated cells (4 days) to repopulate the wounding region is twice that of untreated cells 

(2 days). Since, superficial stromal hyper cellularity is associated with corneal haze 

formation (Gambato et al. 2005), it is possible that this temporal retardation of corneal 

fibroblast migration can partially result in the reduction of haze formation. 

The flipside to such a multi-targeted approach is the likelihood of off-target 

effects that may arise from targeting three growth factors, which have many important 

roles in the normal functioning of cells. Apart from wound healing, TFGB1 is involved in 

growth and differentiation of many cell types and accumulation of matrix proteins such 
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as collagen and fibronectin. (Massague 1990) CTGF also has important roles in many 

biological processes, including cell adhesion, migration, proliferation, angiogenesis, 

skeletal development, and tissue wound repair. The use of short-term delivery (like 

nanoparticles) as opposed to long-term delivery (like viruses) to deliver the triple 

combination would help in reducing the impact of such a knockdown, as their supply is 

limited to a short amount of time and a specific location.  

In addition, siRNAs are also well known to suppress the production of unintended 

target proteins by binding to the 3‟ UTR of their mRNAs. (Jackson et al. 2006) During 

the design of siRNAs, it was ensured that a region targeted by the siRNA‟s does not 

share a significant homology with other genes or sequences in the genome by using the 

BLAST design tool from NCBI.  

The functional stability of conventional siRNAs in whole animals has been 

reported to span at least 14–21 days (Bartlett and Davis 2006) and the introduction of 

chemical modifications has been shown to extend the duration of their effectiveness. 

(Bjorge et al. 2011; Dykxhoorn and Lieberman 2006) Our initial in vivo results obtained 

from testing the effective triple combination in a rabbit model of corneal scarring were 

promising. (sriram, Gibson, et al. 2013) The treatment resulted in a reduction in the 

expression of SMA when compared to the contra lateral control cornea. Some of the 

parameters like imaging, dose delivery and intensity of scar formation in animals need 

to be optimized. Once all of these issues are perfected, our siRNA triple combination 

could prove to be a powerful treatment option for knocking down multiple targets within 

the same corneal wound healing pathway. This may be the first step towards 
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developing a multi target approach for the reduction of not only corneal fibrosis but also 

scarring in the entire body. 
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Table 2-1. Two siRNA sequences identified for each target growth factor 

Growth Factor Label Target Sequences 

TGFB1 T1 
T2 

GCUGACACCCAGUGACACA  
GCUGAGAGGUGGAGAGGAA 

TGFBR2 R1 
R2 

GCAGAGAACUUGAAAGCAU 
CCAUAUGCGGUGUGAAAUA  

CTGF C1 
C2 

GUGAUGAGCCCAAGGACCA 
GCGAGGAGUGGGUGUGUGA  

 
Table 2-2. Generation of an effective and ineffective triple combination using CI values, 

calculated as described in the Materials and Methods. A value from 0-1 
indicates synergism, while a value of 1 and beyond indicates antagonism 

 
Effective Triple 
Combination (T1R2C1)  

Ineffective Triple 
Combination (T2R1C2)  

Growth 
Factors 

Groups CI values Groups CI values 

TGFB1 T1C1 
T1R2 

0.2060 
0.3684 

T2C2 
T2R1 

3.1394 
1.3926 

TGFBR2 R2T1 
R2C1 

1.0191 
0.7261 

R1T2 
R1C2 

2.8760 
3.5837 

CTGF C1T1 
C1R2 

1.3384 
0.1410 

C2T2 
C2R1 

0.9603 
0.8715 
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Table 2-3. TAQMAN™ RT PCR Primers and probe sequences 

Target Label Sequences 

CTGF Forward  
Reverse 
Probe 

AGGAGTGGGTGTGTGATGAG 
CCAAATGTGTCTTCCAGTCG 
ACCACACCGTGGTTGGCCCT 

TGF-ßR2 Forward  
Reverse 
Probe 

CGTCGAGACTCCATCTCAAA 
AAACAGCCCACAAATGTCAA 
TCAGCTTTGCACAAGGGCCCT 

TGFB1 Forward  
Reverse 
Probe 

CCTGTACAACCAGCACAACC 
CGTAGTACACGATGGGCAGT 
CTCCAGCGCCTGTGGCACAC 

Collagen-I Forward  
Reverse 
Probe 

TTCTGCAGGGCTCCAATGAT 
TCGACAAGAACAGTGTAAGTGAACCT 
TTGAACTTGTTGCCGAGGGCAACAG 

SMA Forward  
Reverse 
Probe 

AGAGCGCAAATACTCCGTCT 
CCTGTTTGCTGATCCACATC 
CGGCTCCATCCTGGCCTCTC 

18S rRNA Forward  
Reverse 
Probe 

GCCGCTAGAGGTGAAATTCTTG 
CATTCTTGGCAAATGCTTTCG 
ACCGGCGCAAGACGGACCAG 

GAPDH Forward  
Reverse 
Probe 

GAGACACGATGGTGAAGGTC 
ACAACATCCACTTTGCCAGA 
CCAATGCGGCCAAATCCGTT 
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Figure 2-1. Knockdown of target growth factors by individual siRNA sequences. 

Cultures of Rabbit corneal fibroblasts stimulated with TGFB1and Estradiol 
were transfected with individual siRNA sequences targeting 
TGFB1(designated T1 and T2), TGFBR2 (designated R1 and R2) and CTGF 
(C1 and C2) using Mirus transfection reagent. The siRNA sequences were 
tested at different concentrations from 15nM to 90nM. Forty-eight hours after 
transfection, the cell extract was collected using a cell lysis buffer and 
analyzed using ELISA. The protein level knockdown percentages of - a) 
TGFB1, b) TGFBR2 and c) CTGF for all individual siRNA sequences were 
calculated with respect to a scrambled siRNA control. 
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Figure 2-2. Knockdown of target growth factors by different dual siRNA combinations. 
Cultures of rabbit corneal fibroblasts stimulated with TGFB1and/or Estradiol 
were transfected with different dual combinations of siRNAs targeting 
TGFB1(designated T1 and T2), TGFBR2 (designated R1 and R2) and CTGF 
(C1 and C2). Each siRNA was added at 30nM concentration for a final 
combined concentration of 60nM. Forty-eight hours after transfection, the cell 
extract was collected using a cell lysis buffer and analyzed using ELISA. The 
protein level knockdown percentages of – a) TGF - beta1, b) TGF – beta R2 
and c) CTGF for all dual siRNA combinations were calculated with respect to 
a scrambled siRNA control. 
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Figure 2-3. Knockdown of target growth factors by Effective Triple combination 

(T1R2C1). Cultures of rabbit corneal fibroblasts stimulated with TGFB1and 
Estradiol were transfected with the triple siRNA combination (15nM, 30nM, 
60nM and 90nM) using Mirus transfection reagent. The RNA samples were 
collected 48 hours after transfection and were analyzed using qRT PCR. On a 
similar experiment, cells were dosed with increasing concentrations of siRNA 
triple combination (90nM to 180nM) and cell viability was assessed using the 
MTS assay. The knockdown percentages of a) TGFB1, b) TGFBR2 and c) 
CTGF are plotted for the identified effective triple combination (T1R2C1). All 
expressions were normalized to 18S rRNA. The knockdown percentages 
were calculated with respect to a scrambled siRNA control. d) The 
percentage of viable rabbit corneal epithelial cells after treating with 
increasing concentrations of the effective triple combination (T1R2C1). 
(p<0.05).  

  



 

50 

 

Figure 2-4. The Effective triple combination (T1R2C1) is more potent than single siRNA 
sequences or Ineffective triple combination (T2R1C2) in blocking downstream 
mediators.  Cultures of rabbit corneal fibroblasts stimulated with TGFB1and 
estradiol were transfected with effective (T1R2C1), ineffective (T2R1C2) triple 
siRNA combination and individual siRNA sequences at total siRNA 
concentration of 90nM using Mirus TransIT-TKO transfection reagent. The 
RNA samples were collected 48 hours after transfection and were analyzed 
using qRT PCR. a) & b) Collagen-I and SMA reduction percentages are 
compared between the effective (T1R2C1) combination and its individual 
siRNA sequences at 90 nM. c) The RNA level reduction percentages of five 
genes (target and downstream) are compared between the effective 
(T1R2C1) and the ineffective triple combination (T2R1C2).  All expression 
levels were normalized to 18S rRNA. The knockdown percentages were 
calculated with respect to a scrambled siRNA control. (p<0.05). 
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Figure 2-5. Immunohistostaining for SMA shows Effective triple combination (T1R2C1) 

is more effective in reducing protein expression of SMA than the Ineffective 
triple combination (T2R1C2). Cultures of rabbit corneal fibroblasts stimulated 
with TGFB1and estradiol were transfected with effective (T1R2C1) and 
ineffective (T2R1C2) triple siRNA combination (90 nM) using TransIT-TKO 
transfection reagent. To stain for SMA, forty-eight hours after transfection, the 
cells are fixed in 4% paraformaldehyde, blocked in goat serum and then 
incubated with cy3 labeled SMA antibody. Images of SMA protein 
immunohistostaining (originally 20X) are shown for: a) effective triple 
combination (T1R2C1), b) ineffective triple combination (T2R1C2) and c) 
scrambled control. d) the percentage reduction of SMA staining calculated 
through image analysis from 4 different areas in 3 replicate wells. The 

percentage area of cells stained with SMA was normalized to the number of cells in 
each corresponding image. The SMA reduction percentage in the treated images 

was calculated with respect to the untreated controls. (p<0.05). Images courtesy 
of Sriniwas Sriram. 
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Figure 2-6. The Effective triple combination (T1R2C1) inhibits migration of rabbit corneal 

fibroblasts. Cultures of rabbit corneal fibroblasts were cultured in 6 well plates 
provided with the Radius® cell migration kit. After confluence, a circular 
region in the middle of the well was removed using a gel removal solution. 
Panels a) – d) show migration assay results comparing cells alone and 
effective triple combination (T1R2C1) treatment wells. e) the percentage area 
of cells migrating into the circle based on the migration assays calculated 
through image analysis from 3 replicate wells. Images courtesy of Sriniwas 
Sriram. 
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CHAPTER 3 
DEVELOPMENT OF EX VIVO CORNEAL ORGAN CULTURE AS A SCARRING 

MODEL AND EVALUATION OF ITS THERAPEUTIC POTENTIAL  

Purpose  

To develop an ex vivo organ culture model of the rabbit corneal scarring process 

that is suitable for therapeutic testing and to study the molecular mechanisms involved 

in haze formation following a laser ablation.  

Background 

Corneal haze is a common complication that occurs in patients after excimer 

laser photorefractive keratectomy (PRK). (Sakimoto, Rosenblatt, and Azar 2006) 

Mechanical, chemical and/or surgical injury to the cornea triggers a complex wound 

healing response-causing changes in extracellular matrix organization and cellular 

phenotype and density. (Jester, Petroll, and Cavanagh 1999) There is no fibrotic 

response in case of epithelial lesions, as stem cells from either the surrounding limbus 

or other parts of the epithelium migrate into the wounding region and resolve the wound 

in several days. (Liang et al. 2009; Pellegrini et al. 2009) However, a deeper wound 

disturbing the basal epithelium and stromal layers stimulate the pathological evolution of 

the wounding process mainly due to the involvement of fibrogenic growth factors like 

transforming growth factor beta 1 (TGFB1), TGFB Receptor (TGFBR2) and connective 

tissue growth factor (CTGF). (Blalock et al. 2003; Tandon et al. 2010) When the 

quiescent keratocytes come in contact with these growth factors, they become activated 

and begin to repopulate the resident cells that had undergone apoptosis following the 

injury. These activated keratocytes then proliferate and undergo phenotypic changes 

typical of myofibroblasts with increased ability to synthesize extracellular matrix. (Jester 

et al. 1996; Møller-Pedersen 2004) These myofibroblasts are characterized by their high 
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concentration of alpha smooth muscle actin (SMA) and elevated expression of 

cadherins and TGFB1receptors. (Jester, Petroll, and Cavanagh 1999) There are also 

irregular deposits of collagen; loss of corneal crystallins and the myofibroblasts do not 

die of apoptosis as expected. (Eraslan and Toker 2009) 

There have been several ex vivo corneal models reported that have been tested 

for re-epithelialization after physical (Carrington et al. 2006; Tanelian and Bisla 1992), 

chemical (Chuck, Behrens, Wellik, Liaw, Dolorico, et al. 2001) and laser wounds (Janin-

Manificat et al. 2012). However, most of the models are mainly concerned with the 

process of re-epithelialization, and only limited studies have been reported with markers 

on corneal scarring. In particular, none of them have evaluated the therapeutic potential 

of gene therapy in these culture models.  

It is often difficult to achieve a significant therapeutic effect by employing a one- 

target, one-drug paradigm on a complex, multi-factorial, amplifying, signaling pathway. 

(Chou and Talalay 1983) An approach aimed at multiple targets can potentially be more 

efficacious and less vulnerable to acquired resistance as the system is less able to 

compensate for the action of two or more drugs simultaneously (Borisy et al. 2003; 

Keith, Borisy, and Stockwell 2005). In this study, we would be using a triple siRNA 

combination targeting three key scarring genes – TGFB1, TGFBR2 and CTGF, which 

has been shown to be effective in knocking down the downstream regulators (SMA and 

Collagen-I) in cell culture experiments (sriram et al. 2012).  

Delivery of drugs to the cornea is a major challenge, as the mechanical barriers 

that protect the cornea (multi-layered epithelium, tight junctions) constrain ocular drug 

delivery. Protective mechanisms also include lacrimation, solution drainage, diversion of 
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exogenous chemicals into the systemic circulation, and a highly selective corneal barrier 

to exclude high molecular weight polyanions, like RNA. Hence, for an effective therapy, 

a delivery method to target the corneal layer with the maximum post-wounding growth 

factor localization has to be developed. The principal properties governing absorption of 

a drug by the cornea are the lipophilicity, partition coefficient and molecular size of that 

compound. (Lee and Robinson 1986; Sasaki et al. 1996) Nanocarriers provide a 

potential solution for targeted ocular drug delivery, as they have been shown to be non-

immunogenic, to have relatively low toxicity, to be resistant to protein/serum absorption 

and to be stable in an enzymatic environment. They have also been shown to adhere to 

the ocular surface and penetrate through the corneal and conjuctival epithelia, after 

topical administration, making them ideal trial candidates for siRNA delivery (la Fuente, 

Seijo, and Alonso 2008; Tong et al. 2007). Hence, in this study we are testing the 

efficacy of a nanoparticle delivery system to deliver siRNAs to the different layers of the 

cornea.  

It has been reported the epithelium is generally the rate limiting barrier to trans-

corneal transport. Its barrier favorably depends on the lipophilicity of molecules and 

almost completely excludes macromolecules (r > 10 Å) (Hämäläinen et al. 1997). For 

small molecules sufficiently lipophilic to readily cross epithelium, the stroma and 

endothelium can play a significant role, where endothelium provides a greater barrier 

than the stroma. This is because stroma is largely aqueous and do not have tight and 

gap junctions unlike the epithelium and endothelium (Edwards and Prausnitz 2001). 

Hence, paracellular transport (between cells) is easier for small hydrophilic molecules in 

the stroma. In this study, we excimer ablate and completely remove the epithelial layer 
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from the cornea and dose the cornea with siRNA delivered by NP that is both 

hydrophilic and lipophilic which may aid delivering the drug to different layers of the 

cornea.  

This work aims to characterize scar formation in a corneal organ culture model 

following a laser ablation and compare it to that of scar formation in animals. We also 

wanted to evaluate the therapeutic potential of the model by delivering a previously 

optimized triple siRNA combination to different layers of the cornea and observing its 

effect on scar formation. 

Materials and Methods 

Nanoparticles  

A commercially available nanoparticle kit called Invivoplex® was purchased from 

Aparnabio (Rockville, MD) and used according to manufacturer‟s instructions. They are 

made up of Histidine-lysine (HK) peptides that have both hydrophilic as well as lipophilic 

characteristics (soluble in water as well as organic solvents). In addition, the core of the 

nanoparticle is positively charged. Briefly, siRNA triple combination solution was made 

at a concentration of 0.9 mg/ml. 600uL of this solution was added with 300uL of the 

provided cargo buffer. This solution was added drop wise to 900uL of the nanoparticles 

over a magnetic stirrer. This preparation forms siRNA containing particles of less than 

50 nm that are stable for a week at 4°C. 

RNA Interference 

In a previous paper, we had generated an effective triple siRNA combination 

targeting TGFB1, TGFBR2 and CTGF with high synergy among its individual siRNA 

sequences. The effective triple siRNA, in in vitro knockdown experiments, significantly 

reduced mRNA levels of target genes (>80%) and downstream scarring genes (>85%), 
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SMA protein (>95%), and significantly reduced cell migration without reducing cell 

viability. This previously optimized effective triple combination was tested for its efficacy 

in knocking down key scarring genes in this ex vivo corneal scarring model. In this 

study, siSTABLE® siRNAs were ordered Dharmacon (Dharmacon Products, Thermo 

Fisher Scientific, Lafayette, CO) which are chemically modified to persist in in vivo 

conditions.  

Ex Vivo Organ Culture of Rabbit Corneas 

Corneas were cultured as previously described in (Castro-Combs et al. 2008; 

Chuck, Behrens, Wellik, Liaw, Sweet, et al. 2001; Richard et al. 1991; n.d.). The ends of 

50ml laboratory test tubes were cut at the indicator lines nearest to the bottom with the 

help of a saw. These domes were then coated with super glue and aseptically placed 

firmly concave down into the center of each well of a 12-well tissue culture plate. The 

plates were then sanitized by placing them under ultraviolet light overnight. Fresh rabbit 

globes from Pelfreeze were ablated to 155 microns using an excimer laser. Laser 

ablations were performed with a Summit SVS exicimer laser that is committed to animal 

vision research.  Using the laser in phototherapeutic keratectomy mode, the central 6 

mm diameter area of the cornea was be ablated at a dose of 160mJ/cm2 to a total 

depth of 155 microns.  Corneal rims were then surgically extracted from the rabbit 

globes and using sterile forceps, grasping only the scleral rims and not cornea; each rim 

was placed over a single dome. Incubations were carried out in 5% CO2 and 95% air at 

37o C for the duration of the experiment. The level of the culture medium was adjusted 

so the anterior surface of corneas was at the air-liquid interface.  Test agents were 

added to the media as described below.   
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Experiment 1 

Experiment 1 was designed to assess if the excimer laser ablated corneas 

developed patterns of gene expression that was consistent with scar formation after two 

weeks of organ culture.  Two groups of corneas were analyzed: ablated, and unablated 

corneas.  Four corneas were cultured in each of the two groups in DMEM supplemented 

with 10% fetal bovine serum containing 1% antibiotic solution (penicillin and 

streptomycin) and the media was changed every 2 days.  After 14 days of culture, 

mRNA from the four corneas in each treatment group were pooled together and 

processed for q-RT-PCR measurement of levels of mRNAs for five genes as described 

below: TGFB1, TGFBR2, CTGF, SMA and Col-I.   

Experiment 2 

Experiment 2 was designed to assess the delivery of a fluorescently labeled 

scrambled siRNA sequence using NP (NP-FL-siRNA).  The experiment included three 

groups of corneas: unablated & treated with NP-FL-siRNA, ablated & treated with NP-

FL-siRNA and ablated & treated FL-siRNA without NP. Three corneas were cultured in 

each of the three groups in DMEM supplemented with 10% fetal bovine serum 

containing 1% antibiotic solution (penicillin and streptomycin) and the media was 

changed every 2 days. The corneas in the NP-FL-siRNA group (three ablated and three 

unablated corneas) were topically treated with 5

complexed with nanoparticles for 1 minute using a vacuum trephine while the corneas in 

FL-siRNA group (three ablated corneas) received an equivalent dose of FL-siRNA 

without NP. The corneas were cultured for 6 hours and then collected for histology.  
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Experiment 3 

Experiment 3 was designed to assess the relative levels of corneal haze that 

developed in excimer-ablated corneas, and to determine if the level of corneal haze 

could be reduced by treatment with a steroid (prednisolone acetate) that is commonly 

used to reduce corneal inflammation or by treatment with a NP-siRNA formulation that 

targeted three key scar-stimulating genes (TGFB1, TBRII and CTGF).  The experiment 

included four groups of corneas: unablated, ablated & untreated, ablated & treated with 

NP-siRNA, and ablated & treated with prednisolone acetate.  Six corneas were cultured 

in each of the four groups.  After excimer laser ablation, all the corneas were cultured in 

DMEM supplemented with 1 ng/ml of TGFB1 and 1% antibiotic solution and the media 

was changed every 2 days. Furthermore, one group of four corneas were treated with 2 

drops of 1%prednisolone acetate ophthalmic suspension (Pacific Pharma) and another 

set of four corneas were treated with the triple siRNA combination delivered using NP 

for the first three days after ablation. After 14 days of culture, corneas were 

photographed then returned to culture, until on day 21, three corneas of each test group 

were independently processed for qRT-PCR for measurement of SMA mRNA.  The 

remaining three corneas in each group were processed for immunohistostaining of SMA 

protein. 

Reverse Transcription-Polymerase Chain Reaction  

Total RNA was extracted using the Qiagen RNeasy mini isolation kit (Qiagen, 

Inc., Valencia, CA) and used according to the manufacturer‟s directions.  cDNA was 

synthesized using the High Capacity cDNA Reverse Transcription Kit (Applied 

Biosytems, Carlsbad, CA) according to manufacturer‟s procedure.  The level of mRNA 

for TGF-B1, CTGF, TGFBR2, SMA, collagen II, and 18S ribosomal RNA were 
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determined using the Real-Time PCR TaqMan assay. The primers and probes for each 

gene are defined in Table 2-3.  The endogenous control, ribosoma18S RNA, was used 

normalize target genes.  Primers, probes and cDNA were combined with TaqMan 

Universal PCR Master Mix (Applied Biosytems, Carlsbad, CA) and amplification was 

performed by the Applied Biosystems 7300HT Fast Real Time PCR System (Carlsbad, 

CA).  The thermal cycling conditions were as follows:  2 min at 50°C, 10 min at 95°C, 40 

cycles of 15 sec at 95°C, and 1 min at 60°C. The relative gene expression of the growth 

factors was calculated using the 2-ΔΔCt method. 

Immunohistochemistry  

The corneas from the delivery experiment were collected 6 hours after 

transfection, while the corneas from the therapeutic experiment were cultured for 21 

days before collection and fixing. To stain for SMA, the rabbit corneas from the both the 

experiments were fixed overnight in 4 % paraformaldehyde. They were then bisected, 

fixed in Optimal Cutting Temperature medium (OCT) (Sakura Finetek) and then 

sectioned in 10um slides. The slides were then washed with PBS and blocked in horse 

serum for 1 hour. Finally, they were incubated with SMA antibody-Cy3 (Sigma) for 

1hour at room temperature. The slides were mounted with DAPI and imaged using 

fluorescence microscope.  

Scar Imaging  

Nikon D7000, was outfitted with a macro lens capable of native 1:1 reproduction 

(60mm Nikkor) and the Nikon R1C1 Creative Lighting System (CLS) flash system. The 

D7000 was set to the “Standard” program, ISO 100, manual exposure with a shutter 

speed of 1/250 second and f/57. To visualize and measure haze, the lens was outfitted 

with a circular ring flash whose flash power was set manually (1/6th D7000) and neither 
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the flash nor lens had a filter. For all images, the lens was set to manual focus and pre-

focused to a 1:1 reproduction ratio and the camera was fixed to a tripod and focused by 

moving the camera closer or further from the subject. Guide lights on the flash heads 

were used to facilitate haze visualization and focusing.  

Image Analysis 

To improve the contrast of scar formation in the ablated regions of the cornea, 

the native full color images were converted to grey scale. This was followed by reducing 

the background light scattering observed in unablated regions of the cornea to a 

minimum. All the image-processing steps in this method were performed using the tools 

in Adobe Photoshop. These steps help in effectively blocking the noise associated with 

the light scattering of unablated regions, which enables the finer details of the scar to be 

discerned. The ablation regions in these processed images are then selected with the 

lasso tool and percent haze is calculated by measuring the pixel intensity in these 

selected regions. 

Statistical Analysis 

All experiments were performed in triplicate and all statistical analyses were 

conducted using GraphPad prism (San Diego, CA). Student‟s t test or Analyses of 

Variances (ANOVA) with Tukey‟s post-hoc assessments were accordingly used to test 

for significance between the groups. Results were considered statistically significant 

where p<0.05.  

Results 

Using rabbit corneas cultured at the air-liquid interface, we analysed the ability of 

a laser ablation to promote corneal scar-like response in corneas ex vivo. Scarring was 

evaluated in terms of specific markers of wound healing (expression of pro fibrotic 
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genes) and transparency (reduction in pixel intensity of light reflected from a white line 

beneath the cornea). Further, to evaluate the efficacy of this system as a therapeutic 

testing model, we evaluated the ability of prednisolone and nanoparticle (NP) derived 

triple siRNA directed at TGB1 related targets in reducing the formation of these scar-like 

features. 

Ablated Corneas in Culture Develop Scar-Like Features  

Freshly obtained rabbit globes were ablated to a depth of 155um and cultured at 

the air-liquid interface for 21 days in serum free media that was supplemented with 

1ng/ml of TGF-B1. The unablated corneas were transparent and showed no signs of 

any scar-like features while the ablated corneas without any treatment had the most 

visible scar-like formations in the wounding region (Figure 3-1A & 3-2B). Comparing 

fluorescein staining of corneas immediately after ablation and subsequently, after 21 

days of culturing indicated complete reepithelialisation, resulting in a pluristratified 

epithelium. In vivo confocal images of the ablated corneas at the ends of a laboratory 

tube show activated epithelial and stromal cells indicative of scar formation (Figure 3-8).  

Visual Comparison of Corneas Treated with Therapeutic Agents 

To improve the contrast of scar formation in the ablated regions of the cornea, 

the native full color images were converted to grey scale and the background scattering 

of light from the unablated regions were reduced to a minimum. Figure 3-2 shows these 

processed digital images of the corneas from all the treatment groups. The ablated 

cornea without any treatment (positive scarring control) developed the most robust scar-

like features, while the corneas treated with NP-siRNA or treated with steroid developed 

markedly less scar-like features that were readily apparent by simple visual 
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examination. The unablated cornea did not develop any haze-like features and was 

used as a negative control. 

Comparison of RNA Level Expression of Pro-Fibrotic Genes in Ablated and 
Unablated Corneas. 

Levels of expression of pro-fibrotic genes in unablated and ablated corneas 

cultured in full serum conditions without any treatment. RNA from the scar-like tissue 

was collected using a 8mm punch biopsy, and the expression levels of 5 pro-fibrotic 

genes were analyzed using qRT PCR. The RNA level expression of all five pro-fibrotic 

genes was higher in the ablated corneas when compared to the unablated corneas 

(Figure 3-3). In particular, the expression of TGFB1and SMA were 8 and 4 times higher, 

respectively, in injured corneas.   

Nanoparticles Deliver siRNA to all Layers of the Cornea in Organ-Culture 

The efficacy of the delivery of nanoparticles complexed with siRNA to different 

layers of the cornea was assessed by detecting the presence of a fluorescently labelled 

scrambled siRNA sequence in histology sections of treated corneas.  In ablated corneas 

treated with nanoparticle complexed fluorescently labelled siRNA (NP-FL-siRNA), a 

fluorescence gradient was observed. The anterior stromal layers directly beneath the 

area where NP-FL-siRNA was applied using a vacuum trephine had a high fluorescence 

intensity. The intensity of fluorescence progressively decreased with increasing distance 

from the anterior surface. However, there was an increase in the fluorescence intensity 

in the Descemet‟s membrane and endothelial cell layers. Higher magnification images 

of the sections show uptake of siRNA by the cells (Figure 3-4A - 3-4D). Importantly, no 

fluorescence was observed in the stroma of excimer-ablated corneas when FL-siRNAs 

alone were applied indicating the “naked siRNAs” did not effectively penetrate into the 
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corneal tissue (Figure 5e).  Also, only a few superficial epithelial cells were fluorescent 

when FL-NP- siRNAs were applied to the intact unablated cornea (Figure 5f).  Neither 

the stroma layers nor the endothelial cell layer and Descemet‟s membrane were 

fluorescent.  These results suggest that the fluorescence pattern observed in corneas 

when FL-NP-siRNA nanoparticles were applied topically to corneas in the area of 

epithelial ablation was due to penetration of the FL-NP-siRNA nanoparticles into the 

stroma and not to absorption from the media.   

Evaluating the Reduction in Haze Formation  

The corneas in the experimental groups were imaged with a digital camera to 

calculate the reduction in transparency due to formation of corneal haze. Percent haze 

was calculated by the reduction in pixel intensity of a white line reflecting light through 

ablated corneas (Image 3-6B) when compared the same image reflected through 

unablated corneas (Image 3-6A). The pixel intensity of the white line would be higher in 

the unablated corneas due to its higher transparency while the intensity of the white line 

would be reduced depending on the severity of the haze. Laser injury to the cornea with 

no treatment reduced the intensity of the image by 12% when compared to the 

unablated corneas; while treatment with NP-siRNA (5% reduction) and steroids (3% 

reduction) improved the transparency of the corneas when compared to the unablated 

corneas. Treatment with NP-siRNA therefore reduced haze formation by 58%, while 

treatment with steroids reduced haze formation by 78%. 

In an alternate method, the contrast-enhanced images of three replicate corneas 

from all the four treatment groups were used to measure the percentage of haze 

formed. The ablation regions in these processed images are selected with the lasso tool 

and percent haze is calculated by measuring the pixel intensity in these selected 
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regions (Image 3-5A & 3-5B). The pixel intensity in this selected region should be lower 

in the unablated corneas due to their relatively high transparency, while the intensity of 

these regions in ablated corneas should be higher in corneas with ”scar” depending on 

the severity of the haze. The percentage of haze in ablated & untreated corneas with no 

treatment was 22% when compared to the unablated corneas.  In contrast, treatment of 

ablated corneas with NP-siRNA improved the transparency of the corneas, resulting in a 

haze percentage of 9.6% when compared to the unablated corneas.  Similarly, 

treatment of ablated corneas with steroid also improved the transparency of the 

corneas, resulting in a haze percentage of 7% when compared to the unablated 

corneas.  Therefore, treatment of the ablated corneas with NP-siRNA reduced haze 

formation by 55%, while treatment with steroids reduced haze formation by 68% 

compared to ablated corneas that received no treatment. 

Treatment with NP-siRNA or steroid reduce mRNAs for scarring genes  

RNA from the scar-like tissue was collected using a 8mm punch biopsy, and the 

expression levels of SMA were analyzed with qRT PCR.  The SMA expression in the 

treated corneas (NP-siRNA and steroids) was significantly lower than that of the ablated 

and untreated corneas (Figure 3-6D). Specifically, the NP-siRNA treatment was able to 

reduce the SMA expression by 77%, while the steroid treatment reduced the SMA 

expression by 85%.   

Immunohistostaining of Corneal Tissues Show Reduction in SMA after Treatment 
with Steroids and NP-siRNA 

To visualize the presence of SMA in the ablated untreated corneas and confirm 

protein level knockdown of the treatments, immunocytochemistry was performed on 

three corneas from each of the experimental groups. Rabbit globes that were ablated 
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and untreated show SMA staining in the basal epithelium and anterior stroma (Figure 3-

7A). A similar pattern of myofibroblasts formation was observed in both mice and rabbits 

after a PTK injury. Corneas that were treated with NP-siRNA and steroids showed no 

staining for SMA (Figure 3-7E & 3-7F).  

Discussion  

Using rabbit corneas cultured in organ culture, we were able to reproduce the 

loss of transparency observed in living rabbits when corneas are subjected to laser 

injury (Figure 3-1A & 3-1B). Since, this model utilizes freshly obtained intact rabbit 

globes, it is closer to the in vivo situation than the three-dimensional cell culture systems 

reported in the literature (Janin-Manificat et al. 2012; Karamichos et al. 2010).  

Several organ culture methods have been proposed to study the corneal in vitro 

wound healing processes (Møller-Pedersen and Møller 1996; Richard et al. n.d.). 

However, air/liquid organ cultures have been shown to improve epithelial cell 

morphology and preserve stromal keratocytes for at least 4 weeks (Castro-Combs et al. 

2008). This culture system also decreases the intercellular edema generally observed in 

conventional submerged models (Chuck, Behrens, Wellik, Liaw, Dolorico, et al. 2001; 

Collin et al. 1995; Foreman et al. 1996). This model was able to reproduce corneal 

scarring in terms of stromal disorganization and differentiation to myofibroblasts. There 

was a marked increase in the RNA expression of five pro-fibrotic genes. In particular, 

SMA, a key marker of scarring tissue showed significant increase when compared to 

the unablated corneas (Figure 3-2).  

In this culture system, corneal scar formation develops in the absence of an 

intact immune system; tear secretion and corneal innervation, all known to be important 

participants in the wound healing process. This makes it an interesting model to 
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observe and study the various molecular pathways that regulate haze formation. It 

would also make it an ideal model to test therapeutic agents targeting molecular 

pathways to reduce haze formation. In this study, we have used a triple siRNA 

combination targeting TGFB1, TGFBR2 and CTGF all of which have been shown to 

play an important role in corneal scarring. (Blalock et al. 2003; C. Chen et al. 2000; 

Jester, Petroll, and Cavanagh 1999)(Triple paper) This effective triple siRNA, in in vitro 

knockdown experiments, significantly reduced mRNA levels of target genes (>80%) and 

downstream scarring genes (>85%), SMA protein (>95%), and significantly reduced cell 

migration without reducing cell viability. 

In the cornea it has been shown that fundamental behaviors of epithelial and 

stromal cells, including proliferation, adhesion, and migration, are modulated by 

substratum topography (Pot et al. 2010). A previous study by Netto et al. (Netto et al. 

2006) indicated that larger-scale topographic irregularities caused by corneal surgical 

intervention contribute to myofibroblast generation and haze formation in vivo. It has 

also been shown that nanoscale topographic features modulate TGFB1-induced 

myofibroblast differentiation and αSMA expression, possibly through upregulation of 

Smad7. It is therefore possible that in the wound environment, native nanotopographic 

cues assist in stabilizing the keratocyte/fibroblast phenotype while pathologic 

microenvironmental alterations may be permissive for increased myofibroblast 

differentiation and the development of fibrosis and corneal haze (Myrna et al. 2012). 

Hence, studying anti-fibrotic therapies in excimer laser ablated ex vivo corneas is a 

better system than in cell culture experiments as they provide pathologic 
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microenvironmental alterations similar to in vivo conditions that may stimulate the 

fibroblasts to change to the myofibroblast phenotype. 

One of the main challenges in the use of siRNA has been the delivery. In this 

study, we have used a histidine and lysine based commercially available nanoparticle 

kit. In ablated corneas treated with nanoparticle complexed fluorescently labelled siRNA 

(NP-FL-siRNA), a fluorescence gradient was observed. The anterior stromal layers 

directly beneath the area where NP-FL-siRNA was applied using a vacuum trephine 

had a high fluorescence intensity. The intensity of fluorescence progressively decreased 

with increasing distance from the anterior surface. However, there was an increase in 

the fluorescence intensity in the Descemet‟s membrane and endothelial cell layers. 

Higher magnification images of the sections show uptake of siRNA by the cells (Figure 

5 a-d).  These results suggest that Descemet‟s membrane may reduce the penetration 

of FL-NP-siRNA complex, leading to an increased concentration of the FL-NP-siRNA 

nanoparticles in the matrix of the basement membrane.  Importantly, no fluorescence 

was observed in the stroma of excimer ablated corneas when FL-siRNAs alone were 

applied (Figure 5e).  Also, only a few superficial epithelial cells were fluorescent when 

FL-NP- siRNAs were applied to the intact unablated cornea (Figure 5f).  Neither the 

stroma layers nor the endothelial cell layer and Descemet‟s membrane were 

fluorescent.  These results suggest that the fluorescence pattern observed in corneas 

when FL-NP-siRNA nanoparticles were applied topically to corneas in the area of 

epithelial ablation was due to penetration of the FL-NP-siRNA nanoparticles into the 

stroma and not to absorption from the media.  Overall, these results demonstrated the 

importance of the cationic nanoparticle carrier system to enhance deep penetration of 



 

69 

the FL-siRNAs into the cornea and uptake by stroma keratocytes and endothelial cells.  

However, the intact epithelium is an effective barrier to even the FL-NP-siRNA 

nanoparticles.     

There is no standard imaging methodology for evaluating corneal haze formation. 

The accepted method to evaluate corneal haze is visual grading by a masked 

ophthalmologist. However, this method fails to give a definitive quantifiable 

measurement and also suffers from subjective bias of the observer. Hence, in this 

study, we have tried to establish a standard method for quantifying haze formation as a 

function of transparency of the corneas (Figure 3-4A & 3-4B). The known pixel intensity 

of a standard white marker line - through unablated corneas and through ablated 

corneas was measured to determine the reduction in pixel intensity due to haze 

formation. In this study we were able to show that, when compared to unablated 

transparent corneas, the ablated/untreated corneas reduced transparency of the 

corneas by 11% while the NP-siRNA (5% opacity) and steroids (3% opacity) were 

successful in improving the transparency of the corneas by reducing haze formation. 

The results from image analysis were similar to that of the visual grading by an 

ophthalmologist. The delivery of the triple siRNA combination affected a marked 

decrease in the scar formation comparable to that of the current clinical treatment of 

steroids (Figure 3-1C & 3-1D).  Analyzing RNA from the scar tissues show that NP-

siRNA reduced the SMA expression by 78% while the steroids reduced the expression 

by 85% (Figure 3-4D).  

To visualize the presence of SMA in the ablated untreated corneas and confirm 

protein level knockdown of the treatments, immunohistostaining was performed on three 
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corneas from each of the experimental groups. Rabbit globes that were ablated and 

untreated show SMA staining in the basal epithelium and anterior stroma (Figure 3-5A). 

A similar pattern of myofibroblasts formation was observed in both mice and rabbits 

after a PTK injury. (Mohan et al. 2008; 2011; Nakamura et al. 2001; Netto et al. 2006). 

In addition, when severe haze develops in human corneas after PRK, it is nearly always 

localized immediately beneath the epithelium and in the anterior stroma (Shah et al. 

1998; Siganos, Katsanevaki, and Pallikaris 1999) - in the same location that 

myofibroblasts are noted in the corneas ablated ex vivo. Corneas that were treated with 

NP-siRNA and steroids show no staining for SMA, which confirmed the protein level 

knockdown of both the treatments (Figure 3-5E & 3-5F).  

Results from this study show that the development of corneal haze in cultured 

corneas in terms of markers of corneal scarring is very similar to that observed in 

animals. Studies have also shown eunucleated rabbit eyes sustained in culture retain 

wound healing dynamics and are comparable to live rabbit eye model in terms of laser 

radiation exposure (Fyffe 2005; Kabosova et al. 2003; McCally and Bargeron 2000; 

McCally, Farrell, and Bargeron 1992). 

Animal models have been used for corneal scarring studies post excimer laser 

surgery (Mohan et al. 2008; 2011; Netto et al. 2006). However, their use in large scale 

is limited for practical reasons. Corneal drug delivery experiments require sacrification 

of animals at each time point in the drug concentration profile, and the use of organ 

culture therefore help reduce our need for animals in such experiments (Toropainen 

2007). Hence, an initial ex vivo organ culture screen followed by in vivo experiments 

would make the most efficient use of animals.  
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Development of an organ culture model for corneal scarring is an important 

middle ground between cell culture and animal experiments, especially since many of 

the main features in the formation of corneal scarring in animals were reproduced in the 

organ culture. The ex vivo scarring model can be an important screen for the testing 

and optimization of new anti-scarring drugs in addition to it being an important tool to 

study and understand the molecular pathways of the corneal wound healing process.  
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Figure 3-1. Visual comparison of ablated, unablated and treated corneas. Freshly 

obtained rabbit globes were ablated to a depth of 155um and cultured at the 
air-liquid interface for 21 days in serum free media. Four groups with six 
corneas each were tested experimentally – a) Unablated corneas, b) Lazer 
Ablated with no treatment, c) Lazer ablated and treated with Steroids, d) 
Lazer ablated and treated with triple siRNA complexed with nanoparticles. 
Images a-d were obtained after 13 days in culture. Images courtesy of 
Sriniwas Sriram. 
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Figure 3-2. Image analysis of ablated, unablated and treated corneas. The images of 
corneas from the four groups of the above experiment  – a) Unablated 
corneas, b) Laser ablated with no treatment, c) Laser ablated and treated with 
Steroids, d) Laser ablated and treated with triple siRNA complexed with 
nanoparticles were processed with Adobe photoshop to increase the visual 
contrast of haze. All the images were initially converted to grey scale, which 
was then followed by background correction to reduce the noise associated 
with the light scattering of unablated regions. The red circles in the image pick 
out the haze formation in the ablated corneas. Images courtesy of Sriniwas 
Sriram. 
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Figure 3-3. Comparison of RNA level expression of pro-fibrotic genes in ablated and 
unablated corneas. Freshly obtained rabbit globes were ablated to a depth of 
155um and cultured at the air-liquid interface for 14 days in full serum media. 
RNA from the scar-like tissue was collected using a 8mm punch biopsy and 
the expression levels of 5 profibrotic genes were analyzed using qRT PCR. 
18S rRNA was used as the housekeeping gene. All RNA expressions were 
normalized to their respective levels in unablated corneas.  
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Figure 3-4. Nanoparticles deliver siRNA to all layers of the cornea in organ-culture. 

Whole rabbit globes were ablated to 125 microns using an excimer laser and 
treated with fluorescently labeled scrambled siRNA complexed with a 
nanoparticle for 1 minute. 6 hours after transfection, the corneas were fixed 
overnight in 4 % paraformaldehyde. They were then bisected, fixed in OCT 
and then sectioned in 10um slides. The blue color shows the cell nuclei, 
which were stained with DAPI, and the green shows the fluorescence of the 
delivered scrambled siRNA. Delivery of siRNA by nanoparticles after ablation 
is shown at 20x [a) DAPI and FITC, b) FITC] and 40x [c) DAPI and FITC, d) 
FITC]. Red circles show uptake of fluorescently labeled siRNA by the cells. 
No fluorescence is observed when - e) globes were treated with siRNAs 
alone without nanoparticles after ablation, f) globes were treated with 
nanoparticles complexed with siRNAs without ablating the epithelium. Images 
courtesy of Sriniwas Sriram.  
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Figure 3-5. Evaluating the reduction in haze formation. The processed images from 
Figure 2 were analyzed using Adobe Photoshop to quantify the amount of 
haze formation. The lasso tool in Photoshop was used to trace the area of the 
scarring region as shown in images a) and b). Percent haze is calculated by 
measuring the pixel intensity in these selected regions and normalizing it to 
area of the selected regions. Image c shows the percentage of haze 
expressed in the ablated corneas in terms of the unablated corneas. Asterisks 
indicate significant differences (p<0.05) of the experimental group compared 
to untreated corneas, calculated using ANOVA with Tukey‟s HSD with n=3 in 
each experimental group. 
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Figure 3-6. Evaluating the reduction in haze formation. The corneas in the experimental 
groups were imaged with a digital camera to calculate the reduction in 
transparency due to formation of scar-like features. Percent haze is 
calculated by finding the reduction in pixel intensity of a white marker line in 
ablated corneas (Image b) when compared to unablated corneas (Image a). 
Image analysis was used to quantify the degree of haze formation in these 
corneas when normalized to unablated corneas. RNA from the scar-like 
tissue was collected using a 8mm punch biopsy and the expression levels of 
SMA were analyzed with qRT PCR.  18S rRNA was used as the 
housekeeping gene and all expression levels were normalized to their 
respective levels in unablated corneas. Image d shows the reduction in SMA 
expression in treated corneas when compared to the ablated corneas. 
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Figure 3-7. Immunohistostaining of corneal tissues show reduction in SMA after 

treatment with steroids and NP-siRNA. Corneas from the experimental groups 
were fixed overnight in 4 % paraformaldehyde. They were then bisected, fixed 
in OCT and then sectioned in 10um slides. To stain for SMA, slides were 
blocked in horse serum and then incubated with cy3 labeled SMA antibody. 
Rabbit globes that were ablated and untreated show SMA staining in the 
basal epithelium and stroma (Figure a). Figure b) and c) show higher 
magnification of areas with myofibroblasts. Globes that were ablated and 
treated with NP-siRNA and steroids show no SMA staining (Figures d and e). 
Images courtesy of Sriniwas Sriram. 



 

79 

 
 
Figure 3-8. In vivo confocal images of ablated ex vivo corneas. Freshly obtained rabbit 

globes were ablated to a depth of 155um and cultured at the air-liquid 
interface for 21 days in complete cell culture medium. To visualize the 
presence of cells in the scarring region, the ablated corneas at the ends of a 
50ml tube were imaged using an in vivo confocal microscope. Images a, b 
show activated epithelial and stromal cells. Images courtesy of Sriniwas 
Sriram. 
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CHAPTER 4 
REDUCTION OF CORNEAL SCARRING IN RABBITS BY TARGETING THE TGFB1 

PATHWAY WITH A TRIPLE SIRNA COMBINATION  

Purpose  

To test and deliver a previously optimized effective triple siRNA combination to 

the appropriate corneal layer with high post wounding localization of TGFB1 and CTGF 

so that there is maximal reduction of scar formation in rabbits.  

Background 

Corneal scarring remains a serious complication that can ultimately lead to 

functional vision loss. In an injured cornea, a cascade of molecular events is initiated by 

prolonged, elevated levels of transforming growth factor beta (TGFB1) which then 

combines with the Transforming Growth Factor Receptor II (TGFBR2) inducing the 

synthesis of Connective Tissue Growth Factor (CTGF) causing excessive scarring 

(corneal haze) that impairs vision. The TGF-β system, has emerged as a key 

component of the fibrogenic response to wounding by regulating the transformation of 

quiescent corneal keratocytes into activated fibroblasts that synthesize ECM and into 

myofibroblasts that contract corneal matrix (Chen et al. 2000; Jester, Petroll, and 

Cavanagh 1999). These myofibroblasts are filled with alpha smooth muscle actin (SMA) 

that forms microfilaments that are the major source of light scattering in corneal scars 

(Blalock et al. 2003). CTGF acting as a downstream mediator of TGFB1, down-

regulates synthesis of corneal crystallin proteins in quiescent keratocytes and up-

regulates synthesis of collagen. Thus, the excessive scattering of light that is clinically 

described as corneal scar and haze results from the combination of collagen laid down 

in irregular pattern in the wound and opaque activated fibroblasts and myofibroblasts 
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that no longer synthesize the corneal crystallin proteins that keep their cytoplasm 

transparent (Jester, Brown, et al. 2012). 

We have previously shown the effect of PRK on CTGF levels in rat and mouse 

corneas and found that CTGF was present in all cell layers of the cornea. The levels of 

CTGF were found to continually rise from the time of wounding up through 28 days post 

wounding (Blalock et al. 2003). However, in order to completely understand the role of 

TGFB1 in tissues repair and scarring, it is essential to understand the timing and site of 

synthesis of these growth factors so that the appropriate cell layer is targeted for nucleic 

acid therapies. The experiments in this study are expected to reveal when and where 

TGFB1 and CTGF are synthesized after a corneal injury so that the best mode of action 

for an anti-fibrotic therapy can be chosen. 

There currently are no FDA approved drugs that selectively reduce the 

expression of genes causing corneal scarring and haze.  At present, the methods used 

to decrease corneal haze are topically applied steroids or anti-metabolite drugs that 

target the cells capacity to respond to signaling. Mitomycin C is used during some 

ocular surgeries, but it may have very damaging side effects, such as epithelial defects, 

stromal melting, endothelial damage, and conjunctival thinning (Azar and Jain 2001). 

Hence, there is a need to develop a targeted approach that can nullify the specific 

molecular pathways that give rise to a scar.  

It is however difficult to achieve significant therapeutic effect by employing a one-

target, one-drug paradigm on such a complex, multi-factorial signaling pathway. Hence, 

using a multi-target approach can interrupt or act on the complex signaling network at 

multiple points, and affect the cell in ways that an individual component cannot (Chou 
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2006). In this study, we have tested a siRNA triple combination targeting TGFB1, 

TGFBR2 and CTGF. This triple siRNA combination was shown to be effective in 

reducing the expression of target (TGFB1, TGFBR2 and CTGF) and downstream 

mediators like Collagen-I and α-Smooth Muscle Actin (SMA) in both in vitro cell culture 

system and ex vivo organ cultures (sriram et al. 2012).  

Additionally, it is important to deliver these siRNA combinations to the corneal 

layer where there is high localization of the target growth factors after wounding. 

Although most of the targeted anti-fibrotic approaches target the stromal fibroblasts due 

to the eventual presence of myofibroblasts in this region, there has not been any 

research on the post-wounding localization of TGFB1 and CTGF in the epithelium and 

the endothelium. A delivery method that targets the corneal layer with maximum post-

wounding growth factor localization is critical for an effective therapy.  

Delivery of drugs to the cornea is a major challenge, as the mechanical barriers 

that protect the cornea (multi-layered epithelium, tight junctions) constrain ocular drug 

delivery (Hao et al. 2010). The principal properties governing corneal drug absorption 

are its lipophilicity, partition coefficient and molecular size (Lee and Robinson 1986). 

Nanocarriers is a potential solution for targeted ocular drug delivery as they have been 

shown to be non-immunogenic, have relatively low toxicity, be resistant to protein/serum 

absorption and are stable in an enzymatic environment (la Fuente, Seijo, and Alonso 

2008). We have previously showed the high efficacy of the nanoparticle kit used in this 

study in delivering fluorescently labeled siRNA to all layers of the cornea including the 

endothelium in an ex vivo organ culture model (sriram, Robinson, et al. 2013).   
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The overall goal of this study is to test and deliver a previously optimized 

effective triple siRNA combination to the appropriate corneal layer with high post 

wounding localization of TGFB1 and CTGF so that there is maximal reduction of scar 

formation in rabbits.  

Materials and Methods 

Laser Ablation of Rabbits 

Adult New Zealand Rabbits free of disease were used and treated according to 

ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.  Excimer 

ablation and collection of corneas was performed as previously described (Netto et al. 

2006).  Briefly, rabbits were anesthetized with isoflurane inhalation, and proparacaine 

eye drops provided topical anesthesia.  Laser ablations were performed to both eyes of 

each rabbit with a Summit SVS exicimer laser that is committed to animal vision 

research. In this study, two different approaches were tested to obtain the most intense 

scarring in the rabbits. In the first approach, using the laser in phototherapeutic 

keratectomy mode, the central 6 mm diameter area of the cornea was ablated at a dose 

of 160mJ/cm2 to an initial depth of 80 microns to remove the epithelium and then the 

final 45 microns were ablated by placing a mesh over the cornea to make an uneven 

ablation. In the second approach, using the same laser parameters, the central 6 mm 

diameter area of the cornea was ablated to an even depth of 155 microns.  

The eyes were then pretreated with 50uM EDTA for 10 minutes. A total of 150ul 

of the nanoparticle complexed with the siRNA triple combination was added to one of 

the eyes while the other was treated with the vehicle control and was considered as a 

paired negative control. The eyes were held open for 3 minutes to allow the 

nanoparticle to penetrate the stroma before being disturbed. No postoperative topical 
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steroid was used to ensure that the wound healing process is not altered with anti-

inflammatory agents. Corneas were collected at different time points according to the 

experiment, homogenized in a pestle with liquid nitrogen and then transferred to TRIzol. 

The RNA was then extracted using a hybrid RNA extraction protocol with RNeasy spin 

columns (Rodriguez-Lanetty 2007).  

Gross Corneal Dissection  

Rabbits without observable corneal wounds were anesthetized, excimer ablated 

to 125 microns and euthanized at the designated time points as described before.  A 

scalpel was used to immediately scrape the epithelium off with care taken to ensure that 

the scraped mass was retained on the blade.  The scraped epithelial mass was then 

transferred to 350 μl of tissue lysis buffer (Qiagen, buffer RLT) and the blade was rinsed 

with 250 μl of additional lysis buffer.  The cornea was then excised from the globe by 

cutting with a fresh scalpel and scissors at the corneal/scleral boundary.  The cornea 

was placed face down and yet another fresh scalpel was used to scrape off and retain 

the endothelium as was done with the epithelium.  The endothelial mass was 

transferred to 350 μl of lysis buffer and the blade rinsed with an additional 250 μl of lysis 

buffer. Each grossly isolated cellular layer was then subjected to ultrasonication on ice 

for further tissue disruption.  The probe was rigorously washed, rinsed and dried in 

between each sample.  The homogenates were then immediately loaded onto Qiagen 

gDNA removal columns and the RNA was purified in accordance with the 

manufacturer‟s provided protocol (Qiagen RNAeasy, Qiagen, Inc., Cat. #74104). 

The purified RNA was quantified via ultra-violet absorbance using a Nanodrop 

ND-1000 spectrophotometer set for RNA quantification.   
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Preparation of siRNA-Nanoparticles 

A commercially available nanoparticle kit called Invivoplex® was purchased from 

Aparnabio (Rockville, MD) and used according to manufacture‟s instructions. Briefly, 

siRNA triple combination solution was made at a concentration of 0.9 mg/ml. 600uL of 

this solution was added with 300uL of the provided cargo buffer. This solution was 

added drop wise to 900uL of the given nanoparticles over a magnetic stirrer. This 

preparation forms siRNA nanoparticles <50 nm that are stable for a week. 

Reverse Transcription-Polymerase Chain Reaction  

Total RNA was extracted using the Qiagen RNeasy mini isolation kit (Qiagen, 

Inc., Valencia, CA) and used according to the manufacturer‟s directions.  cDNA was 

synthesized using the High Capacity cDNA Reverse Transcription Kit (Applied 

Biosytems, Carlsbad, CA) according to manufacturer‟s procedure.  The level of mRNA 

for TGF-B1, CTGF and SMA were determined using the Real-Time PCR TaqMan 

assay. The primers and probes for each gene are defined in Table 2-3.  The 

endogenous control, ribosoma18S RNA and GAPDH was used normalize target genes.  

Primers, probes and cDNA were combined with TaqMan Universal PCR Master Mix 

(Applied Biosytems, Carlsbad, CA) and amplification was performed by the Applied 

Biosystems 7300HT Fast Real Time PCR System (Carlsbad, CA).  A few samples were 

run without reverse transcriptase to measure the quantity of genomic DNA (gDNA) 

present in the sample. The thermal cycling conditions were as follows:  2 min at 50°C, 

10 min at 95°C, 40 cycles of 15 sec at 95°C, and 1 min at 60°C. The relative gene 

expression of the growth factors was calculated using the 2-ΔΔCt method. 
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Immunohistochemistry  

The rabbit corneas from the experiments were fixed overnight in 4 % 

paraformaldehyde. They were then bisected, fixed in OCT and then sectioned in 10um 

slides. The slides were then washed with PBS and blocked in horse serum for 1 hour. 

Finally, they were incubated with SMA antibody-Cy3 (Sigma) for 1hour at room 

temperature. The slides were mounted with DAPI and imaged using fluorescence 

microscope.  

Macrophotography 

Prior to general anesthesia, each eye was topically anesthetized with 

proparacaine and each pupil was dilated with phenylephrine 2.5% and tropicamide eye 

drops. Each rabbit was then generally anesthetized with inhaled isoflurane as described 

earlier. The eyelids were held open and out of the way with either an eyelid speculum or 

a pair of cotton swabs. A Nikon D7000, was outfitted with a macro lens capable of 

native 1:1 reproduction (either a 100mm Tokina or 60mm Nikkor) and the Nikon R1C1 

Creative Lighting System (CLS) flash system. The D40 was set to the “Normal” 

program, ISO 200, manual exposure with a shutter speed of 1/500 second and f/16. 

While the 7000 was set to the “Standard” program, ISO 100, manual exposure with a 

shutter speed of 1/250 second and f/18. To visualize and measure haze, the flash 

power was set manually (1/16th, D40, 1/6.4th D7000) and neither the flash nor lens had 

a filter. For all images, the lens was set to manual focus and pre-focused to a 1:1 

reproduction ratio and the camera was focused by moving the camera closer or further 

from the subject. Guide lights on the flash heads were used to facilitate haze 

visualization and focusing. 
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Statistical Analysis 

All experiments were performed in triplicate and all statistical analyses were 

conducted using GraphPad prism (San Diego, CA). Student‟s t test or Analyses of 

Variances (ANOVA) with Tukey‟s post-hoc assessments were accordingly used to test 

for significance between the groups. Results were considered statistically significant 

where p<0.05.  

Results 

The levels of TGFB1 and CTGF were analyzed at several time points following 

ablation to find the best time to dose with anti-scarring drugs. Two different models of 

scarring were tested to find which of the two generated the most intense scaring in 

rabbits. Also in this study, the in vivo efficacy of a previously optimized triple siRNA 

combination that was effective in reducing downstream scarring genes (SMA and 

collagen-I) in both in vitro culture and ex vivo organ cultures was evaluated. The triple 

siRNA combination targets three critical scarring genes within the same TGFB1 

pathway – TGB1, TGFBR2 and CTGF (sriram et al. 2012; sriram, Robinson, et al. 

2013).  

The Effect of PRK on mRNA Levels of TGFB1 and CTGF 

The corneas of 11 rabbits were evenly ablated to 125 microns using an excimer 

laser. 3 rabbits were sacrificed at 30 mins after ablation, and 4 rabbits each for Day1 

and Day2 post-ablation. The corneas of three rabbits were unablated and used as 

control. At the designated time points, the corneas were collected and the epithelium 

and endothelial layers were scrapped using a surgical scalpel and collected in separate 

tubes. The expression levels of TGFB1 and CTGF were analyzed using qRT PCR. As 

shown in Figure 4-1, there is an initial spike in the levels of TGFB1 and CTGF as early 
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as 30 minutes after ablation. There is then a decrease in the expressions at Day 1 

followed by an exponential increase on Day 2. The expression trend of TGFB1 and 

CTGF follow a similar trend in both the epithelial and endothelial layers. Figure 4-1E 

plots the RNA level expressions of TGFB1 and CTGF in terms of the epithelium. The 

expressions of both TGFB1 and CTGF was consistently higher in the endothelial layer 

when compared to the epithelium particularly at day1 when the expression of CTGF in 

endothelium was ~35 times that of the epithelium. All expressions were calculated with 

respect to the unablated corneas and was normalized using GAPDH as the 

housekeeping gene. 

The Effective Triple Combination (T1R2C1) Inhibits Target mRNA Accumulation in 
Rabbits 

The corneas of 9 rabbits were unevenly ablated to 125 microns using an excimer 

laser. The right eye was treated with 150 uL of the effective triple combination (T1R2C1) 

complexed with nanoparticles and the left eye received equal volume of the vehicle 

control. One day later, 3 rabbits were humanely sacrificed and total RNA was extracted 

for analysis by RT-PCR.The effective triple combination (T1R2C1) gave an average of 

knockdown of 57% for TGFB1, 25 % for TGFBR2 and 24% for CTGF (Figure 4-2). One 

of the rabbits (rabbit 1) had a maximum knockdown of 80% for TGFB1, 57% for 

TGFBR2 and 46% for CTGF indicating some the siRNA combination was effectively 

delivered to the corneal stroma in this animal. The knockdown percentages were 

calculated with respect to the left eye, which received vehicle control without the siRNA.  

SMA Immunohistostaining in Triple siRNA Treated Rabbit Corneas  

6 out of the 9 treated rabbits from the above experiment were used for a long-

term experiment to observe scar formation. After 14 days, the intensity of scarring in 
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both the treated and the control eyes were graded by a masked ophthalmologist and 

were also imaged using a digital camera. The rabbits were then humanely sacrificed 

and three corneas were collected for SMA immunohistostaining. The corneas were fixed 

overnight in 4 % paraformaldehyde. They were then bisected, fixed in OCT, sectioned in 

10um slides and stained for SMA. The treated cornea of two of the three rabbits 

selected for immunohistostaining had a lower haze grading score when compared to the 

control cornea. The control eye that was ablated and treated with vehicle control shows 

SMA staining in the basal epithelium and stroma while the triple siRNA treated right eye 

shows reduction in SMA staining (Figure 4-3B & 4-3D).  

Three corneas from the 6 treated rabbits from the above experiment were 

collected for RNA level analysis by qRT PCR. SMA knockdown percentage of >40% 

was observed in 2 out of the 3 rabbits. The untreated left eye in these rabbits had haze-

grading scores of 2 and 3 respectively. No knockdown was observed in the other rabbit, 

which had a haze grading score of one in the untreated left eye. The RNA level 

knockdown percentage of SMA was calculated with respect to the untreated left eye 

and all expressions were normalized to 18S rRNA. 

Macrophotography Images of Reduction in Scarring by Repeated siRNA Dosing 

The corneas of 3 rabbits were evenly ablated to 155 microns using an excimer 

laser. One of the rabbits had a pre-existing scar and spots of neovascularization on the 

right eye and hence had to be excluded. The right eye was treated with the effective 

triple combination (T1R2C1) complexed with nanoparticles for the first three days after 

ablation while the left eye was left untreated. After 14 days, the corneas of both rabbits 

were imaged using the macrophotography technique described in the methods section. 
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The haze grading scores of both the rabbits were similar with Rabbit b showing a slight 

reduction in scarring after treatment (Figure 4-4).  

Quantification of Scar Reduction by the siRNA Treatment 

The digital images from the above experiment were subjected to anti-red gray 

scale conversion by only using the data in the blue channel. The contrast was increased 

by automatic brightness correction in ImageJ. The wounding region was split into two 

regions – Top (Region-I) and Bottom (Region-II) (Figure 4-5A & 4-5B). The pixel 

intensities of the regions of interest were normalized to that of the transparent 

unwounded regions of the corresponding corneas. The percentage of haze reduction 

was calculated by the reduction in pixel intensity of the scarring region in the treated eye 

with respect to that of the untreated eye. The region – I of both the rabbits show an 

average of ~22% reduction in scarring due to the siRNA treatment (Figure 4-5C). 

However there was no visible reduction in scar formation in region II of both the rabbits.  

After imaging, the wounding region in the corneal tissues was collected with a 8 

mm biopsy punch for RNA analysis. In the corneas treated with the triple siRNA 

combination, both the rabbits show a corresponding reduction of 60% and 40% in the 

RNA level expression of SMA (Figure 4-5D). The knockdown percentages of SMA in the 

corneas were calculated with respect to the untreated eye. All expressions were 

normalized to 18S rRNA.  

Discussion  

Several papers discuss the importance of the TGFB1 pathway acting through 

CTGF to activate quiescent corneal keratocytes and transform them into fibroblasts that 

synthesize collagen and further transform into myofibroblasts (Grotendorst 1997; Jester, 

Petroll, and Cavanagh 1999; Massague 1990). However, there has been very little 
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research on which cell layers of the cornea synthesize high levels of TGFB1 and CTGF. 

Our observation that both TGFB1 and CTGF mRNA levels are highest in the corneal 

endothelium is novel, and it has reshaped the thinking behind the primary target cells 

and future delivery methods for corneal anti-fibrotic therapies. The immediate increase 

in the expressions of TGFB1 and CTGF as early as 30 minutes post ablation highlights 

also emphasized the importance of an immediate treatment. The nanoparticle delivery 

system used in this study was able to successfully deliver siRNA to all layers of the 

cornea including the endothelium in an ex vivo organ culture model (sriram, Robinson, 

et al. 2013). 

The results of the initial therapeutic experiment assessing the efficacy of a single 

application of the triple siRNA combination demonstrated the “proof of principle” that the 

siRNAs could be effectively delivered into the target corneal cells.  However, there was 

variability in the level of knockdown among the three rabbits, suggesting that the dosing 

was not optimized for in vivo experiments. Factors that could contribute to the variability 

include the presence of a nictitating membrane in addition to the eyelids and tears that 

tend to clear the surface of the cornea and reduce drug exposure time. It is also 

possible that the volume of the siRNA formulation used for the single dose (150 uL) in 

this experiment may also have been too high, which would have reduced the amount of 

the siRNAs that penetrated the cornea and were instead washed away once the 

trephine was removed.   

The reduction in scar formation, 14 days after a single dose of triple siRNA 

treatment, also showed a positive trend. Three out of six rabbits had a reduction in scar 

formation as observed in the haze grading scores of a masked ophthalmologist. Both 
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the digital image and the immunohistostaining staining for SMA in Figure 4-3 show a 

reduction in scarring in the treated corneas when compared to the control. Both of these 

measurements were, however, qualitative, and we were unable to accurately quantify 

the exact reduction in scarring due to the lack of a standard imaging technology in the 

field of corneal scarring for those rabbits. 

There was an interesting trend associated with the haze grading scores and the 

RNA knockdown percentage of SMA. We observed a RNA knockdown of 40% and 50% 

in the two rabbits that had a haze grading score of 2 and 3 respectively. However, no 

SMA knockdown was observed in the rabbit with a haze grading score of 1. This 

suggests that the triple siRNA combination is effective in knocking down SMA 

expressions in intense scars and is less effective in case of mild scarring. 

A key paper in the literature reports that deeper ablations during PRK lead to 

more intense scarring in animals (Netto et al. 2006). In the second therapeutic 

experiment, we created a deep corneal ablation of 155 microns and also repeated the 

dosing of the triple siRNA combination for the first 3 days after ablation. Neither of the 

two rabbits in this experiment, however, developed an intense scar in the untreated 

control corneas. The haze grading scores of both the rabbits were similar with one 

showing a slight reduction in scarring after siRNA treatment. However, the image 

analysis on the digital images revealed an average of ~22% reduction in scarring in 

region 1 of both the corneas treated with the siRNA combination (Figure 5). It is 

interesting to note that the siRNA treatment had an effect in reducing scarring in Region 

1, but not in Region - 2. This could be due to the uneven transfection of the siRNA-
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nanoparticle complex into the different corneal layers. The RNA level expression of 

SMA was also reduced in both the rabbits by 60% and 40%, respectively.  

In this study, we performed a series of pilot experiments to better understand the 

dynamics involved in the in vivo translation of an effective in vitro anti-fibrotic drug. The 

most immediate problem associated with the testing of an anti-fibrotic drug in the cornea 

of rabbits is the generation of a consistent and intense scar. We tried two different 

models of scarring in this study and although the corneas develop mild to average 

hazing, there is no consistent and intense scarring among animals. Since the variation 

in intensity of scarring among animals is natural and cannot be controlled, treating the 

corneas with TGFB1 post ablation for the first two days may help in the intensification of 

scar formation (Desmoulière et al. 1993). 

Finally, the dosing regimen needs to be optimized so that maximum amount of 

inhibitory RNA can be delivered to the cornea. Lowering the volume and administering 

the siRNA cocktail for 2-3 days after the surgery along with an agent to increase the 

viscosity of the drug, so that it sticks to the surface of the cornea for a longer duration, 

might help increase the drug exposure time (Tani, Katakami, and Negi 2002). Other 

options could also include iontophoretically driving the drug to different layers of the 

cornea (Hao et al. 2009; Mohan et al. 2012). Once these parameters are optimized, the 

effective triple siRNA combination could lead to significant reduction of corneal scarring.   



 

94 

 
Figure 4-1. Post-ablation expression timeline of TGFB1 and CTGF. The corneas of 11 

rabbits were evenly ablated to 125 microns using an excimer laser. 3 rabbits 
were sacrificed at 30 mins after ablation, and 4 rabbits each for Day1 and 
Day2 post-ablation. The corneas of three rabbits were unablated and were 
used as the control. The corneas were collected and the epithelium and 
endothelial layers were scrapped using a scalpel and collected in separate 
tubes. The expression levels of TGFB1 and CTGF were analyzed in the 
epithelial (Images a and b) and endothelial (Images c and d) layers using qRT 
PCR. All expressions were calculated with respect to the unablated corneas 
and was normalized using GAPDH as the housekeeping gene. Figure e plots 
the RNA expressions of TGFB1 and CTGF in endothelium in terms of the 
epithelium. 
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Figure 4-2. Short-term knockdown of target growth factors. The corneas of 3 rabbits 
were unevenly ablated to 125 microns using an excimer laser. The right eye 
was treated with the effective triple combination (T1R2C1) complexed with 
nanoparticles and the left eye received the vehicle control. One day later, the 
rabbits were sacrificed and RNA was extracted for analysis by qRT PCR. The 
figure gives the RNA level knockdown percentages of the target growth 
factors calculated with respect to the left eye. All expressions were 
normalized to 18S rRNA.   
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Figure 4-3. SMA immunohistostaining in triple siRNA treated rabbit corneas. The 

corneas of 6 rabbits were unevenly ablated to 125 microns using an excimer 
laser. The right eye was treated with the effective triple combination 
(T1R2C1) complexed with nanoparticles and the left eye received the vehicle 
control. 14 days later, the rabbits were sacrificed and three corneas were 
collected for SMA immunohistostaining. The corneas were fixed overnight in 4 
% paraformaldehyde. They were then bisected, embedded in OCT and then 
sectioned in 10um slides. To stain for SMA, slides were blocked in horse 
serum and then incubated with cy3 labeled SMA antibody (red). The control 
eye that was ablated and treated with vehicle control shows SMA staining in 
the basal epithelium and stroma (Image b) while the triple siRNA treated right 
eye show reduction in SMA staining (Image d).  Image a and c show digital 
camera images of the eyes treated with scrambled siRNA and triple siRNA 
respectively. Images courtesy of Sriniwas Sriram. 

  



 

97 

 

 
Figure 4-4. Reduction in scarring by repeated siRNA dosing. The corneas of 3 rabbits 

were evenly ablated to 155 microns using an excimer laser. The right eye was 
treated with the effective triple combination (T1R2C1) complexed with 
nanoparticles for the first three days after ablation (Figure a and c) while the 
left eye was left untreated (Figure b and d). Both eyes were imaged using a 
digital camera after 14 days. Images courtesy of Sriniwas Sriram. 

  



 

98 

 
Figure 4-5. Quantification of scar reduction. The digital images from the above 

experiment were subjected to anti-red grayscale conversion by using the data 
in the blue channel. The contrast was increased by automatic brightness 
correction in ImageJ. The wounding region was split into two regions – Top 
(Region-I) (Figure a) and Bottom (Region-II) (Figure b). The pixel intensities 
of the regions of interest were normalized to that of the transparent 
unwounded regions of the corresponding corneas. The percentage of haze 
reduction was calculated by the reduction in pixel intensity of the scarring 
region in the treated eye with respect to that of the untreated eye (Figure c). 
After imaging, the wounding region in the corneal tissues was collected with a 
6 mm biopsy punch for RNA analysis. Figure d gives the RNA level 
knockdown percentage of SMA in the corneas calculated with respect to the 
untreated eye. All expressions were normalized to 18S rRNA. 
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CHAPTER 5 

CONCLUSIONS AND FUTURE DIRECTIONS  

A Multi-Target Anti-Fibrotic Approach Validated  

Though multiple targets in TGFB system have been targeted in combination, 

there has not been a multi-gene siRNA approach in the field of corneal scarring. In the 

first experiment, starting with in vitro results and by using computational analysis, I 

generated two siRNA triple combinations - an “Effective” with optimal synergy and an 

“Ineffective” with poor synergy among its individual sequences. The effective triple 

siRNA outperformed its corresponding individual siRNA sequences and the ineffective 

triple combination by significantly knocking down the expression of pro-fibrotic genes 

without affecting cell toxicity. The promising results from this experiment justified our 

efforts to test the effect of this triple siRNA combination in animals. 

Established the Use of Ex Vivo Corneal Organ Culture as a Scarring Model  

Animal models have been almost been exclusively used for corneal scarring 

studies post excimer laser surgery. Hence, development of an organ culture model for 

corneal scarring is an important middle ground between cell culture and animal 

experiments especially since many of the main features in the formation of corneal 

scarring in animals were reproduced in the organ culture. In this study, I have 

characterized scar formation in a corneal organ culture model following a laser ablation 

and compared it to that of scar formation in animals. I also evaluated the therapeutic 

potential of the model by delivering the triple siRNA combination to different layers of 

the cornea using a nanoparticle delivery system and observed its effect on scar 

formation. In this future, this model can be used as an important screen for testing and 
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optimizing new anti-scarring drugs in addition to it being an important tool to study and 

understand different molecular pathways of the corneal wound healing process. 

A New Standard for Quantifying Corneal Scar Formation 

A major hurdle in evaluating the efficacy of anti-fibrotic drugs in the cornea is the 

lack of a standard imaging technology to quantify the reduction in scarring. The current 

clinical method of haze grading with a slit lamp, according to Hanna et al's (Hanna et al. 

1992) scale is qualitative and very subjective. Some of the other techniques used to 

visualize and quantify corneal scarring are confocal microscopy (Møller-Pedersen et al. 

1998; Tervo and Moilanen 2003), ultrasound biomicroscopy (UBM) (Foster et al. 2000) 

and optical coherence tomography (OCT, Humphrey-Zeiss Medical Systems) 

(Wirbelauer et al. 2002).   

Both UBM and OCT use a similar imaging principle, which uses back-scattered 

signals reflected from different layers of tissues and then reconstructs structural images 

(S.-Y. Zhou et al. 2013). In general, the resolution of these techniques is not very 

sensitive to quantify mild haze. It has been reported that haze scores of less than 2 and 

mild subepithelial haze formation cannot be visualized by Ultrasound biomicroscopy 

(Nagy et al. 1996) (Foster et al. 2000). Confocal microscopy allows in vivo presentation 

of corneal structure changes on the cellular level (Cavanagh et al. 1993). In the field of 

cornea scarring, it has been predominantly used to visualize light scattering in the 

cornea and not for quantifying the reduction of haze because of its fair resolution (white 

light source) and local perspective of the wounding region. These techniques also 

require expensive instruments and skilled technicians to image the cornea. The digital 

camera imaging system to measure corneal haze over the entire ablated region of the 

cornea described in this study is convenient, accurate, affordable, and can be 
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performed by essentially any vision researcher. However, there are still aspects of this 

method that needs refinement and standardization. The dual flash heads creates an 

unwanted reflection on the cornea due to which we are unable to measure the entire 

wounding region. Future work will focus on quantifying different intensities of scar 

formation and comparing it with results from haze grading and macrophotography.  

Clinical Impact in the Future 

Although, the triple siRNA treatment in this study did not completely eliminate 

scarring, it did generate a strong positive trend in the reduction of scarring. It is 

important to understand and resolve the problems associated with the generation of 

intense scarring, drug delivery optimization and scar imaging before investing in a major 

in vivo experiment with many animals. Once these parameters are optimized, the 

effective triple siRNA combination could lead to significant reduction of scarring in the 

cornea and perhaps also in other tissues.  
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