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Foreword


Translational research offers both the opportunity and the challenge for medical research in the decades ahead, as physicians and clinician-scientists work to understand disease by utilizing the vast storehouse of detailed biological information that has been uncovered about the eye and visual system. Ultimately, the practice of medicine, and delivery of care to ameliorate disease, advances best and most effectively upon understanding the causative pathophysiology, as is addressed in this book.


I am delighted to see the advances represented in the chapters of this book. While no one volume can encompass the entirety of the clinical medicine of ophthalmology, the editors have assembled a broad and expert group of clinician-scientists who have written thoughtfully and cogently on many topics of modern ophthalmic disease research. These chapters are multidisciplinary and provide a good source of current knowledge. Clearly much work lies ahead of us to fully understand the causes, biological mechanisms and treatments of ocular and vision diseases. This book, Ocular Disease: Mechanisms and Management, provides a substantial starting point to launch insightful studies that will move our field even closer to rational therapeutics.


One of the drivers of this new understanding of disease comes from the vigorous work of the vision research community over the past two decades, which has led to identifying more than 500 genes that cause Mendelian ocular diseases. These genes encompass a wide assortment of conditions that clinicians diagnose and treat, and no tissues are spared. We have identified genes that cause retinal and macular degenerations, glaucoma, uveitis, cataract and corneal dystrophies, optic neuropathies, and amblyopia, strabismus and ocular motility disorders.


Disease gene discovery recently advanced into the previously intractable realm of the more common and widespread conditions that have genetically complex etiology. In 2005 several groups independently identified the first gene that conveys substantial risk for developing age-related macular degeneration, the complement factor H gene. Shortly thereafter several additional AMD risk genes were identified in the immune pathways, including complement modulatory factors, using the new and powerful techniques of haplotype mapping and genome-wide association studies. This new basic knowledge forced our attention toward the immune cascade as harboring mechanisms that culminate in vision loss from macular degeneration in as many as one in seven of the elderly.


As disease gene identification rocketed ahead, attention turned to genomics and studies of the expression, cellular localization and biological function of the aberrant gene products. It is these considerations that the present book addresses, for ultimately a true understanding of disease mechanisms, in many cases, lies buried within the genomic biology of these diseases.


Studying any one of these genes requires major effort to piece together an understanding of the relationship between gene and disease. Consider, for example, the TIGR/MYOC gene that encodes the protein myocillin that is expressed in the trabecular meshwork. Mutations in this gene result in early onset or even congenital dysregulation of intraocular pressure and leads to severe glaucoma in humans. Yet laboratory-created mice carrying the myocilin gene knockout show only a minimal phenotype. Two lessons are immediately apparent: first, we have a long path ahead to translate genetic discoveries into identifiable mechanisms of disease and pathophysiology that will support rationally designed therapeutic interventions. Second, although our field of eye disease research is amazingly rich in mouse models that generally mimic the human condition with good fidelity across a variety of ocular conditions, the fullest understanding of human disease mechanisms ultimately will require that we turn our attention directly to careful and detailed analysis of disease in human patients, as is considered in this textbook.


The future for treating diseases of the eye and visual system will require novel insight into disease biology. But already we can see major areas of opportunity to employ a new range of therapeutic interventions, from gene therapy to stem cells for regenerative medicine. This new book is the medical companion to the basic textbook Adler’s Physiology of the Eye. This companion volume by Levin and Albert tackles the translation of basic knowledge into the realm of medical understanding and practice and thereby highlights that the best of basic and clinical knowledge increasingly have an interdependent existence and future.




Paul A. Sieving, MD, PhD





Director, National Eye Institute, NIH


Bethesda, MD


September 2009










Preface


The eye is a microcosm for the world of disease. Its synonym, “the globe,” has profound implications because, in addition to the geometric meaning, within its tablespoon of contents there is a world of physiology and pathophysiology. Autoimmune diseases, neoplasms, infections, neurodegenerations, infarcts: these all occur within the eye and the eye’s transit stations within the central nervous system. Almost all of the same pathophysiological principles that apply to the eye apply equally to the body.


This book is a guide to the world of ocular disease. Each chapter is written by scientists who carry out exciting research in the corresponding field. Like tour guides who are native to a region or country, these experienced authors can help the reader travel through a scientific landscape, pointing out new features of familiar territory and blazing trails through areas of wilderness. We believe this familiarity with the mechanics of the disease lend each chapter an immediacy and relevance that will inform the reader for and serve as a map or GPS for his or her subsequent visits. The chapters themselves are deliberately succinct, a Baedeker somewhere between a gazetteer and a comprehensive travelogue, but with all the critical details that make understanding of a specific pathological mechanism possible.


This book arose from a long-running a series named “Mechanisms of Ophthalmic Disease” in the Archives of Ophthalmology. Similar goals to those enunciated above were followed in soliciting chapters from internationally recognized experts in specific areas of ophthalmic pathophysiology, targeted to readers of the Archives who had curiosity about current advances in diagnosing and treating eye disease. The concept – focused reviews by working scientists describing up-to-date research in a clinically relevant area – has been carried through to “Ocular Disease: Mechanisms and Management.” The world of disease is covered from pole to pole, and the book is organized by “continent”, i.e. area of disease. A short publication cycle has been used so that the information contained within is as current today as is possible with contemporary publishing technology. Critical references are at the end of each chapter, and more extensive references are available online.


We hope that this book will be as instructive for the readership as it has been for its editors and the authors in its planning and writing. Its successful production would not have been possible without the contributions of Laura Cruz, who did the administrative organizing for the authors, and the helpful involvement of the publisher, particularly Russell Gabbedy and Ben Davie.


LAL


DMA









SECTION 1


Cornea










CHAPTER 1 Loss of corneal transparency




Russell L. McCally









Overview


Loss or reduction in corneal transparency occurs from a variety of causes, including edema resulting from diseases such as Fuchs’ dystrophy and bullous keratopathy, scarring resulting from wound healing, haze following photorefractive keratectomy, and certain metabolic diseases such as corneal macular dystrophy. The intent of this chapter is to review the present understanding of mechanisms or structural alterations that cause loss of corneal transparency. Transparency loss resulting from edema, scarring, and photorefractive keratectomy will be emphasized.


Understanding the mechanisms of transparency loss requires understanding the structural bases of corneal transparency itself. Because the cornea does not absorb light in the visible portion of the electromagnetic spectrum, its transparency is the result of minimal light scattering.1,2 Visible light is an electromagnetic wave with wavelengths between 400 and 700 nm. Light scattering results when an incident light wave encounters fluctuations in the refractive index of a material. These fluctuations cause some of the light to be redirected from the incident direction, thus reducing the irradiance in the forward direction. The transmissivity, FT, is defined as:





(1) [image: image]





where I(t) is the irradiance of the light transmitted through a scattering material of thickness t (e.g., the cornea), I0 is the irradiance of the incident light, and αscat is the extinction coefficient due to scattering.3,4 As will be shown in the remainder of this chapter, the quantity αscat provides significant information on the nature of the structural features responsible for the scattering.


Collagen fibrils, which lie parallel to one another within the lamellae of the corneal stroma, have a somewhat larger refractive index than the optically homogeneous ground substance surrounding them. Thus they scatter light. In fact, because they are so numerous they would scatter approximately 60% of an incident beam of light having a wavelength of 500 nm if they were randomly arranged like gas molecules and therefore scattered independently of one another (i.e., FT would be 0.40).1,5 A normal cornea scatters only about 5% of 500 nm light1; thus transparency theories seek to explain why the scattering is so small (Box 1.1). The key is that destructive interference among the scattered fields, which arises because the fibrils possess a certain degree of spatial ordering about one another, reduces the scattering that would otherwise occur. Indeed, Maurice’s lattice theory of transparency postulated that the fibrils within the stromal lamellae are arranged in a perfect hexagonal lattice. Because their spacing (which is approximately 60 nm) is less than the wavelength of visible light, Bragg scattering cannot occur and such an arrangement leads to perfect transparency.5 Obviously the corneal stroma is not perfectly transparent. If it were, it could not be visualized in the slit-lamp microscope. Although scattering from keratocytes could be used to explain visibility in the slit lamp, all present evidence suggests that they are not a significant source of scattering in normal cornea except under the specialized condition of specular scattering that occurs in confocal images or in the slit lamp when the incident and viewing directions are configured to make equal angles with the surface normal.1,2,6,7 Additionally, transmission electron micrographs (TEM) of the normal stroma do not depict a perfect lattice arrangement (Figure 1.1). Thus, as described in the remainder of this section, investigators have built on the Maurice model by relaxing the condition of perfect crystalline order.





Box 1.1 Characteristics of light scattering in normal cornea






• The matrix of collagen fibrils is the major source of light scattering in normal cornea



• Keratocytes are not a significant source of scattering in normal cornea except under the specialized condition of specular scattering



• Measurements of how the total scattering cross-section depends on light wavelength can be used to distinguish between the various transparency theories
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Figure 1.1 Transmission electron micrograph of the posterior region of a human cornea. The fibrils are shown in cross-section.




Scattering from an array of parallel cylindrical collagen fibrils is characterized by a quantity σt(λ), called the total scattering cross-section. It is equal to σ0t(λ)σtN(λ), where σ0t(λ) is the total scattering cross-section per unit length of an isolated fibril, σtN(λ) is the interference factor, and λ is the wavelength of light in the stroma.8 The total scattering cross-section per unit length of an isolated fibril, σ0t(λ), depends on the fourth power of fibril radius and the ratio of the fibril index of refraction to that of its surroundings and its wavelength dependence is inverse cubic (i.e., σ0t(λ) ~ 1/λ3).3,4 The interference factor, σtN(λ), is the subject of all modern transparency theories.5,9-12 These have been reviewed extensively elsewhere and will not be discussed in detail here.1,2,13 The value of the interference factor varies between zero (for Maurice’s perfect lattice theory) and one (for fibrils with random positions – the independent scattering result discussed above). In order to agree with experimental values of transmissivity, its value is about 0.1 at a wavelength of 500 nm (Box 1.2).





Box 1.2 Factors underlying corneal transparency


Corneal transparency is due to three major factors:1,2,13






• Individual fibrils are ineffective scatterers because of their small diameter and their refractive index is relatively close to the surrounding ground substance (the ratio is ~ 1.04)



• Destructive interference among the scattered fields reduces the scattering by a factor of ~10 over that which would occur if the fibrils scattered independently of one another



• The cornea is thin





Measurements of how the total scattering cross-section depends on light wavelength can be used both to distinguish between the various transparency theories,1,2,13 and to distinguish between types of structural alterations that reduce transparency.14-16 The total scattering cross-section can be determined by measuring transmissivity as a function of light wavelength and noting that the extinction coefficient αscat for cornea (cf., Equation 1) is given by ρσt(λ), where ρ is the number of fibrils per unit area in a cross-section of a corneal lamella (usually called the fibril number density). Details have been discussed elsewhere.2,15 The results of such measurements indicate that ρσt(λ) (where ρ is simply a number) is proportional to 1/λ3 (i.e., the total scattering cross-section has the form A/λ3, where A is a constant that depends on the fibril radius and the fibril refractive index relative to that of the ground substance). Because the scattering cross-section of an isolated fibril, σ0t(λ), has this same dependence, the structure factor of normal corneal stroma must be essentially independent of wavelength. This is in accordance with the short-ranged order theory of Hart and Farrell,11 which is based on the structures shown in TEM (Figure 1.1), as well as with the correlation area theory of Benedek9 and the hard-core coating theory of Twersky.12 It is in disagreement with theories based on long-range order in fibril positions (e.g., Feuk’s disturbed lattice theory), which predict that the total scattering cross-section would vary as 1/λ5.10









Transparency loss from corneal edema


It has been known for well over a century that swollen corneas become cloudy, thus reducing their transparency.17 Corneal swelling is induced by causes such as endothelial or epithelial damage, bullous keratopathy, and Fuchs’ corneal dystrophy.13,18-20 In this section, the structural alterations underlying the loss of transparency in edematous corneas are discussed (Box 1.3).





Box 1.3 Factors underlying transparency loss in edematous cornea






• Edematous corneas appear cloudy due to increased light scattering



• Transmission electron micrographs of edematous corneas show mildly disordered fibrillar distributions and regions called “lakes” where fibrils are missing



• Lakes would cause large fluctuations in the refractive index, which would increase light scattering



• Lakes alter the form of the total scattering cross-section in a manner that can be tested by light-scattering measurements



• Measurements of the wavelength dependence of the total scattering cross-section are consistent with the presence of lakes, confirming that they are not fixation artifact





When corneas imbibe water and swell, X-ray diffraction methods show that the distance between fibrils increases, but that the fibril radii are unchanged.21,22 Because more volume would be available per fibril, transparency loss could result from a homogeneous disruption in the short-range order in fibril positions, as proposed by Twersky.12 Or, based on considerations discussed in the previous section, it could be the result of another mechanism that causes large-scale fluctuations in refractive index. Figure 1.2 shows a TEM of a rabbit cornea swollen to approximately 1.6 times its in vivo thickness. It shows moderately disrupted fibrillar order compared to that in normal corneas (Figure 1.1) and it also shows regions where fibrils are missing. Such regions have been observed previously in edematous corneas,15,23,24 as well as in corneas with bullous keratopathy and in Fuchs’ dystrophy corneas.13,18 The presence of voids has also been inferred from X-ray diffraction measurement of swollen cornea.22,25 Electron micrographs show that the voids become larger and more numerous as corneas become more swollen. Goldman et al called these regions “lakes” and suggested that they were responsible for the increased scattering because they would be expected to introduce large-scale fluctuations in the refractive index.24 Subsequently, Benedek developed a method of explicitly accounting for the presence of lakes.9 Benedek’s lake theory was extended by Farrell et al, who showed that the presence of lakes would add a term to the total scattering cross-section that was proportional to the inverse square of the light wavelength.15 Thus if lakes are present (and are not a preparation artifact), the total scattering cross-section would be given by:
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Figure 1.2 Transmission electron micrograph of the anterior region of a rabbit cornea swollen to 1.6 times its in vivo thickness. The fibrils are disordered compared to normal and there are large regions, often called lakes, where fibrils are missing. The scale bar is 1 µm.







(2) [image: image]





where A and B are constants. The constant B depends on the sizes and number of lakes.


The result in Equation 2 allows one to test the structural basis of increased scattering in edematous corneas and to determine if features such as lakes are real or are the result of preparation artifact. If the increased scattering were due to a homogeneous disordering of fibril positions as proposed by Twersky,12 the scattering cross-section would have the same dependence on light wavelength as normal cornea (i.e., it would have the form A/λ3 and B would be zero). On the other hand, if lakes are an important factor causing the increased scattering, the cross-section would be given by Equation 2. Figure 1.3A shows the transmissivity of normal and cold-swollen rabbit corneas for swelling ratios up to 2.25 times normal thickness. The total scattering cross-sections obtained from these measurements using Equation 1 are shown in Figure 1.3B.15 In the figure the cross-sections were multiplied by λ3 in order to remove the 1/λ3 dependence of the first term in Equation 2. Thus, if lakes were present, plots of λ3σt(λ) would be straight lines of slope B. This is indeed observed. Moreover, calculations of the scattering cross-section from fibril distributions depicted in TEM of swollen corneas using the direct summation of fields (DSF) method have the same dependence on wavelength and are in close agreement with the measured scattering cross-sections.26,27 These results suggest that lakes are an important factor causing increased scattering in edematous corneas and that the lakes depicted in TEM of edematous corneas are not caused by preparation artifacts.
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Figure 1.3 (A) Experimental values of transmissivity for rabbit corneas swollen up to 2.25 times their normal thickness. The swelling ratio R is given in the key. (B) The wavelength dependence of the total scattering cross-sections per fibril obtained from the transmissivities in (A). As discussed in McCally & Farrell,2 the data were normalized to a standard thickness of 380 µm to account for animal-to-animal variations in corneal thickness. The data have a linear dependence on wavelength as predicted by the lake theory (i.e., they have the functional form A + Bλ). The slope B increases with swelling, suggesting that lakes become larger and more numerous as the swelling increases.











Transparency loss in scarred corneas


It is well known that linear incisions or penetrating wounds cause scarring as the corneal heals. Typically the scars are highly scattering and are often opaque. Although one can speculate on the cause or causes of the increased scattering, few studies have been conducted to determine the relative importance of various structural alterations that are observed in contributing to the increased scattering.


Farrell et al analyzed TEM taken from the literature28 of a scar that formed from a linear incision in a human cornea.29,30 Unlike normal cornea, where the collagen fibrils have mean diameters near 30 nm with a small standard deviation of approximately 2 nm,31 the fibril diameters in the scar were widely distributed between 30 and 120 nm. Moreover the spatial ordering of fibrils appeared to be disrupted. Assuming the increased diameters were due to the fibrils in the scar having more collagen (and therefore the same refractive index as those in normal cornea) and not to their being hydrated, they would be expected to contribute significantly to the increased scattering. Based on considerations discussed in the first section, disruptions in fibrillar ordering would also be expected to contribute. However, an analysis using the DSF method showed that the spatial ordering is actually comparable to that in micrographs of normal human tissue.27,29,30 It also showed that, with the variable fibril diameters, fluctuation in the area fraction occupied by fibrils is an important factor in determining the scattering. Based on several simplifying assumptions regarding the compositions of the fibrils and ground substance (viz., that they are the same as in normal cornea), the analysis showed that the enlarged fibril diameters would lead to a 200–250-fold increase in scattering.29,30


Charles Cintron32-35 conducted extensive studies of corneal wounds resulting from the removal of a 2-mm diameter full-thickness button in the central cornea. These penetrating wounds ultimately healed to form an avascular network of collagen fibrils. It was first reported that the initially opaque scars became “transparent” after about a year of healing, but in subsequent investigations this was qualified to state that they became less opaque and sometimes transparent.32


In a recent study, penetrating wounds produced in Cintron’s laboratory were allowed to heal for periods up to 4.5 years, after which they were studied using light scattering and detailed analyses of TEM (Box 1.4).16 Figure 1.4 shows examples of these scars. An analysis of the total scattering cross-sections obtained from transmissivity measurements showed that the scars could be grouped into three categories: moderately transparent, less transparent, and nearly opaque, as indicated in the figure. Figure 1.5A shows the average transmissivities obtained by using the averages of ρσt(λ) that were obtained for the three scar categories. Figure 1.5B shows that λ3ρσt(λ) depends linearly on wavelength. As discussed in the previous section, this dependence suggests that lakes are present in the fibril distribution in the scars. Moreover, the fact that the slopes become greater for the groups having greater scattering suggests that lakes are more abundant in these scars.16





Box 1.4 Factors underlying transparency loss in penetrating wounds






• Measurements of the wavelength dependence of the total scattering cross-section in healed penetrating corneal wounds are consistent with the presence of lakes



• Transmission electron micrographs (TEMs) of the scars confirmed that lakes were present



• TEM revealed some regions with ordered lamellar structures with parallel arrays of fibrils and other more prevalent regions with highly disorganized lamellar structures and with disordered fibrils



• Quantitative analyses of the TEM showed that the increased scattering could be explained by the existence of lakes, disordered fibril distributions, and enlarged fibrils
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Figure 1.4 Slit-lamp photographs of scars resulting from 2-mm diameter penetrating wounds in rabbit corneas. As discussed by McCally et al,16 the healed wounds could be grouped into three categories based on the level of light scattering (lowest, intermediate, and greatest). (A) Cornea from the lowest scattering group 4.5 years after wounding. (B) Cornea from the intermediate scattering group. This cornea is from the pair eye of that shown in (A). (C) Cornea from the highest scattering group 3.6 years after wounding. All scars show considerable variation in scattering intensity across the wound.
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Figure 1.5 (A) Experimental values of the average transmissivity of scars resulting from 2-mm diameter penetrating wounds in rabbit corneas. As discussed by McCally et al,16 the data were normalized to a thickness of 260 µm, which was the average thickness of the wounds. The data clearly show the distinction between the three scattering groups. (B) Wavelength dependence of the total scattering cross-sections per fibril for the three scattering categories in (A). The lines are least squares fits to a function of the form A + Bλ, which suggests a strong contribution of scattering from lakes.




TEMs of the scars showed that lakes were indeed present. They also showed that there were regions with varying degrees of order, ranging from areas having a lamellar structure in which there were parallel arrays of fibrils and lakes (Figure 1.6A and B) to areas having disorganized lamellar structures in which the fibrils were highly disordered and which contained lakes and deposits of granular material (Figure 1.6C and D). The highly disorganized regions were more typical.16 TEMs from the more ordered regions were analyzed to determine fibril positions and diameter distributions, which were then used in DSF calculations. The fibrils were larger and much more widely distributed than in normal rabbit cornea. Moreover some micrographs showed bimodal distributions of diameters. Calculated scattering was consistent with that from regions containing lakes. The values of the structure factor, σtN(λ), for the three categories were respectively 0.18 ± 0.13, 0.38 ± 0.22, and 0.80 ± 0.33 compared to ~0.11 in the anterior stroma and ~0.085 in the posterior stroma of normal rabbit cornea.16 The values of σtN(λ) for the scars indicate a significant degree of fibrillar disorder that increases as the density of the scars increases. This investigation, which is the only quantitative study of scattering from scars, showed that the increased scattering could be explained by the existence of lakes, disordered fibril distributions, and enlarged fibrils. A contribution from cells could not be ruled out; however, it was noted that it was unlikely that cellular scattering would have the same dependence on wavelength as that observed for the scars.16
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Figure 1.6 Transmission electron micrograph of regions in scars resulting from 2-mm diameter penetrating wounds in rabbit corneas. The scale bars are 500 nm. (A) A midstromal region of the scar shown in Figure 1.4b. In this region the fibrils are parallel, but have a wide distribution of diameters. There are several lakes. (B) An anterior region of the scar shown in Figure 1.4c. The fibrils are parallel in this region and they have a wide distribution of diameters. Several large lakes are present. (C) Another region in the midstroma of the scar shown in Figure 1.4b. The fibrils in this region are much less orderly than those in (A) and the lakes are much larger. (D) A posterior region of the scar shown in Figure 1.4c. The fibrils have significant disorder compared to those in (B). There are also large lakes and regions containing granular material.











Haze following photorefractive keratectomy


Corneas frequently develop anterior light scattering that gives them a hazy appearance following photorefractive keratectomy (PRK) performed with the argon fluoride laser (Box 1.5).36-39 In humans, haze usually peaks 2–6 months postsurgery, after which it diminishes.38,40,41 In rabbits, it peaks 3–4 weeks postsurgery and then diminishes.42,43 Corneas having greater corrections (i.e., deeper treatments) tend to develop higher levels of haze.44,45 It has been suggested that patients undergoing photorefractive keratectomy can be divided into three groups: normal responders, whose initial hyperopic overcorrection regresses to normal after 6 months; inadequate responders, whose hyperopic overcorrection does not adequately regress; and aggressive responders, whose overcorrection rapidly regresses, but who develop higher levels of haze than the other groups.36,46 A recent study done using a scatterometer to make objective measurements of haze showed that rabbits developed distinct low and high levels of haze after receiving identical phototherapeutic treatments (Figure 1.7).42 The cause for different haze responses is not known, but several factors may be involved either individually or collectively.42 These include: behavior of the plasminogen activator-plasmin system47-51; variable levels of collagen IV after surgery47-52; rate of re-epithelialization53-55; keratocyte apoptosis56-59; and the relationship between transforming growth factor-β and myofibroblast transformation.57,60,61





Box 1.5 Characteristics of PRK-induced haze






• Corneas frequently develop anterior light scattering that causes a hazy appearance following photorefractive keratectomy (PRK)



• Haze peaks 2–6 months postsurgery in humans and 3–4 weeks postsurgery in rabbits, after which it diminishes



• Objective measurements of haze showed that rabbits have two distinct haze responses following identical phototherapeutic treatments



• The cause of different haze responses is not known
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Figure 1.7 The relative scattering levels measured with a scatterometer following identical phototherapeutic treatments (6 mm diameter, 100 µm stromal depth) in rabbits. As discussed by McCally et al,42 the mean scattering levels split into two statistically distinct groups 2 weeks after treatment and remained so up to 7 weeks (P < 0.005).




There has been considerable speculation regarding the underlying cause(s) of haze.1,42 Among them are: disorganized fibrillar and lamellar structures62-66; increased numbers of keratocytes64,66-68; vacuoles within and around keratocytes64,66; convolutions and discontinuities in the basement membrane63,66,69; and transforming growth factor-β-moderated transformation of keratocytes to highly reflective migrating myofibroblasts.43,57,61,70,71


Connon et al analyzed TEM of the anterior stroma of rabbit corneas 8 months after receiving a 100-µm deep photorefractive keratectomy treatment.62 They used the DSF method to calculate scattering and concluded that, although the extension coefficient for scattering in the mildly disorganized regions was twice that of the untreated controls, the increase was not sufficient to explain the level of haze. However, one should exercise caution before discounting fibrillar scattering as a significant contributor to haze because the scars Connon et al analyzed had healed for 8 months, whereas haze in rabbits peaks at 3–4 weeks. It also is noteworthy that light scattered from different fibrils in disordered lamellae where the fibrils lack their normal parallel arrangement cannot interfere (and cannot be analyzed using the DSF method). Fibrils from these locations would therefore act as independent scatterers (Box 1.6).





Box 1.6 Putative causes of PRK-induced haze






• Possible causes of haze are: disorganized fibrillar and lamellar structures; increased numbers of keratocytes; vacuoles within and around keratocytes; convolutions and discontinuities in the basement membrane; and transformation of keratocytes to highly reflective migrating myofibroblasts



• Scattering calculations from mildly disordered regions in rabbit cornea 8 months postsurgery suggested that scattering due to fibrillar disorder was insufficient to explain the level of haze



• The appearance of brightly reflecting wound-healing keratocytes (myofibroblasts) correlates temporally with increased haze, suggesting that they, and not extracellular matrix deposition, may be a primary cause of haze



• Underexpression of certain crystalline proteins in wound-healing keratocytes may alter their refractive index from that of normal keratocytes, thus turning them into highly effective scatterers



• A theory of cellular scattering is sorely needed in order to evaluate the relative importance of fibrillar and putative cellular scattering





Møller-Pederson et al investigated haze using the method of confocal microscopy through focusing (CMTF) and found that the greatly enhanced reflectivity associated with haze appeared to originate primarily from high numbers of brightly reflecting wound-healing keratocytes (myofibroblasts).72 Moreover the appearance of myofibroblasts correlates temporally with increased haze as determined from CMTF measurements.71,73 These observations led Møller-Pederson et al to suggest that haze is caused by the enhanced reflection from cells and not extracellular matrix deposition.72 There is evidence that the levels of certain crystalline proteins contained within keratocytes are markedly reduced in the highly reflective wound-healing keratocytes.74 This reduction might cause the refractive index of the wound-healing keratocytes to differ markedly from that of normal keratocytes, thus turning them into highly effective scatterers. At this time, however, not even the refractive index of normal keratocytes is known; nor is there a comprehensive theory describing cellular scattering.7,16 Such a theory would lead to a deeper understanding of light scattering from both wounded and normal cornea and would allow one to evaluate the relative importance of fibrillar and putative cellular scattering.16









Summary


This chapter has dealt with the ultrastructural basis of the normal cornea’s transparency and how alterations in ultrastructure or other mechanisms lead to transparency loss or opacity in edematous corneas and corneal scars, and in haze following photorefractive corneal surgery. Transparency is the result of minimal light scattering from the collagen fibrils in the corneal stroma, which occurs because the fibrils are weak scatterers, and because short-ranged correlations in their positions about one another cause sufficient destructive interference in their scattered electromagnetic fields to reduce scattering by a factor of 10 over that which would occur if they were arranged randomly. Lakes or voids in the fibril distribution, which would cause large-scale fluctuations in refractive index, were shown to be a major factor leading to transparency loss in edematous corneas. Lakes were also shown to be an important factor causing loss of transparency in scars caused by penetrating wounds; however, disordered fibril distributions and enlarged fibrils were shown to be other important factors. Several speculative causes of corneal haze were noted, including disorganized fibrillar and lamellar structures; increased numbers of keratocytes; vacuoles within and around keratocytes; convolutions and discontinuities in the basement membrane; and the transformation of keratocytes to highly reflective migrating myofibroblasts. Two of these for which some data exist, namely disorganized fibrillar structures and highly reflective myofibroblasts, were discussed. Although both may indeed be factors, it was noted that a comprehensive theory of cellular scattering will be required before their relative importance can be assessed.
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CHAPTER 2 Abnormalities of corneal wound healing




Audrey M. Bernstein









Overview


The human cornea consists of an outer stratified epithelium, and an inner monolayer of epithelial cells referred to as the corneal endothelium. The middle layer, or stroma, constitutes 90% of the thickness of the cornea and is primarily a structural matrix of collagen fibrils embedded with transparent cells (keratocytes). The structural integrity of the stroma is essential for maintaining corneal shape, strength, and transparency. All of these features are attributed to the precise alignment and spacing of the stromal collagen fibrils and associated proteoglycans, which provide a clear, undistorted optical path for vision. If the cornea is damaged by trauma, surgery, or disease, a wound-healing response rapidly begins in order to prevent infection and restore vision. In other tissues it is sufficient for wounds to heal with replacement connective tissue, in which the collagen structural organization appears to be random, resulting in scarring. Since wound healing in the cornea has the additional requirement for transparency in order to maintain clear vision, precise repair of the matrix by the corneal cells must occur while maintaining the organization of the stromal connective tissue.


Stromal keratocytes (Figure 2.1) are quiescent, mesenchymal-derived cells that form a network connected by gap junctions.1 Keratocytes appear transparent because they have a refractive index similar to that of the surrounding extracellular matrix (ECM). This has been attributed to the presence of high concentrations of soluble proteins (corneal crystallines) in the cytoplasm of the keratocytes.2 The first step in corneal repair is apoptosis of keratocytes immediately surrounding the site of trauma. Following that, keratocytes bordering the acellular zone are activated and become visible corneal fibroblasts.3 The fibroblasts proliferate and migrate to the margin of the wound in response to a number of growth factors and cytokines derived from the epithelial cells, the adjacent basement membrane, or tears.4 In response to transforming growth factor-β (TGF-β) some of the fibroblasts differentiate into nonmotile myofibroblasts containing α-smooth-muscle actin (α-SMA) and large focal adhesions, which promote a strong adherence to the ECM (Figure 2.2).5,6 After attachment, alpha-SMA stress fibers (a defining characteristic of the myofibroblast phenotype) are formed (Figure 2.3). These are required for myofibroblasts to exert tension on the matrix and close the wound.7 The fibroblasts and myofibroblasts secrete new ECM that initially appears opaque, resulting in a visual haze experienced by individuals during the corneal repair process.8 If the wound heals correctly, the myofibroblasts and fibroblasts gradually disappear, leaving a properly organized, transparent network of collagen fibrils once again embedded with a quiescent network of keratocytes.9 Conversely, if normal wound healing is compromised, for example if myofibroblasts persist or the source of the trauma remains, corneal fibrosis may develop due to the presence of excessive repair cells and consequently an excessive build-up of ECM in the stroma (Box 2.1).





[image: image]

Figure 2.1 Visualization of keratocytes in the rabbit cornea. Each keratocyte (1–5) extends cytoplasmic projections that connect to other keratocytes and communicate with one another via gap junctions. Keratocytes in the rabbit cornea were viewed en face by fluorescence microscopy. The intact cornea had been incubated in phosphate-buffered saline containing acridine orange (AO). AO accumulated in acidic vesicles visualizes the keratocytes embedded in the collagen-rich matrix.


(Courtesy of Dr. Sandra K. Masur.)
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Figure 2.2 Illustration of activated keratocytes moving into the wound margin. Keratocytes bordering the acellular zone are activated to become corneal fibroblasts. The fibroblasts proliferate and migrate into the margin of the wound in response to growth factors and cytokines, which are released from the basement membrane, from the epithelium, or from tears. The presence of transforming growth factor-β (TGF-β) within the wound causes some of the fibroblasts to transform into nonmotile myofibroblasts expressing alpha-smooth-muscle actin stress fibers, which contributes to wound closure.


(Redrawn from sketch courtesy of Dr. Edward Tall.)
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Figure 2.3 Imaging of fibroblasts and myofibroblasts in cell culture. Human corneal fibroblasts were grown for 72 hours in supplemented serum-free media (SSFM) with fibroblast growth factor-2 and heparin (fibroblasts 1–3) (A) or SSFM with transforming growth factor-β1 (myofibroblasts 1, 2) (B). α-Smooth-muscle actin was detected by immunocytochemistry. Only the myofibroblasts have incorporated α-smooth-muscle actin into stress fibers. Bar = 40 µm.







Box 2.1 Stages of stromal wound healing






• After wounding, transparent keratocytes differentiate into migratory fibroblasts



• Fibroblasts migrate into the wound margin



• At the wound margin fibroblasts differentiate into nonmotile, contractile myofibroblasts



• After wound closure, myofibroblasts disappear



• The persistence of myofibroblasts in a wound correlates with fibrotic healing












Clinical manifestations of wound healing


The key sign of corneal fibrosis is the presence of haze in the cornea that impairs an individual’s ability to see clearly. A variety of conditions lead to fibrosis including corneal ulcers that can result from genetic factors such as hereditary keratitis, which is passed on through autosomal dominant inheritance10; a secondary response to an autoimmune disease; infectious keratitis due to fungi, bacteria, or viruses; persistent inflammation; or a change in neurotrophic factor related to a decrease in corneal innervation.11,12 If the ulcer extends into the stroma, corneal fibrosis may occur as the tissue attempts to repair the breach. Symptoms of corneal ulcers are red, watery eyes, pain, colored discharge, and light sensitivity. A deficiency in vitamin A increases the chances of developing a corneal ulcer, consistent with increased prevalence of corneal ulcers and fibrosis in developing countries.13 Corneal ulcers are one of the leading causes of blindness in the world, estimated to account for 1.5–2 million new cases of monocular blindness per year.14


If a patient displays signs of corneal haze, a diagnosis of corneal fibrosis is likely. Wounds or ulcers are detected using a slit-lamp microscope in conjunction with a fluorescent dye. If detected early enough, most ulcers can be reversed before irreversible damage occurs. Advances in treating neurotrophic and autoimmune ulcers with topical nerve growth factor drops have recently been successful for previously incurable conditions.15,16 Currently, there are no pharmaceutical solutions for fibrosis, but surgical procedures such as phototherapeutic keratectomy have proven effective in treating subepithelial corneal scars.17 The procedure uses an excimer laser to vaporize corneal scars while minimizing damage to the surrounding tissue (Figure 2.4). If the haze is advanced enough to impair vision severely, a corneal transplant may be required. Although considered a highly successful procedure, about 15% of corneal grafts are rejected due to either a buildup of corneal edema from an immune response or a recurrence of opacification (Box 2.2).18,19
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Figure 2.4 Fibrotic scar in the cornea. Significant corneal subepithelial fibrosis before excision and phototherapeutic keratectomy (PTK) in the right eye (A). The cornea was much clearer after excision and PTK (B).


(From Fong YC, Chuck RS, Stark WJ, et al. Phototherapeutic keratectomy for superficial corneal fibrosis after radial keratotomy. J Cataract Refract Surg 2000;26:616–619, reproduced with permission of Elsevier Science Inc.)








Box 2.2 Basics of corneal fibrosis






• Key sign of corneal fibrosis is corneal haze



• In many cases corneal ulcers lead to corneal scarring



• Currently, no pharmaceutical intervention is available for fibrosis



• If haze is advanced enough, corneal transplant may be required





Clinical studies show that maintaining an intact basement membrane prevents fibrosis, presumably because it prevents epithelial–stromal cross-talk (see below).20 For example, debridement of the corneal epithelium without removing the basement membrane leads to apoptosis of the underlying stromal keratocytes. This is followed by proliferation of neighboring keratocytes, but they remain quiescent and do not differentiate into a repair phenotype, thus maintaining corneal clarity.21 Conversely, when the basement membrane is penetrated or removed, the epithelial cytokines reach the stroma, leading to formation of fibroblasts and myofibroblasts and at least a temporary loss of vision due to stromal haze,22 such as is observed after photorefractive keratectomy (PRK) to correct refractive errors.23


Several techniques have been developed to prevent or minimize haze. Applying an amniotic membrane to the eye after PRK has been shown to limit inflammation, apoptosis, and TGF-β effects, resulting in a decrease of postoperative haze in cases of severe fibrosis.24 In addition, adding mitomycin C, a reagent that acts to limit cellular proliferation, after PRK for severe nearsightedness has been shown to reduce haze by limiting myofibroblast formation.25 Conversely, in refractive surgery using laser in situ keratomileusis (LASIK), an epithelial–stromal hinged flap is cut with a microkeratome or laser and then the underlying stroma is ablated with a laser to modify corneal curvature. Because the epithelium and basement membrane are penetrated only at the edges of the flap, the stromal wound-healing response is limited and myofibroblasts have been found only at the flap margin (see below).6









The science of fibrosis






The immune response and angiogenesis


The cornea is considered an immune-privileged tissue.26 Normally, few inflammatory cells are detectable in the stroma. A full-blown immune response, such as observed in the skin, would disrupt corneal transparency. Nevertheless, there are circumstances when immune cells from the surrounding limbic vessels, such as T cells and macrophages, are attracted into the stroma by the cytokines released from epithelial cells and keratocytes.27 Severe trauma or persistent infection leading to the enhanced immunological reaction appears to coincide with the growth of new blood vessels (neovascularization) into the normally avascular cornea, consistent with the observed secretion of proangiogenic chemical mediators by the invading leukocytes.28 Extensive neovascularization causes severe corneal opacity, sometimes leading to blindness. In the USA, neovascularization is observed in about 1.4 million patients annually, and blinds about 7 million people worldwide.29









Epithelial–stromal interactions


In vascularized tissues platelets secrete many factors that recruit inflammatory cells and fibroblasts to the wound site. However, since the cornea is normally avascular, during wound repair, the source of cytokines such as interleukin-1 and TGF-β is the corneal epithelium and its basement membrane. A penetrating wound to these layers permits diffusion of released cytokines that are quickly sensed by keratocyte receptors. Interleukin-1 is a master regulator that stimulates keratocytes to secrete secondary cytokines such as hepatocyte growth factor, keratinocyte growth factor, and platelet-derived growth factor.30 A wound that penetrates the basement membrane also permits epithelial TGF-β to diffuse into the stroma, which is considered one of the primary factors in fibrotic healing. This epithelial–stroma communication promotes the proliferation, migration, and differentiation of the underlying stromal cells and initiates a cascade of keratocyte cytokine expression (Box 2.3).30,31





Box 2.3 Cytokines in stromal wound healing






• Interleukin-1 is a master regulator that stimulates keratocytes to secrete secondary cytokines



• Maintaining an intact epithelial basement membrane is the key to preventing epithelial–stromal interactions



• Transforming growth factor-β crossing the basement membrane is a primary factor in fibrotic wound healing












The importance of TGF-β


Decades of research have focused on the role of TGF-β during wound healing. To date, three TGF-β isoforms have been identified. Normally in most ocular tissues TGF-β2 is the dominantly expressed isoform.20 Low levels of TGF-β1 and TGF-β2 promote fibroblast proliferation and migration but do not promote the differentiation to the myofibroblast phenotype.32,33 Cell migration and proliferation to the wound site are critical because fibroblasts secrete matrix molecules that act as “glue” to seal the wound. When fibroblast migration is inhibited, the wound never heals properly. Fibroblasts must produce properly oriented collagen fibers to generate the transparency and strength of a properly healed wound. This process is not currently understood but is critical to regenerative healing.


After wounding, all three isoforms are expressed in the cornea.20,34 High levels of TGF-β1 and TGF-β2 result in the persistence of the myofibroblast phenotype and overproduction of ECM molecules, including collagen, fibronectin, vitronectin, and their cell surface receptors (integrins).35,36 When expression of TGF-β1 and TGF-β2 is exaggerated and sustained, an imbalance between: (1) proteases that degrade the matrix (metalloproteases, plasmin); (2) protease inhibitors (tissue inhibitors of metalloproteases (TIMPs) and plasminogen activator inhibitor-1 (PAI-1)); and (3) secretion of ECM components results in improper degradation and buildup of unorganized collagen fibrils. Studies show that administering a therapeutic dose of a pan-TGF-β antibody prevents myofibroblast differentiation and corneal haze after wounding,37 but other functions of TGF-β, such as cell migration and cell proliferation into the wound margin, were also reduced.33 Thus, targeting TGF-β signaling pathways instead of TGF-β isoforms may be a more selective approach to fighting corneal fibrosis.


TGF-β3 appears to have a different function than that of TGF-β1 and TGF-β2. No fibrosis is observed during embryonic wound healing in mice before day 16, which coincides with elevated levels of TGF-β3 and reduced expression of TGF-β1 and TGF-β2. However, from day 17 until birth (day 21), the formation of a scar is evident.38 This suggests that increasing TGF-β3 expression in a wound may be a useful approach to reducing fibrosis. Fibrotic healing probably developed as an important evolutionary adaptation to prevent infection, because a quickly healed scar, even if accompanied by a partial loss of function, yielded better chances of survival than the possible deadly consequences of infection.38 These ideas are consistent with the observation that dermal wounds treated with TGF-β3 have reduced scarring.39 Thus, treating corneal wounds with TGF-β3 may be a useful therapeutic tool. More research is needed to understand the significance of the tissue-specific and temporally regulated TGF-β isoform expression during wound healing.









Unhealed wounds


Some wounds in the cornea never heal because keratocytes do not repopulate the wound and the stroma remains hypocellular. This occurs after refractive surgery with LASIK. In the hinged flap, the majority of the epithelial–stromal interface is not disrupted. Only in the area where the laser has made the cut, around the edge of the flap, is there the potential for a fibrotic response. Consequently, since after laser ablation of the stroma the keratocytes do not proliferate and repopulate the anterior stromal tissue under the flap, there is no challenge to the transparency, there is little trauma to the corneal nerves, and millions of patients enjoy the restoration of visual acuity. However, the structural integrity of the flap is compromised because new stromal connections are not created and thus the flap never heals completely, resulting in a dramatic decrease in tensile strength.40 For this reason, eye banks do not accept corneal donors who have had LASIK refractive surgery.41 In vivo confocal studies have shown a progressive decrease in keratocyte density in the anterior stroma each year after treatment, and after 5 years the keratocytes in the posterior stroma also begin to decrease in number.42


Another consequence of hypocellularity in the anterior stroma is an increase in the potential for corneal edema because the unhealed wound creates a space where fluid may accumulate.43 This is critical because the stroma is normally maintained in a deturgescent state. Fluid is constantly removed by active transport of salt and water out of the stroma by the underlying corneal endothelial cells. Disturbed endothelial cell function and/or sustained high intraocular pressure increase the fluid load in the stroma which rapidly accumulates in the interface between the flap and ablated stromal ECM, leading to edema or interface fluid syndrome and blurry vision (Figure 2.5).43 Endothelial cell density and function decrease with age, suggesting that post-LASIK, a rise in stromal edema due to LASIK is likely to increase (Box 2.4).





[image: image]

Figure 2.5 Unhealed wound. Edema in a cornea after laser in situ keratomileusis (LASIK). Representative light microscopy cross-sections of human corneoscleral specimens demonstrating findings seen at the LASIK interface wound at the end of the corneal endothelial perfusion period. (A) A normal control LASIK cornea shows a normal hypocellular primitive LASIK interface scar. (B) Mild or stage 1 interface fluid syndrome (IFS) shows mild to moderate thickening of the LASIK interface scar. (C) Moderate or stage 2 IFS shows even more thickening of the LASIK interface scar with swollen adjacent keratocytes. (D) Severe or stage 3 IFS shows a marked diffuse interface fluid pocket formation. Arrows, hypocellular primitive LASIK interface scar. Stain, periodic acid–Schiff; original magnification, ×25 insets, higher magnification views ×100 to ×400.


(From Dawson DG, Schmack I, Holley GP, et al. Interface fluid syndrome in human eye bank corneas after LASIK: causes and pathogenesis. Ophthalmology 2007;114:1848–1859, reproduced with permission of Elsevier Science Inc.)








Box 2.4 Consequence of unhealed wounds






• If the stromal fibroblasts do not repopulate a wound, the wound is “hypocellular” and remains unhealed



• This occurs after laser-assisted intrastromal keratoplasty (LASIK)



• Lack of healing results in a loss of tensile strength and the creation of a molecular space for fluid to accumulate



• Fluid accumulation in the cornea (interface fluid syndrome) can result in obstructed vision












Altered corneal wound healing in diabetes mellitus


Corneal abnormalities associated with diabetes mellitus (diabetic keratopathy) occur in over 70% of diabetic patients.44 The dramatic rise in diabetes has resulted in more research, leading to a better understanding of corneal dystrophies that arise from this disease. Many of the underlying problems in these corneas are exacerbated when surgeries to combat diabetic retinopathy are performed, thus compounding the already serious problems facing diabetic patients. The abnormalities are characterized by epithelial fragility, thickening of the basement membrane, tear dysfunction, and a slowed healing rate.45,46 As a result, affected individuals are more prone to infectious ulcers and fibrotically healed wounds.45,47 Although the exact mechanisms through which diabetic keratopathy affects the corneal epithelium are not fully understood, recent data suggest that abnormal levels of growth factors, glycoproteins, and proteinases are responsible for the irregular cell migration and slowed wound healing observed in patients.48 Topical application of insulin and fibronectin in eye drops has shown promise in restoring epithelial integrity and hastening wound closure.47,49












Future treatments for corneal dystrophies






Gene therapy


The cornea is an obvious target for gene therapy given its immune privilege, transparency, and opportunity for easy-access, noninvasive treatment. In treating corneal disorders, locally administered gene therapy has the potential advantage of continuously providing the necessary cytokines and growth factors to the affected area at consistently localized and safe levels. Several gene delivery methods have been tested successfully, including biological vectors such as viruses and liposomes and physical processes such as electro- and sonoporation.50 But, despite the many studies testing its efficacy in addressing issues such as graft rejection, neovascularization, corneal haze, and herpetic keratitis, gene therapy in the cornea has produced mixed results and remains largely confined to animal studies.50









In vitro wound-healing models and biomimetic corneas


In vitro wound-healing models have been actively utilized to study stromal wound healing. For cell culture, human keratocytes are isolated from donated corneas. The epithelium and endothelium are chemically removed and the collagen is degraded, thus releasing the keratocytes,51 which, when grown in serum, are activated and become fibroblasts. Further treatment with TGF-β1 or TGF-β2 stimulates the conversion of fibroblasts into myofibroblasts.20,52 This primary cell culture model is used to study the regulation of these phenotypic variations: keratocyte, fibroblast, and myofibroblasts. A more complex model for the study of the cornea uses organ culture, in which the corneal button is mounted on an agar base and bathed in media.53 Studies on a whole human corneal organ culture can be performed over the course of 6 weeks. Similarly, using various combinations of tethered and floating fibroblast-containing three-dimensional collagenous “gels,” researchers have obtained data about cell behavior in a three-dimensional environment, including the relationship of mechanical stress (tensegrity) and ECM components to cell phenotype. Furthermore, data from these studies become the basis for building an artificial cornea (biomimetic cornea). The primary challenge to biomimetic corneas to date has been that the tensile strength is significantly less than that of a human cornea.54 However, recently, a transparent cornea constructed with increased strength was generated when human stromal fibroblasts were cultured in a stabilized vitamin C derivative with collagen. This protocol produced a collagen matrix composed of fibroblast-secreted factors and collagen fibrils aligned in an orthogonal array (Figure 2.6).55 This approach is promising since this stromal construct could act as the scaffold for in vitro cultured epithelial and endothelial cells. It is likely that current advances in the identification, isolation, and in vitro growth of the corneal stem cells for each of the corneal cellular components,56 together with a biomimetic stroma, will eventually generate a clinically viable corneal equivalent. This has the potential to reduce the need for tissue donation significantly and remove the risk of infection from donor tissue and of tissue rejection (Box 2.5).
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Figure 2.6 Corneal stromal construct. Transmission electron micrographs of lamellar-like architecture of the constructs. (A) Low-magnification view of the cells and synthesized arrays of fibrils. Arrows, putative “lamellae” where fibril orientation appears to change direction. Of note is the fact that the lamellae can extend over significant (tens of micrometers) distances. (B) Higher-magnification view of the organization of fibrils and their apparent change in direction within the lamellae. Again, arrows indicate the location of changes in fibril orientation. (C) High-magnification view of alternating fibril arrays in the construct. Scale bar: (A, B) 2 µm; (C) 1 µm.


(From Guo X, Hutcheon AE, Melotti SA, et al. Morphologic characterization of organized extracellular matrix deposition by ascorbic acid-stimulated human corneal fibroblasts. Invest Ophthalmol Vis Sci 2007;48:4050–4060, reproduced with permission of Association for Research in Vision and Ophthalmology.)








Box 2.5 Methodologies for the study of wound healing


To study wound healing in vitro:



• Cells are released from the collagenous matrix and modulated in culture



• Corneal organ culture can be sustained for 6 weeks



• Isolated fibroblasts can be embedded in a three-dimensional “gel” of different matrices



• Synthetic stroma could be used as a base to manufacture a biomimetic cornea















Conclusion


To date, there are no effective pharmaceutical therapies for treating a fibrotically healed corneal scar. Thus, understanding the molecular pathways that guide corneal wound healing is critical to finding novel therapeutic strategies for combating corneal diseases and promoting regenerative repair. Current research that addresses issues of wound healing include understanding the biochemical mechanisms that control the regulation of fibroblast to myofibroblast differentiation so that the persistence of myofibroblasts in a healing wound can be modulated; understanding the signals that maintain the quiescent keratocyte in hopes of dedifferentiating fibroblasts into transparent keratocytes; investigating ways to promote existing fibroblasts to migrate into an unhealed wound; and isolating new populations of stem cells that can be promoted to repopulate a wounded cornea or to populate a synthetic cornea. Understanding the molecular mechanisms of corneal wound healing is particularly exciting because the tissue is easily accessed for therapy. Molecular manipulation with new technologies may lead to prevention or cure of corneal fibrosis without surgical manipulation or transplantation.
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Clinical background


The safety and predictability of laser in situ keratomileusis (LASIK) and photorefractive keratectomy (PRK) have improved since these procedures were introduced, but the corneal wound-healing response remains a major contributor to variability of results following these procedures. Corneal wound healing entails the complex interactions of different cellular types, including corneal epithelial cells, keratocytes, and, possibly, endothelial cells, in addition to corneal fibroblasts, myofibroblasts, inflammatory cells, lacrimal gland cells, and others. In large part, this communication is mediated by soluble growth factors, cytokines, and chemokines via membrane-bound and soluble receptors.1,2


The unwounded adult cornea is a transparent and avascular structure, providing not only the major refractive surface involved in visual image transmission, but also a protective barrier against external injuries, including microbial infections that are potentially vision-threatening. Activation of these systems during refractive surgery can result in the deposition of opaque fibrotic repair tissue and, possibly, scarring. In order to understand and control these complex interactions better and improve the results and safety of LASIK and PRK, it is important to have a basic understanding of normal and abnormal corneal wound-healing responses. This chapter provides a framework that will allow the clinician not only to understand these interactions, but also at least partially to control them through surgical technique and rational application of medications.









Pathophysiology and pathology






The normal wound-healing response


Corneal stromal fibrils and other matrix components are precisely organized to provide transparency essential to corneal function. However, cellular repair processes during corneal healing can disturb this architecture and lead to visual impairment. The corneal wound-healing response involves a complicated balance of cellular changes, including cell death (apoptosis and necrosis), cell proliferation, cell motility, cell differentiation, expression of cytokines, growth factors, chemokines and their receptors, influx of inflammatory cells, and production of matrix materials (Box 3.1). In large part, communications between corneal cells, nerves, inflammatory cells, bone marrow-derived cells, and other cells are the critical determinants of normal and abnormal corneal wound-healing responses. Although many of these interactions occur simultaneously, for discussion purposes it is convenient to describe the wound-healing response as a pathway, similar to glycolysis or the Kreb’s cycle.





Box 3.1 Key processes in the corneal wound-healing response






• Epithelial injury



• Stromal cell death (apoptosis and necrosis)



• Influx of inflammatory cells



• Cell proliferation



• Cell motility



• Cell differentiation



• Release of cytokines, growth factors, chemokines, and expression of their receptors



• Production of extracellular matrix materials



• Epithelium healing





Corneal epithelial injury is a common initiator of the corneal wound-healing response to refractive surgical procedures, as well as in trauma and some diseases. Here we will concern ourselves only with surgical injury associated with LASIK and PRK. Corneal epithelial injury triggers the release of a variety of cytokines, such as interleukin-1 (IL-1)-α and -β, transforming growth factor (TGF)-β, tumor necrosis factor (TNF)-α, platelet-derived growth factor (PDGF), and epithelial growth factor (EGF), that regulate keratocyte apoptosis, proliferation, motility, differentiation, and other functions during the minutes to months after surgical insult.1,2 In turn, once stimulated by these epithelial-derived soluble factors via membrane-bound receptors, keratocytes not only alter cellular functions, but also produce other soluble modulators that regulate corneal epithelial proliferation and migration (hepatocyte growth factor (HGF) and keratinocyte growth factor (KGF)), attract inflammatory cells (granulocyte chemotactic and stimulating factor (G-CSF), monocyte chemotactic and activating factor (MCAF), neutrophil-activating peptide (ENA-78)), and other corneal changes.3-7 Collagenases, metalloproteinases, and other enzymes are activated and released in the stroma during the wound-healing response and function to degrade, remove, and regenerate damaged tissue.8 The expression of these collagenases and metalloproteinases by keratocytes and corneal fibroblasts is also regulated by IL-1 and fibroblast growth factor-2 derived from the injured corneal epithelial cells.9


A recurring theme that must be appreciated to understand corneal wound healing is ongoing communication between epithelial cells and stromal cells mediated by soluble cytokines and chemokines. These interactions occur immediately after injury and continue for weeks, months, or occasionally even years, for example with persistence of haze following PRK.


Many growth factors released during the corneal wound-healing response can be derived from more than one cell type and regulate more than one process. EGF can be used to illustrate this principle. EGF is produced by epithelial cells, keratocytes, corneal fibroblasts, lacrimal cells, and, possibly, other cells. EGF regulates corneal epithelial cell proliferation, motility, and differentiation.1,2 EGF also triggers the formation of new hemidemosomes on epithelial cells after injury.6,7,10 EGF also has influence on the proliferation of limbal cells that migrate toward the injury site to seal the wound and to reform a normal stratified epithelial layer.11,12 In addition, different growth factors may regulate a single function. For example, EGF, HGF, and KGF all regulate corneal epithelial proliferation.1,2 The effect that predominates at a particular point in the wound-healing response likely depends on factors such as receptor expression, cellular localization, cellular differentiation, and the influences of interacting networks of soluble and intracellular factors.


Epithelial injury is typically the initiator of the wound-healing response associated with corneal surgery or injury. For example, epithelial scrape or epithelial ethanol exposure associated with PRK or laser epithelial keratomileusis (LASEK), respectively, epithelial blade penetration associated with Epi-LASEK or LASIK are initiators of corneal wound healing that result in the release of IL-1α, IL-1β, TNF-α, and a host of other modulators that alter the functions of keratocytes, inflammatory cells, and the epithelial cells themselves. Similarly, damage to the epithelium at the edge of the flap in femtosecond LASIK flap formation triggers the wound-healing cascades, although the femtosecond laser has direct stromal necrotic effects that influence the overall wound-healing response of surgery performed with this procedure,13 as will be covered later.









Apoptosis and necrosis in initiation, modulation, and termination of wound healing (Box 3.2)


The first stromal change that is noted following epithelial injury is apoptosis of the underlying keratocyte cells (Figure 3.1). Apoptosis, or programmed cell death, is a gentle, regulated form of cell death that occurs with the release of only limited intracellular components such as lysosomal enzymes that would potentially damage surrounding tissue.14 Keratocytes undergoing apoptosis are found to have chromatin condensation, DNA fragmentation, cell shrinkage, and formation of membrane-bound vesicles called apoptotic bodies that contain intracellular contents. The localization of the apoptosis response is related to the type of injury, and in large part determines the localization of the subsequent wound-healing events. For example, in PRK, LASEK, and Epi-LASEK, keratocyte apoptosis occurs in the anterior stroma beneath the site of epithelial injury (Figure 3.1A). In contrast, keratocyte apoptosis associated with microkeratome LASIK occurs at the site of blade penetration at the edge of the flap and along the lamellar cut in the central stroma (Figure 3.1B).





Box 3.2 Apoptosis and necrosis in initiation, modulation, and termination of wound healing






• Apoptosis of the underlying keratocyte cells



• Modulation by eliminating excess inflammatory, fibroblast, and other cells



• Elimination of myofibroblasts
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Figure 3.1 Keratocyte apoptosis detected with the terminal uridine deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay at 4 hours after photorefractive keratectomy (PRK) or laser in situ keratomileusis (LASIK). Note that after PRK (A, 600× magnification) keratocytes undergoing apoptosis (arrowheads) are located in the anterior stroma. Arrows in (A) indicate the anterior stromal surface. After LASIK (B, 200× magnification) keratocytes undergoing apoptosis (arrowheads) are localized in the deeper stroma anterior and posterior to the lamellar cut. The epithelium in (B) is indicated by arrows.




The apoptosis process is likely regulated by soluble cytokines such as IL-1 and TNF-α released from injured epithelial cells and the Fas-Fas ligand system expressed in keratocytes.1,2 Apoptosis is an extremely rare event in unwounded normal cornea. Once an injury to the epithelium occurs, however, keratocytes undergoing apoptosis can be detected within moments.14,15 This early wave of relatively pure apoptosis makes a transition into a later phase in which both apoptosis and necrosis occur in many stromal cells, including keratocytes, corneal fibroblasts, and invading inflammatory cells. Although all of these cells are typically labeled with the terminal uridine deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay, careful analysis with transmission electron microscopy demonstrates that cellular necrosis, a more random death associated with release of intracellular enzymes and other components, also makes a major contribution.15 It is unknown whether necrosis that occurs during corneal wound healing is a regulated event or merely a result of cells being killed by inflammation or other contributors to healing. A much later low-level phase of apoptosis occurring in myofibroblasts is also noted in corneas that develop haze.


Precise regulation of the apoptosis processes that occur during corneal wound healing implies an important function besides a merely reactionary response to the injury.16 Studies have suggested that the earliest apoptosis response is likely a defense mechanism designed to limit the extension of viral pathogens, such as herpes simplex and adenovirus, into the stroma and eye after initial infection of the corneal epithelium.17 The second phase of stromal apoptosis extending from hours to a week after injury likely functions to modulate the corneal wound-healing response by eliminating excess inflammatory, fibroblast, and other cells. The latest phase of stromal apoptosis that occurs in corneas with haze serves to rid the stroma of myofibroblasts that are no longer needed.17









Mitosis and migration of stromal cells


Mitosis and migration of stromal cells are noted approximately 8–12 hours after the initial corneal injury.13 Initially, most cells undergoing mitosis appear to be keratocytes, but corneal fibroblasts and other cells may make subsequent contributions to this response. This cellular mitosis response provides corneal fibroblasts and other cells that participate in corneal wound healing and replenish the stroma. Once again, localization of the stromal mitosis response is related to the type of injury. Thus, in PRK stromal mitosis tends to occur in the anterior stroma, as well as in the peripheral and posterior stroma outside the zone of apoptosis (Figure 3.2). In LASIK, stromal mitosis occurs at the periphery of the flap where the epithelium was injured, and anterior and posterior to the lamellar cut.
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Figure 3.2 Stromal cell mitosis at 24 hours after photorefractive keratectomy. Arrows indicate cells in the stroma that stain for Ki-67, a marker for mitosis. Blue is the 4’,6-diamidino-2-phenylindole (DAPI) stain for the nucleus that stains all cells. 500× magnification.




Mitosis and migration of stromal cells are regulated by cytokines released from the epithelium and its basement membrane. For example, PDGF is produced by corneal epithelium and bound to basement membrane due to heparin-binding properties of the cytokine. It is released from the epithelial basement membrane after injury and stimulates mitosis of corneal fibroblasts. It is also highly chemotactic to corneal fibroblasts, tending to attract them to the source of the cytokine. Thus, in PRK, for example, PDGF released from the injured epithelium and basement membrane stimulates surviving keratocytes in the peripheral and posterior stroma to undergo mitosis and the daughter cells are attracted to the ongoing PDGF release and repopulate the anterior stroma. Other cytokines such as TGF-β also likely contribute to this keratocyte/corneal fibroblast mitosis and migration.2


Corneal fibroblasts derived from keratocytes produce collagen, glycosaminoglycans, collagenases, gelatinases, and metalloproteinases18 used to restore corneal stromal integrity and function. These cells also produce cytokines such as EGF, HGF, and KGF that direct mitosis, migration, and differentiation of the overlying healing epithelium.1,2,19 After total epithelialization, the fibronectin clot disappears and the nonkeratinized stratified epithelium is re-established.11,12,20-22









Inflammatory cell influx (Box 3.3)


Beginning approximately 8–12 hours after the initial epithelial injury, and lasting for several days, a wave of inflammatory cells migrates into the cornea (Figure 3.3) from the limbal blood vessels and tear film.23,24 These cells function to clear cellular and other debris from the injury and to respond to pathogens that could be associated with injuries such as viral or bacterial infections.





Box 3.3 Inflammatory cell influx






• Inflammatory cell migration



• Clear cellular and other debris



• Varies with type of injury
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Figure 3.3 At 24 hours after epithelial scrape, as performed in photorefractive keratectomy, thousands of bone marrow-derived cells invade the cornea in a chimeric mouse with fluorescent green protein-labeled, bone marrow-derived cells. Magnification 10×.




The inflammatory cells that sweep into the cornea are chemotactically attracted into the stroma by cytokines and chemokines released directly by the injured epithelium and induced in keratocytes and corneal fibroblasts by cytokines released from the epithelium. IL-1 appears to be the master regulator of this response since corneal fibroblasts produce dozens of proinflammatory chemokines in response to IL-1 binding to IL-1 receptors on the stromal cells.23


The pattern of entry of the inflammatory cells into the central cornea may differ depending on the type of injury. In PRK and other surface ablation procedures the cells tend to be fairly equally distributed across the anterior to mid stroma. In LASIK, however, many of the cells enter along the lamellar cut since this is the path of least resistance. In the LASIK procedure, augmented release of epithelial IL-1, for example, with epithelial slough caused by a microkeratome, triggers massive influx of cells along the lamellar cut and produces the disorder diffuse lamellar keratitis.25 Since the potential space produced by the lamellar cut persists for years following LASIK, epithelial trauma even many years later may precipitate diffuse lamellar keratitis.









Completion of the healing response (Box 3.4)


As the corneal wound-healing response is completed, excess cells are eliminated by apoptosis and necrosis, and the keratocyte cells that were lost are replenished by mitosis and migration of keratocytes that did not undergo apoptosis. In the normal cornea that does not develop haze, most of these stromal processes appear to be completed within 1–2 weeks after injury, as long as the integrity of the epithelium is re-established. In eyes with persistent epithelial defects, cytokine triggers from the epithelium continue, along with stromal apoptosis, necrosis, and mitosis, eventually leading to destruction of the stroma and perforation if the epithelium does not heal.





Box 3.4 Completion of healing response






• Elimination of excess cells by apoptosis and necrosis



• Replenishment by mitosis and migration of keratocytes



• Healing time in 1–2 weeks of epithelium re-established



• Perform enhancement procedures after refractive stability





In corneas where the epithelium heals normally, there may be persistent epithelial hyperplasia and/or hypertrophy that may mask the full refractive correction.15 Thus, a cornea that appears to be undercorrected after PRK or LASIK for myopia may have a portion of the attempted correction masked by a temporary thickening of the epithelium. At the molecular level, this could result from excess penetration and binding of EGF, HGF, KGF, and other cytokines to the epithelial receptors. The higher levels of epithelium-modulating cytokines are likely derived from fibroblasts “activated” during the wound-healing response in the stroma. Once the wound-healing response subsides and the stromal cells return to their normal metabolic activity, the levels of these cytokines diminish and the epithelial architecture is restored. This points out the importance of waiting to perform enhancement procedures until there is refractive stability. The length of time required likely varies with the individual patient.












Etiology and treatment of wound healing-associated corneal abnormalities






Altered healing in corneas that develop haze (Box 3.5)


After surface ablation, including PRK, LASEK, and Epi-LASEK, depending on the level of attempted correction, a proportion of corneas develop trace to severe stromal opacity, termed haze.26,27 The higher the attempted correction, the greater the percentage of corneas that develop haze and the greater the incidence of severe haze associated with regression of the refractive correction and decreased vision (Figure 3.4A). Rarely, central haze can also occur in LASIK, typically associated with severe diffuse lamellar keratitis, buttonhole, or other abnormal flaps. Marginal haze at the flap margin, where the microkeratome or femtosecond laser penetrated the epithelium, is common.





Box 3.5 Altered healing in corneas that develop haze






• Development of haze in the cornea correlates with the appearance of myofibroblast cells



• Sustained exposure of transforming growth factor-β, and possibly other cytokines required for development and persistence of myofibroblasts



• Defective regeneration of the basement membrane commonly associated with surface irregularity, possibly genetic influences, and other factors
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Figure 3.4 Haze and myofibroblasts. (A) Slit-lamp photograph of severe corneal haze in an eye that had photorefractive keratectomy (PRK) for −9 D of myopia at 12 months after surgery. Arrows indicate the border of haze at the edge of the ablation. Small arrowhead indicates an area of early clearing of haze, termed a lacuna. (B) In a rabbit eye that had PRK for −9 D of myopia there are large numbers of myofibroblasts (arrows) that stain green for α-smooth-muscle actin. The myofibroblasts are located immediately beneath the epithelium (E). Magnification 600×.




The development of haze in the cornea correlates with the appearance of myofibroblast cells in the anterior stroma (Figure 3.4B) beneath the epithelial basement membrane.15 Myofibroblasts are themselves opaque, due to diminished production of corneal crystallins.28-30 In addition, these cells are active factories that produce collagen and other matrix materials that do not have the normal organization associated with corneal stromal transparency.


The earliest appearance of myofibroblasts after PRK, detected with the α-smooth muscle actin marker, is noted approximately 1 week after surgery.15,31 Sustained exposure to TGF-β, and possibly other cytokines, derived primarily from the epithelium, is required for development and persistence of myofibroblasts.15,31-33 If the basement membrane of the healing epithelium is regenerated with normal structure and function, penetration of TGF-β into the stroma is limited and only small numbers of myofibroblasts are generated and persist.31 Defective regeneration of the basement membrane, however, commonly associated with surface irregularity, possibly genetic influences, and other factors, leads to ongoing penetration of TGF-β and development of large numbers of persistent myofibroblasts and haze, typically immediately below the epithelium.31


The identity of the progenitor cell(s) for the myofibroblast in the corneal stroma remains uncertain. Myofibroblasts can be generated from corneal fibroblasts in vitro under proper culture conditions, including availability of TGF-β.18,32,33 However, in other tissues, myofibroblasts have also been shown to develop from bone marrow-derived cells.34,35 A dual origin for myofibroblasts could provide an explanation for haze being corticosteroid-responsive in some corneas and corticosteroid-unresponsive in others.


Haze typically persists for 1–2 years after surgery and then slowly disappears over a period of months or years. This time course, however, may be significantly prolonged in corneas treated with mitomycin C, which subsequently develop “breakthrough haze.” When haze finally disappears, it is likely that the slow repair of the epithelial basement membrane, and restoration of basement membrane barrier function, eventually results in diminished penetration of TGF-β into the stroma to a level insufficient to maintain myofibroblast viability, and the cells undergo apoptosis.31 This is followed by reabsorption and/or reorganization of myofibroblast-produced collagens and other matrix materials by keratocytes. Thus, there is a slow restoration of stromal transparency.









Mitomycin C treatment to prevent haze


Mitomycin C is a chemotherapeutic agent with cytostatic effects that is applied topically to the stromal surface to prevent haze after PRK. Mitomycin C blocks RNA/DNA production and protein synthesis. This results in inhibition of the cell proliferation, and presumably reduces the formation of progenitor cells to myofibroblasts.36 The resulting effect in diminishing haze has been confirmed in clinical studies.37 Although mitomycin C at the lower concentrations of 0.002% decreases haze formation in animal studies,36 there tends to be a higher incidence of “breakthrough haze” and, therefore, the higher concentration of 0.02% for 30–60 seconds has once again become the most commonly used.


Some surgeons restrict mitomycin C use to corrections greater than 5–6 D of myopia. Although rare, haze is seen in lower corrections that are not treated with mitomycin C. In addition, most refractive surgeons use mitomycin C for any eye that has PRK after previous surgery, including PRK, LASIK, radial keratotomy, and corneal transplantation.


Corneas treated with mitomycin C have a lower anterior stromal keratocyte density than corneas that are not treated with mitomycin C.36 This effect persists for at least 6 months after treatment in animal models. It is not known whether there will be long-term effects from diminished keratocyte maintenance of the stroma decades after surgery.









Altered wound healing in femtosecond LASIK


Recent studies have demonstrated that the femtosecond laser directly triggers necrosis of keratocytes anterior and posterior to the lamellar cut.13 This results in greater inflammatory cell infiltration into the stroma during the early wound-healing response and, therefore, greater inflammation. Stromal necrosis is proportional to the amount of femtosecond laser energy used to generate the cut, especially with earlier models of the femtosecond laser, such as the 15 kHz Intralase (Irvine, CA). This effect is diminished with more recent models, including the 30 kHz and 60 kHz Intralase models. However, even with these more efficient lasers, it is prudent to use the minimum energy level that yields a flap that is easy to lift. In our experience, 1.0 µJ settings with the 60 kHz Intralase for both the lamellar and side cuts yield similar inflammation to LASIK performed with a microkeratome.









Nerves and the corneal wound-healing response (Box 3.6)


Disorders that damage the corneal nerves may diminish corneal epithelial viability and lead to neurotrophic ulceration. Corneal nerves have important influences on corneal epithelial homeostasis through the effects of neurotrophic factors like nerve growth factor and substance P. These neurotrophic factors have been shown to accelerate epithelial healing in vivo.38 After LASIK corneas often develop a neurotrophic epitheliopathy characterized by punctate epithelial erosions on the flap with only marginal decreases in tear production.39 This condition has been termed LASIK-induced neurotrophic epitheliopathy (LINE).39 The condition typically presents from 1 day to 1 month following LASIK and continues for 6–8 months, until the nerves regenerate into the flap. Many patients who develop severe LINE probably have an underlying tendency towards chronic dry eye and often benefit from treatment with topical ciclosporin. In our experience, LINE is less common and less severe after femtosecond LASIK with 100-µm thick flaps, presumably because thinner flaps result in less corneal nerve damage (Medeiros and Wilson, unpublished data, 2007).





Box 3.6 Nerves and corneal wound-healing response






• Damage to corneal nerves diminishes epithelial viability



• Neurotrophic factors needed for epithelial homeostasis



• Laser-induced neurotrophic epitheliopathy continues until nerves regenerate into the flap



• Photorefractive keratectomy damage to nerve terminals resolves more quickly than laser-assisted intrastromal keratoplasty (LASIK)



• Ciclosporin A may be of benefit





PRK also damages the corneal nerve terminals. Neurotrophic epithelial after PRK may occasionally be problematic, but tends to resolve more quickly than after LASIK. Topical ciclosporin A may also be of benefit in these patients.












Conclusions


The corneal wound-healing response, and the complex cellular interactions associated with it, are major determinates of the response of corneas to surgical procedures, including LASIK and PRK. An understanding of these interactions is important to optimize surgical outcomes and limit complications.
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CHAPTER 4 Genetics and mechanisms of hereditary corneal dystrophies




John D. Gottsch









Overview


Over the past century, a number of corneal diseases have been documented with detailed family histories suggesting autosomal-dominant, autosomal-recessive, and X-linked recessive hereditary patterns. Modern genetic techniques such as whole-genome linkage analysis and gene sequencing have led to the discovery of specific gene mutations (genotypes) which correlate with specific disease presentations of clinical signs (phenotypes). For many of these clearly defined hereditary corneal dystrophies, the discovery of the underlying genetic mechanism has led to an understanding at the molecular level of the disease pathophysiology.


The hereditary corneal dystrophies subsequently described are, in order of the primary corneal layer most affected, epithelium, Bowman layer, stroma, Descemet’s membrane, and endothelium. Fuchs’ dystrophy is covered in another chapter. Some designations of the hereditary corneal dystrophies have recently been changed because of new histopathologic and genetic data suggesting distinct disease categories, such as corneal dystrophies of the Bowman layer type I and II, and this has clarified the differences between Reis–Bücklers and Thiel–Behnke dystrophies. Some dystrophies appear to have the same gene involved with slight differences in the clinical presentation. These similar hereditary corneal dystrophies have been grouped together with a mention of the historical reporting and similarities in clinical presentations, such as with Meesmann’s and Stocker–Holt dystrophies. Gene names are italicized. Where mutations are known to be causative of certain hereditary corneal dystrophies and result in amino acid changes at particular codons, the substitution of the wild type for the mutant amino acid will be given in full. In subsequent references, the mutation will be given as standard abbreviated designations. As an example, in the 124 codon of keratoepithelin (KE), a cysteine is substituted for arginine in lattice corneal dystrophy I (LCDI). Thereafter this mutation would be referred to as Arg124Cys.









Epithelial dystrophies






Meesmann corneal dystrophy (MCD) MIM 122100 (Stocker–Holt dystrophy)






Clinical background


MCD is characterized by numerous epithelial microcysts which can be noted in early childhood.1 The discrete, round cysts usually become more numerous with age. If in later years the microcysts erode the surface, affected individuals can become symptomatic with foreign-body sensation, photophobia, and decreased vision. Pameijer2 made the first clinical description of the disease in 1935, with Meesmann and Wilke3 describing the histologic features in 1939. In 1964, Kuwabara and Ciccarelli1 found aggregates of electron-dense material in corneal epithelial sheets studied by electron microscopy, termed “peculiar substance.” Stocker and Holt4 in 1955 reported families from Moravia who had microcysts apparent early in life, leading to decrease in vision, light sensitivity, and tearing. Irvine et al5,6 in 1997 reported mutations in the KRT3 and KRT12 genes cause MCD. Klintworth et al7 later identified a mutation in the KRT12 gene in a family with microcysts described by Stocker and Holt.









Pathology


Epithelial cells contain an intermediate filament cytoskeleton which protects against trauma. Keratins are expressed in pairs and keratin 3 and 12 are produced in the corneal anterior epithelium. Aggregation of the abnormal keratins occurs within the epithelium, resulting in microcysts. Environmental factors, such as wearing contact lenses, may contribute to epithelial fragility, worsening the disease and contributing to symptoms.









Pathophysiology


Mutations in keratin KRT3 and KRT12 genes have been demonstrated to be causative of MCD.5,6,8,9 Mutations have been reported as missense substitutions in the conserved helix initiation motif of KRT12 or in the helix termination motifs in KRT12 and KRT3. These motifs are involved in the assembly of intermediate filaments. Mutations which occur in the helix boundary motifs of KRT5 and KRT14 are associated with the severe Dowling–Meara form of hereditary epidermolysis bullosa simplex.8 Interestingly, a thickened corneal epithelial basement membrane has been reported in epidermolysis bullosa disease (Figure 4.1).10
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Figure 4.1 Meesmann corneal dystrophy: microcysts representing aggregation of abnormal keratins.














Epithelial basement membrane corneal dystrophy (Cogan’s microcystic dystrophy; map-dot-fingerprint dystrophy) (EBMD) MIM 121820






Clinical background


In EBMD, reduplicated basement membrane is noted bilaterally in patterns of microcystic dots, map-like sheets, and fingerprint or horsetail lines. The map pattern is often described as grayish-white patches. The majority of patients are asymptomatic but some have painful recurrent erosions.


Vogt,11 in 1930, first described the condition which Cogan et al12,13 further characterized with a histopathological examination that clarified the microcystic nature of the dystrophy. Guerry14 noted in 1950 the fingerprint lines which later became associated with the dystrophy and also made the observation in 1965 of the map-like changes characteristic of the disease.15 In 1974 Krachmer and Laibson16 noted the hereditary pattern of the disease as autosomal dominant and most commonly affecting middle-aged and older adults. In 2006, Boutboul et al17 reported mutations in the TGFB1/BIGH3 gene in patients with EBMD.









Pathology


The different manifestations of EBMD, map, dot, and fingerprint, are all characterized by abnormal deposition of multilaminar basement membrane.13,16,18,19 Inverted basal cell layers, which continue to proliferate, cause the formation of the characteristic microcysts. The multilaminar basement lacks the adhesive strength of normal basement membrane and thus contributes to epithelial sloughing and the development of recurrent erosions.









Pathophysiology


Two point mutations in the TGFB1/BIGH3 gene were noted in patients with EBMD, resulting in a leucine to arginine shift at codon 509 in one pedigree, and arginine to serine at codon 666 in another pedigree.17 Mutations in TGFB1/BIGH3 cause a number of corneal dystrophies and are believed to result from alterations in the TGFB1/BIGH3-encoded protein, keratoepithelin (KE). KE is secreted in the extracellular matrix and is believed to bind various collagens. The Leu509Arg and the Arg666Ser mutations have not been associated with other TGFB1/BIGH3-associated dystrophies. The Leu509Arg and the Arg666Ser mutations could result in a misfolding of the protein, loss of function, and an increase in the epithelial extracellular matrix.












Band-shaped, whorled microcystic corneal dystrophy (Lisch corneal dystrophy)






Clinical background


Unilateral or bilateral gray intraepithelial opacities that are band-shaped and feathery, sometimes in a whorled pattern, characterize the disease.20,21 The microcysts are in a dense pattern as opposed to those noted in Meesmann’s dystrophy. No symptoms are associated with the condition.


The condition was first noted by Lisch et al20 in 1992. Linkage of the dystrophy to Xp22.3 was noted by Lisch et al21 in 2000, confirming that the disease is likely unrelated to Meesmann’s dystrophy, which has been associated with mutations of the KRT3 and KRT12 genes.









Pathology


The pathological mechanism involved in the disease remains unknown. However, histopathology demonstrates vacuolization of basal epithelial cells as opposed to the fibrillogranular or peculiar substance noted in Meesmann’s dystrophy.20,22-24 As yet the underlying genetic mechanism of the disease remains undetermined.















Bowman membrane dystrophies






Corneal dystrophy of the Bowman layer type I (CDBI) MIM 608470 (Reis–Bücklers dystrophy)






Clinical background


Corneal dystrophy of the Bowman layer type I (CDBI) is an extremely rare autosomal-dominant disease characterized by confluent geographic opacities in the Bowman layer. Patients typically have recurrent corneal erosions which can be quite painful. Vision loss can occur early and can be severe.


Reis25 described the disease in 1917 and Bücklers26 in 1949 provided further follow-up of Reis’ pedigree. Küchle et al,27 in 1995, proposed distinguishing Reis–Bücklers dystrophy from another anterior stromal dystrophy (Thiel–Behnke) with similar signs and symptoms by referring to them as CDBI and CDBII. Okada et al,28 in 1998, described a mutation in the TGFB1/BIGH3 gene encoding the protein keratoepithelin (KE), with an amino acid change of leucine for arginine at codon 124.









Pathology


CDBI is characterized by the destruction of Bowman’s layer with the deposition of granular band-shaped material and irregular epithelium. The deposits and irregular epithelia can be noted by light microscopy29 and electron microscopy.27 The staining patterns are similar to granular corneal dystrophy.









Pathophysiology


Mutations in the TGFB1/BIGH3 gene have been associated with a number of corneal dystrophies with varied phenotypes. The TGFB1/BIGH3 gene encodes the KE protein with position 124 as a “hot spot” for mutations.30 The increased severity of the disease in CDBI is believed to be related to the amino acid replaced at codon 124 with a leucine for an arginine. Leucine is hydrophobic and arginine is charged polar, a change which would result in a severe alteration in the KE protein. The Arg124Leu mutation is characterized by a nonamyloid-type deposition and appears not to affect abnormal proteolysis of KE.31 A summary of the genetics and pathogenesis of CDBI and CDBII and several other hereditary corneal dystrophies is given in Box 4.1.





Box 4.1 Summary of genetics and pathogenesis of selected hereditary corneal dystrophies
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Corneal dystrophy of the Bowman layer type II (CBDII) MIM 602082 (Thiel–Behnke or honeycomb dystrophy)






Clinical background


CDBII (Thiel–Behnke) dystrophy is an autosomal-dominant disease that is more common than CDBI (Reis–Bücklers).27 The dystrophy is characterized clinically by honeycomb-shaped opacities occurring at the level of Bowman’s membrane. Vision is not usually as severely affected as it is in CDBI; however, patients often have recurrent erosions.


Thiel and Behnke32 described the condition in 1967 as an anterior stromal dystrophy distinct from Reis–Bücklers. Küchle et al27 proposed that Thiel–Behnke was indeed distinct from Reis–Bücklers, was more common, and had distinct histopathological features. They proposed that this disease be referred to as CDBII. Okada et al,28 in 1998, described a mutation in the TGFBI/BIGH3 gene resulting in an amino acid change in the KE protein, glycine for arginine at codon 555.









Pathology


In CDBII, the epithelium is usually irregular due to iron deposition.27 Bowman layer is either mostly or totally absent. Interposed fibrous tissue between the epithelium and the stroma is noted in an undulating or “sawtooth” pattern. On transmission electron microscopy, peculiar collagen filaments or “curly fibers” are found.29









Pathophysiology


CDBII has been reported to be caused by mutations in TGFBI/BIGH3, resulting in substitution of glycine for arginine at codon 555 in the KE protein. This Arg555Gln mutation would be expected to alter the secondary structure of the KE protein and could result in the precipitation of the protein and the honeycomb pattern characteristic of the disease (Figure 4.2).28
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Figure 4.2 Corneal dystrophy of the Bowman layer type II (Thiel–Behnke or honeycomb dystrophy): honeycomb-shaped opacities; altered secondary structure of keratoepithelin.

















Stromal dystrophies






Granular dystrophy type I (GCD1) MIM 1219000 (Groenouw type I)






Clinical background


The breadcrumb-type lesions of the dystrophy can become apparent in the first decade of life, and, as the disease progresses, the lesions become discrete corneal opacities, mostly in the central anterior cornea. With further progression the opacities coalesce but the peripheral cornea usually remains clear. Visual acuity is usually mildly affected, but patients who are homozygous for the Arg555Trp mutation are more likely to be more severely affected with symptoms at an earlier age. Epithelial erosions are common.


Groenouw described a corneal dystrophy with autosomal-dominant inheritance that had large numbers of small, irregular discrete opacities in the central cornea.33 The larger opacities appear nodular, raise the epithelium, and give the corneal surface an irregular appearance – thus his designation of a “nodular degeneration.”33 Groenouw studied a small biopsy specimen from one of his patients and noted the material was positive with an acidophilic stain and was likely hyaline in nature.34 As opposed to the lattice dystrophies, which occur commonly in the Japanese population, GCD1 and the Arg555Trp mutation in the TGFB1 are rare in Japan.35









Pathology


The distinct corneal opacities stain red with Masson trichrome and the noted rod-shaped bodies with discrete borders can be detected by electron microscopy.36









Pathophysiology


A mutation in the TGFB1/BIGH3 gene that results in the substitution of tryptophan for arginine at codon 555, Arg555Trp, in the KE protein is responsible for the disease.30,37-39 The deposits in GCD1 are believed to be accumulations of mutant KE protein.38,39 The Arg555Trp mutant is associated with nonamyloid phenotypes as well as the other Arg555 mutant CDBII (Arg555Gln) (Figure 4.3).31,38
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Figure 4.3 Granular type I (Groenouw type I): breadcrumb lesions and corneal opacities.














Lattice corneal dystrophy I MIM 122200 (Biber–Habb–Dimmer dystrophy)






Clinical background


The dystrophy, which is bilateral but can be asymmetric, usually begins late in the first or early in the second decade with progressive branching linear opacities. These linear arrays are mostly in the central cornea. As the dystrophy progresses, a generalized haziness develops in the central cornea while the peripheral cornea remains clear. Recurrent erosions occur early in the course of the disease. As the disease progresses the opacities can coalesce, with resultant declining vision, usually in the fourth to sixth decade.


Biber,40 in 1890, described this dystrophy as gitterige Keratitis, noting branching twig-like patterns with a clear peripheral cornea. Haab41 further described a lattice-like appearance and, along with Dimmer42 in 1889, recognized that the disease appeared inheritable. Seitelberger and Nemetz43 determined that lattice dystrophy was a localized amyloid degeneration. Munier et al30 in 1997 noted mutations in TGFB1/BIGH3, resulting in the substitution of cysteine for arginine at codon 124 in the encoded protein KE in patients with lattice dystrophy.









Pathology


Amyloid deposits, which stain positive with Congo red and periodic acid–Schiff, are found throughout the stroma. On electron microscopy, irregular deposits are noted interspersed among the collagen lamellae.36









Pathophysiology


Mutations in TGFB1/BIGH3 gene, which encode KE proteins, are responsible for the protein amyloid deposits noted in the disease.30 Mutation “hot spots” have been found at the 124 codon position of the protein as multiple families with this mutation have been screened and identified.37 Haplotype analysis of these families demonstrates that these mutations have arisen independently and do not share a common ancestor.37 Amyloidogenesis in LCDI with the Arg124Cys mutation occurs with the accumulation of N-terminal fragments of KE. It is believed that amyloidogenesis in the Arg124Cys mutated cornea is associated with abnormal proteolysis of the protein.44 Because there is no other evidence of systemic amyloid deposition in patients with the Arg124Cys mutation, there are likely tissue-specific factors that lead to KE fragment aggregation. Evidence suggests that the Arg124Cys mutation in KE affects protein structure, resulting in increased beta sheet content. Korvatska et al have proposed that the Arg124Cys mutation abolishes a critical site of proteolysis of the KE protein that is essential for normal turnover of the protein (Figure 4.4).31
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Figure 4.4 Lattice corneal dystrophy type I (Biber–Habb–Dimmer dystrophy): lattice lines and haziness in central cornea.














Lattice corneal dystrophy type II MIM 105120 (familial amyloid polyneuropathy type IV (Finnish or Meretoja type))






Clinical background


In this hereditary systemic amyloidosis, in the third decade lattice-type lines appear which are fewer in number than LCDI and begin in the periphery.45-47 The central cornea is spared until later when vision can be affected, usually mildly. If the disease is homozygous for the mutant gelsolin protein, disease onset is earlier.48 The corneal findings are part of a systemic amyloidosis which involves cranial nerves, causing nerve palsies and affecting the skin with lichen amyloidosis and cutis laxa, leading to frozen facial features. Corneal nerves may be affected, leading to an anesthetic cornea.


Meretoja45 described in 1969 a family with systemic amyloidosis and a lattice type dystrophy. Klintworth47 recognized the corneal clinical findings as different from LCDI and termed this lattice dystrophy LCDII. Paunio et al48 described a mutation in the GSN gene, which encodes the protein gelsolin, in affected patients with Finnish-type familial amyloidosis. Most cases have a Finnish origin but families with the disease have been identified in Japan, Portugal, Czech Republic, and Denmark.48,49 Amyloid positivity for antigelsolin antibody, along with genetic testing, can confirm the diagnosis. The associated systemic findings for LCDII and several other hereditary corneal dystrophies are given in Box 4.2.





Box 4.2 Associated systemic findings in the hereditary corneal dystrophies












	Corneal dystrophies

	Associated systemic diseases/symptoms






	Lattice corneal dystrophy type II (LCDII)

	


Cranial neuropathy, primarily in the facial nerves



Peripheral polyneuropathy, mainly affecting vibrations and sense of touch



Minor autonomic dysfunction



Nephrotic syndrome and eventual renal failure associated with homozygous patients









	Familial amyloid polyneuropathy type IV: Finnish or Meretoja type

	 






	Schnyder crystalline corneal dystrophy (SCCD)

	


Increased risk of hypercholesterolemia or dyslipoproteinemia



Genu valgum is reported in some patients









	Pre-Descemet dystrophy with ichthyosis (XLRI)

	


Scaly skin with hyperpigmentation and large scales prominently on the flexor and extensor surfaces, trunk, neck, and scalp



Eyelids and conjunctiva may also be affected









	Harboyan syndrome congenital dystrophy and perceptive deafness (CDPPD)

	Sensorineural deafness






	Posterior polymorphous dystrophy (PPCD, PPMD)

	


Alport syndrome: a genetic disease characterized by glomerulonephritis, end-stage kidney disease, and nerve-related hearing loss



Blood in the urine is a common symptom



PPCD3 is also linked to inguinal hernias and hydroceles




















Pathology


Gelsolin is an actin-modulating protein that is expressed in most tissues.48 The amyloid deposits in LCDII consist of gelsolin fragments which coalesce underneath the corneal epithelium and the anterior stroma.50 There is a mostly continuous deposition of this amyloid beneath Bowman’s layer. Less amyloid deposition occurs in LCDII than in LCDI.51









Pathophysiology


A substitution of asparagine for aspartic acid at codon 187 in the GSN gene encodes a mutated gelsolin protein. The accumulated gelsolin protein fragments are responsible for the amyloid deposits (Figure 4.5).48
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Figure 4.5 Lattice corneal dystrophy type II (familial amyloid polyneuropathy type IV Finnish or Meretoja type): lattice-like lines represent amyloid deposits of gelsolin fragments.














Combined granular-lattice dystrophy (CGLCD) OMIM 607541 (Avellino corneal dystrophy)






Clinical background


The dystrophy becomes manifest in the second decade. By biomicroscopy, it has discrete gray-white opacities in the superficial to anterior one-third of the stroma. Intervening stroma can be hazy and linear opacities can be observed, while the periphery is clear. The disease progression is slower than in GCD or LCDI and vision is usually not severely affected. Corneal erosions are less common than with GCD.


In 1988, Folberg et al52 presented four patients from three families with clinical features similar to granular dystrophy but with histopathologic features similar to lattice dystrophy (LCDI) with fusiform stromal deposits of amyloid. In addition, deposits that appear morphologically similar to what is noted in GCD did not react with the usual histochemical stains. Folberg et al traced the ancestry of these families to Avellino, Italy; hence in some literature the disease is referred to as Avellino corneal dystrophy. The disease has been noted in many countries, particularly in Japan.53









Pathology


In CGLCD granular deposits are noted in the anterior third of the stroma. Amyloid can be detected in some granular deposits. Typical fusiform deposits, identified as amyloid, are noted deep to granular deposits.52 CGLCD is associated with a mutation in the TGFB1/BIGH3 gene resulting in a substitution of histidine for arginine at codon 124, Arg124His, in the KE protein.30 Patients homozygous for the Arg124His mutation have much more severe disease.53









Pathophysiology


The Arg124His mutation in the KE protein had mostly nonamyloid inclusions. The accumulation of the pathologic KE also occurred with abnormal proteolysis of the protein. A unique 66-kDa KE protein was noted in CGLCD and could be responsible for the deposits found in the disease (Figure 4.6).31
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Figure 4.6 Combined granular lattice dystrophy (Avellino corneal dystrophy): discrete gray-white opacities, intervening stroma hazy with linear opacities.














Gelatinous drop-like corneal dystrophy (GDLD) MIM 204870 (primary familial subepithelial corneal amyloidosis)






Clinical background


This dystrophy is characterized by severe corneal amyloidosis which can lead to marked visual impairment.54-57 At an early stage of the disease, whitish-yellow subepithelial and nodular lesions are noted centrally. As the lesions coalesce, a “mulberry” appearance with a whitish-yellow color occupies the central cornea. Ide et al have classified these different clinical presentations as band keratopathy type, stromal opacity type, kumquat-like type, and typical mulberry type.55


Nakaizumi54 first reported this rare dystrophy in a Japanese patient in 1914. The disease occurs in about one in 300,000 of the general population in Japan with scattered reports in other countries and is inherited as an autosomal-recessive disorder.55 Tsujikawa et al58 in 1999 found GDLD to be a result of a mutation in the M1S1 gene.









Pathology


GDLD is an autosomal-recessive disorder with mutations in the M1S1 gene localized to chromosome 1p.58 The commonest mutation resulted in a glutamine replaced with a stop at codon 118. Sixteen of 20 members of the families studied were homozygous for the Q118X mutation. All alleles studied carried the disease haplotype which strongly suggested that the Q118X mutation is the major mutation in the Japanese GDLD patients. Other nonsense and frameshift mutations have been noted in the M1S1 gene.









Pathophysiology


The function of the M1S1 protein is not understood. The M1S1 Q118X mutation and other mutations predict a truncated protein with loss of function or aggregation of the M1S1 protein.58 Cells transfected with the truncated M1S1 protein demonstrate aggregate perinuclear cytoplasmic bodies, supporting the possibility that an aggregation of protein leads to the formation of amyloid deposits and is responsible for the disease (Figure 4.7).
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Figure 4.7 Primary familial subepithelial corneal amyloidosis (gelatinous drop-like corneal dystrophy): nodular yellow-white mulberry-like lesions.














Macular corneal dystrophy (MCD) MIM 217800 (Groenouw type II)






Clinical background


MCD is characterized by progressive bilateral corneal clouding beginning in the first decade with grayish opacities and poorly defined borders. The opacities start centrally and can extend throughout the stroma, leading in most cases to corneal thinning.34,59,60 The diffuse opaque spotty clouding is initially noted in the superficial central cornea and spreads peripherally and into deeper stroma with age. The endothelium and Descemet’s membrane can be affected with the development of guttae. Severe visual impairment can occur as early as the age of 40. The disease is rare except in Iceland.


Groenouw described the characteristics of MCD in his original report of corneal nodular dystrophies along with the clinical findings of granular corneal dystrophy.34 The two diseases have been referred to as Groenouw type II and Groenouw type I, respectively. Jones and Zimmerman59 demonstrated accumulation of acid mucopolysaccharide and Klintworth and Vogel60 found that MCD is an inherited storage disorder of mucopolysaccharide in corneal fibroblasts in 1964. Hassell et al,61 in 1980, found that failure to synthesize a mature keratan sulfate proteoglycan was responsible for the disease. Akama et al,62 in 2000, found that the carbohydrate sulfotransferase gene (CHST6), encoding an enzyme designated corneal N-acetylglucosamine-6-sulfotransferase, was responsible for MCD I and II.


Studies of mutations in this gene in multiple populations have demonstrated marked heterogeneity with many different missense mutations, deletions, and insertions.63-68


In the diagnostic workup of MCD, the dystrophy has been divided into three subtypes (MCD type I, IA, and II) based on the immunoreactivity of the patient’s serum and cornea to an antibody to sulfated keratan sulfate.69 MCD I has no reactivity of the antibody to serum or the cornea. In MCD IA, antigenicity is missing in the serum and cornea but can be detected in keratocytes. MCD II has reactivity in the cornea and in the serum.69









Pathology


Sulfation of polylactosamine, the nonsulfated precursor to keratan sulfate, is critical to obtaining proper hydration of the stroma and maintaining corneal clarity. The CHST6 gene encodes the enzyme N-acetyl glucosamine-6-sulfotransferase which catalyzes the sulfation of polylactosamine of the keratan sulfate containing proteoglycans in the cornea.62









Pathophysiology


It is yet unknown how the various mutations in the CHST6 gene cause disease. However, due to the high degree of mutational heterogeneity found in patients with this disease and this gene, it is believed that loss of function with deficient enzyme activity is responsible for the dystrophy (Figure 4.8).62-68
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Figure 4.8 Macular corneal dystrophy (Groenouw type II): corneal clouding with grayish opacities and poorly defined borders.














Schnyder crystalline corneal dystrophy (SCCD) MIM 121800






Clinical background


SCCD is a rare autosomal disease with slow progressive corneal clouding due to deposition of cholesterol and phospholipids.70,71 The lipid deposition occurs in the stroma, often with a discoid pattern. There can be an accompanying prominent arcus. Affected patients have a higher likelihood of developing hypercholesterolemia.


The first description of SCCD was in 1924 by Van Went and Wibaut72 with later detailed descriptions of the disease by Schnyder in 192973 and 1939.74 Bron and others reported the association of SCCD with hyperlipoproteinemia.70 In 1996 Shearman et al reported the mapping of the gene for SCCD to chromosome 175 and in 2007 multiple investigators reported that mutations with the UBIAD1 gene were associated with SCCD.76-79 Although the disease is rare, multiple families have been reported with the disease, strongly suggesting autosomal-dominant inheritance.









Pathology


The etiology of SCCD is as yet unclear but appears to be associated with mutations in the UBIAD1 gene76-79 and the resultant changes that occur in lipid metabolism locally in corneal keratocytes and fibroblasts in skin.71 There can be high cholesterol levels in some patients with SCCD, and the cornea has been shown to have nonesterified cholesterol, cholesterol esters, and phospholipids.









Pathophysiology


As yet, it is unclear how missense mutations identified thus far for UBIAD1 lead to lipid deposition in the cornea. However, UBIAD1 encodes a potential prenyltransferase and may interact with apolipoprotein E.76-79 Cholesterol metabolism may be affected directly or other alterations in cellular structural elements could lead to abnormal lipid metabolism (Figure 4.9).
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Figure 4.9 Schnyder crystalline corneal dystrophy: deposits representing phospholipids and cholesterol in discoid pattern; corneal clouding.














Congenital hereditary stromal dystrophy (CHSD)






Clinical background


The disease is usually characterized by stationary flaky or feathery clouding of the corneal stroma without abnormalities of the epithelium or endothelium.80


Turpin et al81 described the original family in 1939.The condition was named and distinguished from congenital hereditary endothelial dystrophy (CHED) by Witschel et al80 in 1978.









Pathology


The histopathologic findings in CHSD are confined to the stroma where normal tightly packed lamellae alternate with layers of loosely arranged collagen fibrils of half the normal diameter.80,82









Pathophysiology


Linkage to chromosome 12q22 with a frameshift mutation in the DCN gene that encodes the stromal protein, decorin, has been found in patients with CHSD.83 The mutation predicts a truncation of the decorin protein. It is believed that the truncated decorin protein would bind to collagen in a suboptimal way, leading to a disruption in the regularity of collagen fibril formation and loss of corneal transparency.












Fleck corneal dystrophy (CFD) MIM 121850 (François–Neetens Mouchetée)






Clinical background


The condition is characterized by small white flecks at all levels in the corneal stroma. The intervening stroma is clear and there is no involvement with the epithelium or endothelium. Vision is not usually affected and patients are asymptomatic.84,85


François and Neetens,84 in 1956, described dystrophie mouchetée (speckled) as characterized by white flecks throughout the stroma. Li et al86 in 2005 found mutations in the PIP5K3 gene associated with the dystrophy.


The disease is rare and thought to be nonprogressive and has been noted in patients as young as 2 years. Confocal microscopy in vivo reveals bright-appearing deposits that are found around keratocyte nuclei.87









Pathology


The corneal speckled flecks found throughout the stroma are believed to be pathologically affected keratocytes which are inspissated with membrane-bound intracytoplasmic vesicles with lipids and mucopolysaccharides.85









Pathophysiology


Missense, frameshift, and protein-truncating mutations in PIP5K3 were found in multiple families studied with Fleck corneal dystrophy.86 These predicted truncated proteins would result in loss of function of the PIP5K3 protein. The histological and clinical characteristics of patients with CFD are consistent with biochemical studies of PIP5K3 protein indicating that it plays a role in endosomal sorting and that its dysfunction is related to the abnormal storage of lipids and glycosaminoglycans noted in stromal keratocytes (Figure 4.10).
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Figure 4.10 Fleck corneal dystrophy (François–Neetens mouchetée): small white flecks in stromal layer.














Bietti crystalline corneoretinal dystrophy (BCD) MIM 210370






Clinical background


This rare corneoretinal dystrophy is characterized in some patients with peripheral, glistening yellow-white crystals at the limbus and peripheral cornea.88 The disease, however, can lead to marked loss of vision due to involvement of the retina. The same yellow-white crystals are noted in the posterior pole with retinal pigment epithelial atrophy, choroidal sclerosis, and pigment clumping. The disease is progressive with loss of vision, night blindness, and peripheral visual field loss.


The disease was described by Bietti89 in 1937. Li et al90 described mutations in the CYP4V2 gene in 2004.


The disease has a pattern of autosomal-recessive inheritance and has been reported as more common in Asiatic populations. Diagnosis can be confirmed by the presence of crystalline lysosomal inclusions in lymphocytes and fibroblasts from skin biopsies.88









Pathology


Abnormal lipid metabolism is thought to be involved in Bietti crystalline dystrophy. Histopathology demonstrates crystals and lipid inclusions in choroidal fibroblasts, corneal keratocytes, and lymphocytes. CYP4V2 is as yet an unknown gene but has sequence homology to other CYP450 proteins which are involved in fatty acid and corticosteroid metabolism which would be functions consistent with the lipid pathology associated with the disease.90,91












Pre-Descemet dystrophy associated with X-linked recessive ichthyosis (XLRI)






Clinical background


The disease is characterized by scaly skin with hyperpigmentation and large scales prominently on the flexor and extensor surfaces, trunk, neck, and scalp.92-94 Eyelids can be involved as well as the conjunctiva. The cornea is involved in about 50% of affected individuals with fine, filiform corneal opacities located in the posterior stroma. Female carriers may only have the corneal opacities as a sign of the disease.


The association of deep corneal opacities associated with ichthyosis was made in 1954 by Franceschetti and Maeder,95 who termed the biomicroscopic appearance as dystrophia punctiformis profunda. Shapiro et al96 identified deletions in the STS gene as responsible for XLRI in 1989. The X-linked recessive disease affects men in a ratio of 1 : 6000. The diagnosis of XLRI is confirmed by an assay of STS.









Pathology


Deficiency of STS produces X chromosome-linked ichthyosis, one of the most common inborn errors of metabolism in humans.96 Most XLRI-affected individuals have deletions in STS. The function of STS is the desulfation of cholesterol sulfate, which leads to an increase in plasma levels of cholesterol sulfate. Ocular opacities may result from the accumulation of cholesterol sulfate, but this has not yet been confirmed.















Endothelial dystrophies






Congenital hereditary endothelial dystrophy I (CHED I) MIM 121700












Congenital hereditary endothelial dystrophy II (CHED II) MIM 217700












Harboyan syndrome congenital dystrophy and perceptive deafness (CDPD) MIM 217400






Clinical background


Both CHED I and II are rare bilateral congenital dystrophies resulting in diffuse stromal edema.97-102 With the recessive form of the disease, gross stromal edema is noted at birth or shortly thereafter, while the dominant form is usually less severe with a clear cornea at birth and stromal edema slowly progressing later in childhood.99,103 Although mild photophobia and epiphora can be noted early in the disease, these symptoms usually ameliorate with progression. Corneal clouding in CHED has been reported from birth to 8 years of age. Progression can be seen in both the recessive and dominant forms of the disease with the increase in stromal edema, the development of stromal fibrosis, and plaques. The Harboyan syndrome or CDPD presents with the clinical picture of CHED at birth and with the development of sensorineural hearing loss most commonly during the second decade of life.104 With the findings of a genetic cause of CHED II in the SLC4A11 gene and the association of hearing loss with mutations in this gene, it is thought advisable to obtain screenings for hearing loss regularly in patients with CHED.105


Congenital hereditary corneal edema was described by Komoto106 in 1909. In 1960, Maumenee97 postulated that the disease could occur as a result of primary endothelial dysfunction. This was confirmed by Pearce et al98 in their electron microscopic study of the endothelium of patients with hereditary congenital edema reported in 1969. Pearce et al also postulated that the dystrophy was caused by a gene or point mutation. Judisch and Maumenee99 distinguished the clinical signs and confirmed the two forms of inheritance of the condition, autosomal recessive and autosomal dominant. CHED was mapped to chromosome 20 and later homozygosity mapping and linkage analysis demonstrated that CHED I and CHED II were at different loci on chromosome 20.103 In 2006, Vithana et al105 demonstrated that mutations in SLC4A11 cause CHED II. Harboyan et al104 reported the syndrome of CDPD in 1971 and Desir et al107 reported that mutations in SLC4A11 were also responsible for CDPD.









Pathology


Mutations in SLC4A11, the gene that encodes the sodium borate transporter protein termed NaBC1, can cause CHED II.108 Initially the sequence homology of the protein suggested that it functioned as a bicarbonate transporter and was termed bicarbonate transporter protein or BTR1, but in fact, the NaBC1 protein is a borate transporter in the cell membrane.









Pathophysiology


The SLC4A11 gene encodes the boron-concentrating membrane transporter.105 The large number of mutations that have been reported in SLC4A11 associated with CHED II suggest the disease is genetically heterogenous.108,109 In transfected cells with mutant and wild-type SLC4A11, a decrease in transporter proteins was noted in cells with the mutant gene. Cell-surfacing processing assays demonstrated that mutated protein was not membrane-bound, which indicates that when mutated, the protein likely loses its function. Exactly how these mutations in SLC4A11 lead to CHED and Harboyan syndrome with hearing loss is not understood, but some loss of ion transport is believed to be essential in maintaining fluid transport across the endothelium and maintaining the endolymph in the inner ear (Figure 4.11).107
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Figure 4.11 Congenital hereditary endothelial dystrophies (CHED) type II: diffuse stromal edema with stromal fibrosis.











Fuchs’ dystrophies


This group of hereditary endothelial dystrophies (early- and late-onset Fuchs’ dystrophies) are covered in Chapter 5.












Posterior polymorphous dystrophy (PPCD, PPMD) MIM 122000






Clinical background


PPMD can affect both corneas, usually in the second or third decade of life. There is a wide variation in the signs of the disease: some individuals are slightly affected whereas others have severe corneal decompensation requiring penetrating keratoplasty.110-114 Posterior vesicles often characterize the disease, with bands and retrocorneal membranes appearing as glass-like structures extending across the angle on to the iris, forming peripheral anterior synechiae.


The disease was first described by Koeppe110 in 1916: he termed the disease keratitis bullosa interna. In 1953 McGee and Falls111 reported that the disease was autosomal dominantly inherited. Iris synechiae were reported by Soukup112 in 1964. The association of PPMD with glaucoma was made by Rubenstein and Silverman113 in 1968. The discovery of the epithelial-like nature of the endothelium in PPCD was made through electron microscopic findings by Krachmer114 and Boruchoff and Kuwabara.115 The association of PPCD with Alport’s disease was made by Colville and Savige.116


With or without posterior polymorphous corneal dystrophy, a diagnosis of anterior lenticonus requires that a medical history be taken and a workup for Alport syndrome should be done. PPCD3 has been associated with inguinal hernias and hydroceles.









Pathology


PPCD has been associated with the VSX1 gene (PPCD1),117 COL8A2 (PPCD2),118 and TCF8 or ZEB1 (PPCD3),119,120 and has been linked to 20p11.2 (PPCD4).121 Subsequent studies have not confirmed mutations in the VSX1 or COL8A2 as associated with PPCD120,121; however, mutations of the TCF8 gene have been confirmed by others120,122 to be associated with PPCD.









Pathophysiology


The disease is characterized by endothelial cellular proliferation with an abnormal regulation of protein expression resulting in an altered structure of Descemet’s membrane, with the endothelium taking on epithelial-like characteristics.114,115


In PPCD3, TCF8 heterozygous frameshift mutations segregate in families with PPCD3.119 Five of 11 probands were found to have TCF8 mutations, suggesting that 45% of PPCD is caused by this gene. There may be an age-related aspect to the penetrance of the gene mutation, especially in PPCD3 families.


Immunohistochemical evidence demonstrates that, in the presence of a familial proband’s heterozygous TCF8 mutation, there is aberrant expression of COL4A3, which is a regulatory target of TCF8. Krafchak et al119 demonstrated the overexpression of COL4A3 in the corneal endothelium of a proband. Interestingly, COL4A3 mutations are also associated with Alport’s syndrome with coexisting PPCD (Figure 4.12).
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Figure 4.12 Posterior polymorphous dystrophy: posterior vesicles with bands.














X-linked endothelial dystrophy (XCED)






Clinical background


Schmid et al123 in 2006 described a new X-linked endothelial dystrophy. With slit-lamp direct biomicroscopy, all patients were observed to have endothelial changes suggestive of pits resembling irregular cornea guttae. On retroillumination, these irregularities appeared as “moon craters.” Two of 13 affected males had a milky ground-glass appearance at birth suggestive of CHED. Seven other patients developed subepithelial band keratopathy, which reduced vision and required penetrating keratoplasties to restore vision. Thirty-five of 60 members of the four-generational pedigree were found to be affected and males were found to be more severely affected than females. The endothelial changes are irregular.









Pathology


This endothelial dystrophy has been linked to the X chromosome with the interval defined between markers DXS8057 and DXS1047.123


The disease was found to be transmitted from all affected males to all of their female offspring, but not to their male offspring. Marked thickening of Descemet’s membrane is characteristic of this dystrophy, especially in the anterior banded zone, suggesting that the alterations in this dystrophy occur in utero.















Summary


As detailed above, a number of hereditary corneal dystrophies have been linked to specific gene mutations (Box 4.3), opening lines of inquiry into the molecular pathogenesis and therapeutic options for alleviating or curing each dystrophy. Because of our unique access to the cornea as the external tissue of the eye and our ability to note in exquisite detail the layers of the cornea with biomicroscopy, hopefully in the near future we will be able to apply gene therapy techniques locally or apply topical agents to modify aberrant gene expression and observe a therapeutic effect.





Box 4.3 Summary of the genetics of the hereditary corneal dystrophies
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CHAPTER 5 Fuchs’ endothelial corneal dystrophy
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Clinical background


Fuchs’ endothelial corneal dystrophy (FECD) is a bilateral, asymmetric, slowly progressive disorder specific to the corneal endothelium, resulting in decreased visual function and in some cases pain, secondary microbial infection, and corneal neovascularization (Figure 5.1A). The disease was first described in 1910 by Ernst Fuchs, an Austrian ophthalmologist. FECD is an age-related disorder that affects 4% of the population over 40 years of age and its typical symptomatic onset is in the fifth or sixth decade of life1; however, an early form of the disease does exist.2,3 Women are predominantly affected and familial clustering is commonly seen with this disease, which suggests an autosomal-dominant inheritance with incomplete penetrance.4-6
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Figure 5.1 (A) Fuchs’ endothelial corneal dystrophy showing stromal edema. Corner image displays a specular reflection photomicrograph showing endothelial cells that are large and disrupted by numerous guttata. (B) Specular microscopy image of corneal endothelium in Fuchs’ endothelial corneal dystrophy demonstrating polymegethism and pleomorphism as a result of decreased endothelial cell density.




The two different forms of FECD are mainly distinguished by the time of onset of disease. The more typical form presents in the fourth or fifth decade1 and is known as late-onset FECD. Rare cases have been reported of early-onset FECD that demonstrate disease as early as the first decade with diffuse corneal edema by the third or fourth decades without prior guttae formation.3,5 The two forms of FECD also vary in terms of histopathology (Figure 5.2), Descemet’s membrane electron micrography, immunohistochemistry, distribution of various proteins in Descemet’s membrane, corneal slit-lamp photography, specular microscopy, and genetic inheritance. These differences will be discussed further in the following sections of this chapter.
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Figure 5.2 Morphologic changes in control and Fuchs’ endothelial corneal dystrophy (FECD) corneas. Hematoxylin and eosin staining with bright-field microscopy. (A) Control cornea from a 30-year-old patient with keratoconus who had a healthy, normal Descemet’s membrane (DM). Corneal endothelial cells were darkly stained and well aligned. (B) Early-onset FECD COL8A2 L450W mutant, showing prominent network of wrinkle-like structures (arrows). Remaining endothelium on the posterior face (bottom) shows cytoplasmic degenerative changes. No posterior excrescences were visible in this or other sections. (C) Late-onset FECD cornea, showing refractile structures in the anterior and central portion of the DM (arrows). Prominent focal excrescences were present on the posterior surface of the DM. A few degenerated endothelial cells were present between the excrescences. Bar, 20 µm.


(Reproduced with permission from Gottsch JD, Zhang C, Sundin O, et al. Fuchs corneal dystrophy: aberrant collagen distribution in an L450W mutant of the COL8A2 gene. Invest Ophthalmol Vis Sci 2005;46:4504–4511.)





The underlying defect in FECD is believed to be a programmed decline in the number of functional endothelial cells. This causes a dysfunction of this layer which leads to a progressive sequence of stromal and epithelial edema, eventually resulting in structural alterations to the other corneal layers.7 The endothelial dysfunction is thought to lead to a thickening of Descemet’s membrane along with stromal and epithelial edema which, if extensive enough, can produce subepithelial bullae. The edema results in decreased vision and the bullae cause the pain associated with FECD.8


FECD overlaps with other conditions sharing endothelial attenuation, such as pseudophakic corneal edema (PCE), but is typically distinguished from these other corneal disorders by the presence of refractile endothelial excrescences called guttae. A nonguttate form of FECD does exist and is thought to be a variant.9 In addition several other conditions can cause pseudoguttae in the setting of inflammation and infection (e.g., luetic keratitis).









Pathology and pathophysiology






Overview of the structure and function of the cornea


To understand the functional impact of FECD on the cornea, a brief discussion of normal corneal physiology is important, in particular understanding the function of each layer and comparing normal cornea to corneas affected by FECD, beginning with the endothelium and progressing anteriorly. The cornea is a thin, highly specialized tissue that faces the challenge of being an interface between the outside environment and the inside of the body while maintaining tissue clarity at a level which allows sharp visual acuity. This is achieved via the efficacy of specialized layers as thin as monolayers, in maintaining corneal health. The two main functions of the cornea are maintaining the structural integrity of the eye and clarity. Corneal clarity is most universally related to it, being maintained in a state of deturgescence. The endothelial monolayer function, supplemented by epithelial evaporation and augmented by the cornea’s avascularity, is responsible for corneal deturgescence. Endothelial deturgescence is accomplished in two ways: (1) by acting as a barrier to the movement of salt and metabolites into the stroma; and (2) by actively pumping bicarbonate ions from the stroma to the aqueous humor.10 Active transport is achieved as a result of the gradient of the Na-K-ATPase pump in the lateral cell membrane of endothelial cells. Endothelial dysfunction has been observed in corneas where ATPase inhibitors such as ouabain and carbonic anhydrase inhibitors such as acetazolamide have been used topically or intracamerally.9,11









The endothelium


The endothelial monolayer is composed of cells with hexagonal plate-like shape with nuclei that are round and spaced roughly 2–4 nuclear diameters from their neighbors.12 Cell thickness equals that of the nuclei. With endothelial attenuation, the number of cells first decreases, then the cytoplasm thins, and finally the nuclei thin to adopt a progressively flattened shape.12


In FECD, several factors may contribute to corneal edema, though the primary cause of this endothelial dysfunction is unknown. Homeostasis of fluid across the posterior surface of the cornea is thought to occur as a result of the pump leak model.10,13 A decreased number of endothelial cells may result in fewer sites of pump action. In addition, the attenuation of cell cytoplasm as cells spread and enlarge horizontally to cover Descemet’s membrane may decrease the barrier function of the endothelium. Decreased pump activity within the endothelium has been identified (Figure 5.3).14,15 Recent studies have shown advanced glycation end products (AGEs) in corneal endothelium, suggesting a possible role for oxidative stress and AGEs in FECD pathogenesis.16 Keratin expression not normally seen in endothelium has been noted in patients with FECD as well as other conditions of endothelial stress, though this may represent an epiphenomenon of the endothelial pathology.17 Studies of aquaporins, a family of transport molecules, show a decreased expression of aquaporin 1 in both FECD and PCE corneas but increased aquaporin 3 and 4 in PCE alone, suggesting a role for these molecules in FECD which differs from that in PCE.18 Similar findings occurred in thermally induced endothelial dysfunction in mice.19 Most recently, ultrastructural studies of three cases of early-onset FECD showed swollen mitochondria, a sign of cell stress.20
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Figure 5.3 Diagram of Fuchs’ endothelial corneal dystrophy pathophysiology, demonstrating increased stromal swelling pressure, resulting in corneal edema as a result of decreased pump activity in diseased corneal endothelium.




Guttae formation and progression can be identified with slit-lamp biomicroscopy, specular microscopy, and confocal microscopy (Box 5.1; stage 1). Pachymetry can document the increased corneal thickness due to edema and fluorophotometry can demonstrate the loss of barrier and pump function.21 Histopathologically, the edema fluid separates the corneal lamellae and forms “fluid lakes.” The separation of collagen fibrils leads to loss of corneal transparency. As the disease progresses, the edema fluid enters the epithelium, resulting in an irregular epithelial surface. The edema varies from slight bedewing to frank bullae formation (Box 5.1; stage 2). Mild-to-moderate corneal guttae can remain as such for years without affecting vision. As the disease advances, vascular connective tissue is formed under and in the epithelium (Box 5.1; stage 3). This condition is followed by extremely limited visual acuity (Box 5.1; stage 4) and secondary complications (e.g., epithelial erosions, microbial keratitis, corneal vascularization).





Box 5.1 Clinical stages of Fuchs’ endothelial corneal dystrophy9






Stage 1






• This stage is defined by the presence of corneal guttae in the central or paracentral area of the endothelium



• It occurs in the fourth or fifth decade of life



• The excrescences of corneal guttae increase in number and may become confluent, resulting in a beaten-metal appearance of the endothelial surface



• The patient usually has no complaints at this stage









Stage 2






• This stage is characterized by confluent guttae in the central and/or paracentral area of the corneal endothelium associated with stromal edema



• Increasing visual and associated problems develop, caused by incipient edema of the corneal stroma initially and later the epithelium



• The patient sees halos around lights and also experiences blurred vision and glare along with foreign-body sensation and pain



• With progression microcystic epithelial edema develops and ultimately macrobullae form that may rupture and expose the cornea to the danger of infectious keratitis









Stage 3






• In this stage, subepithelial connective tissue and pannus formation along the epithelial basement membrane are present



• The periphery of the cornea becomes vascularized and a reduction in bullae formation occurs



• Epithelial edema is reduced, so that the patient is more comfortable



• Stromal edema remains









Stage 4






• Visual acuity may be reduced to hand motions, but the patient does not experience painful attacks



• Subepithelial scar tissue forms, limiting vision, but bullae formation decreases















Descemet’s membrane in FECD


Descemet’s membrane is divided into two layers: an anterior banded layer (ABL) laid down during embryogenesis, and a posterior nonbanded layer (PNBL) which represents the progressively thickening basement membrane of the endothelium throughout life.22-24 At birth, the thickness of the ABL averages 3 µm and stays relatively constant throughout life. It acquires an intricate laminar structure formed from the extracellular matrix secreted by endothelial cells. The ABL contains large, regularly spaced bands of collagen VIII. In contrast to the ABL, the PNBL continues to thicken throughout life, averaging 2 µm at 10 years and 10 µm at 80 years.21 In prenatal development, the expression of short filaments is observed perpendicular to the plane of the anterior layer of Descemet’s membrane. Transmission electron microscopy has shown these filaments to have a striated or banded pattern forming the ABL. The deposition of nonstriated material continues with age and forms the PNBL.13,25


The structure of Descemet’s membrane is adversely affected by the FECD disease process (Figure 5.4). The ABL thickness in both normal corneas and those affected by late-onset FECD ranges from 3 to 4 µm. However, in early-onset FECD, the ABL can be as thick as 38 µm.20 The PBNL of Descemet’s membrane is the most prominent structure affected in late-onset FECD, accounting for the majority of the increase in thickness along with the corneal guttae. Unlike late-onset FECD, the PNBL in early-onset disease is similar to normal corneas, except for the presence of rare strips of widely spaced collagen. This layer is accompanied by a unique 2-µm internal collagenous layer (ICL) characterized by widely spaced collagen strips and a 12-µm posterior striated layer. Wide-spaced type VIII collagen was found to be the major structural component to Descemet’s membrane in both the ABL and PBNL of normal, early-onset FECD, and late-onset FECD corneas.26 A loose fibrillar layer can also be found between the PNBL and the endothelial cells.8,27 The fibrillar layer seems to be thicker in corneas with more decompensation as there is presumably more fluid accumulation through diseased endothelial tight junctions.
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Figure 5.4 Ultrastructure of Descemet’s membrane of normal, late-onset Fuchs’ endothelial corneal dystrophy (FECD), and early-onset FECD as represented by the L450W mutant. Transverse sections of Descemet’s membrane from (A) normal control; (B) late-onset FECD; and (C) early-onset FECD. Arrows and letters, to the right of (c) indicate layers of origin for the higher-magnification images (D–G). (D) Anterior banded layer (ABL), at its bottom edge. (E) Detail of posterior nonbanded layer (PNBL). (F) Internal collagenous layer (ICL) showing disorganized wide-banded collagen (arrows), and adjacent electron-dense fibrous material (bottom). (G) Posterior striated layer (PSL).


(Reproduced with permission from Gottsch JD, Zhang C, Sundin O, et al. Fuchs corneal dystrophy: aberrant collagen distribution in an L450W mutant of the COL8A2 gene. Invest Ophthalmol Vis Sci 2005;46:4504–4511.)





Immunohistochemical analysis of the expression of collagen and associated proteins in FECD has been an important area of study. Collagen IV, fibronectin, and laminin are key components of the basal lamina of many different tissues, including Descemet’s membrane.28-32 Disparities with respect to the distribution of collagen, laminin, and fibronectin between normal corneas and those affected by FECD have also been identified.20 In the normal cornea, highly periodic structures in Descemet’s membrane contain both alpha-1 and alpha-2 subunits of collagen VIII.20 Both subunits remain constant throughout normal corneas, suggesting that they were co-assembled in a structure with a well-defined composition. In both early-onset and late-onset FECD, this regular distribution is adversely affected. In early-onset FECD, the L450W mutant of COL8A2 loses its periodic structure in Descemet’s membrane. Furthermore, co-assembly of COL8A1 and COL8A2 does not occur in an organized fashion, as certain areas contain more of one subtype than another. In late-onset FECD, differences in the distribution of COL8A1 and COL8A2 in the PNBL of Descemet’s membrane can also be detected immunohistochemically via increased expression of COL8A1 and a less intense expression of COL8A2.20 COL8A2 was also identified in the abnormal ribosomes of endothelial cells in early-onset FECD patients, suggesting these cells as its source and thus the primary cause of FECD. Both forms of FECD are probably associated with abnormal assembly and turnover of collagen VIII within the specialized extracellular matrix.20









Stroma, Bowman’s layer, and epithelium


A variety of findings have been reported in the tissue anterior to Descemet’s membrane/endothelium of FECD corneas. With associated endothelial dysfunction in FECD diffuse edema occurs with swelling in the interlamellar spaces of stromal collagen. As the dysfunction worsens edema fluid interposes below the epithelium, causing bullae and raising the epithelium off Bowman’s layer and even intercellular epithelial edema. More recently, evidence for apoptosis has been identified using terminal uridine deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) methodology in the epithelium, stroma, and endothelium of FECD corneas. The significance of these findings as primary or consequent to an underlying abnormality remains to be determined.33 Similarly, nonspecific alteration of extracellular matrix proteins has been suggested; however, its role is not completely understood.33












Etiology


Recently a molecular basis for FECD has begun to be understood. There appear to be distinct pathogenic mutations resulting in the respective phenotypes of early-onset and late-onset FECD. Both disease types vary in the specific genes that are affected. Pathogenic mutations in COL8A2 gene2,3 which encodes the alpha2 subtype of collagen VIII, a major component of Descemet’s membrane,26,28,34 have been identified as the cause of early-onset FECD.20 Mutations in these genes have not been implicated in late-onset disease. For late-onset FECD, other genetic, physiological, and environmental factors may play a role in pathogenesis as there is a consistent ratio of 2.5:1.0 of affected females to males. Approximately 50% of clinical patients with FECD have siblings, parents, or offspring who are also affected.2,35 FCD1 gene at 13pTel-13q12.13 (Figure 5.5) was the first genetic locus identified for late-onset FECD.36 The defect in the gene may be a noncoding region promoter mutation that causes changes in mRNA levels. It has followed mendelian inheritance as a single autosomal-dominant trait. FCD2 at 18q21 (Figure 5.6) was the second genetic locus identified for late-onset FECD.37 This locus was found in three large families, indicating its potential widespread involvement in late-onset FECD. There was incomplete penetrance with a high phenocopy rate, indicating that other environmental and/or genetic factors may play a role for the inherited disease trait.37 The defect in the FCD2 genetic locus leading to late-onset FECD has not yet been identified. Mutations in the SLC4A11 gene, recently found in patients with recessive congenital hereditary endothelial dystrophy (CHED II), may also be implicated in late-onset FECD. Four heterozygous mutations, three missense mutations (E399K, G709E, and T754M), and one deletion mutation (c.99–100delTC) were recognized in a screen of 89 FECD patients. Missense proteins encoded by the mutants were defective in localization to the cell surface and may play a role in FECD pathology.38 Late-onset FECD is now recognized as a multifactorial disease with a complex genetic etiology. In an effort to find genetic loci causing susceptibility to disease, several groups have initiated compilations of large data sets of families and case-control sets. Most ongoing investigations have used the Krachmer grading system or a modified version to classify disease into a semiquantitative scale.35,39,40
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Figure 5.5 Genes in the FCD1 disease interval. Ideogram of human chromosome 13, with FCD1 interval indicated by vertical bracket. 13pTel, 13qTel indicate p and q telomeres, with nucleotide positions of 0–114 million basepairs. FCD1 is represented by the first 7.6 million basepairs of chromosome 13.


(Modified from Sundin OH, Jun AS, Broman KW, et al. Linkage of late-onset Fuchs corneal dystrophy to a novel locus at 13pTel-13q12.13. Invest Ophthalmol Vis Sci 2006;47:140–145.)
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Figure 5.6 Gene interval of the chromosome 18 FCD2 locus based on haplotypes of a kindred as identified by Sundin et al (Sundin OH, Broman K, Chang H, et al. A common locus for late-onset Fuchs corneal dystrophy maps to 18q21.2-q21.32. Invest Ophthalmol Vis Sci 2006;47:3919–3926.) FCD2 is represented by approximately 7 million basepairs between 18q21.2 and 18q21.32.


(Modified from Sundin OH, Broman K, Chang H, et al. A common locus for late-onset Fuchs corneal dystrophy maps to 18q21.2-q21.32. Invest Ophthalmol Vis Sci 2006;47:3919–3926.)












Clinical diagnosis and evaluation of FECD


Clinical diagnosis of FECD is initially made by the presence of central corneal guttae. As the disease progresses, corneal haziness due to stromal thickening, subepithelial bullae, and Descemet’s folds may be seen. Further analysis with specular or confocal microscopy characterizes the baseline state and progression of guttae formation, decrease in endothelial cell density, and increase in endothelial pleomorphism and polymegethism (Figure 5.1B). Corneal pachymetry, as measured ultrasonically or optically, with specular, confocal microscopy, or optical coherence tomography, is an effective method of measuring an increase in corneal edema and the progression of the disease.41 Presence of Descemet’s folds, epithelial edema, and thickness greater than 0.62 mm indicates potential corneal decompensation.42 However, with our greater appreciation of the varying thickness in normal corneas without stromal edema, the clinician must correlate pachymetric changes with patient symptoms and slit-lamp findings as regards worsening of the disease.


Until recently the pathologic diagnosis of FECD was based on evaluation of full-thickness corneal buttons which demonstrated overall thickening, endothelial attenuation, central guttae formation, thickening of Descemet’s membrane (Figure 5.7), varying degrees of diffuse or focal stromal edema, and varying degrees of epithelial edema with or without subepithelial bullae. With the advent of endothelial keratoplasty procedures, pathologic diagnosis is typically limited to examination of the central portion of Descemet’s membrane and the endothelium.43 Nonetheless, the ability to diagnose FECD and to distinguish it reliably from similar conditions such as pseudophakic corneal edema remains, if appropriate techniques are utilized.44
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Figure 5.7 (A) Specimen from Descemet stripping endothelial keratoplasty (DSEK) procedure, showing guttae and loss and attenuation of endothelial cell nucleus. Anterior banded layer is seen along upper surface. Hematoxylin and eosin × 400. (B) Specimen from DSEK procedure, showing guttae and attenuated endothelial cell nucleus. Anterior banded layer is seen along upper surface. PAS × 400.











Management


There is no current preventive treatment for the advancement of FECD. As we gain further understanding of the pathophysiology of the disorder based on ongoing genetic, biochemical, and immunohistochemical studies, future treatments will become available, obviating the need for keratoplasty in advanced disease. Early symptomatic relief due to epithelial edema is aimed at increasing the osmolality of the tear film by using hypertonic solutions such as 5% sodium chloride.45 Hypertonic ointments such as 5% sodium chloride used prior to sleeping can also increase tear film osmolality and decrease morning symptoms of blurred vision. In patients with more advanced corneal edema and bullous keratopathy, a bandage contact lens can be used to decrease irregular astigmatism and alleviate the pain caused by the bullae.46 In patients with increased intraocular pressure, treatment with topical ß-blockers or α-agonists may be of benefit, as a temporary reduction in corneal edema can be achieved by lowering intraocular pressure47; topical carbonic anhydrase inhibitors should be avoided since they potentially contribute to the endothelial dysfunction in the disorder.48 In cases of advanced corneal edema and scar formation associated with pain or corneal infection in which extenuating medical or social reasons for keratoplasty are not feasible, a total conjunctival flap is an option for pain relief and prevention of infection. However, visual restoration requires corneal transplantation.


Corneal transplantation is indicated when either corneal edema causes an unacceptable level of visual impairment or epithelial bullae cause incapacitating discomfort.47 In patients with full-thickness corneal edema, a penetrating keratoplasty has been the gold standard to replace diseased endothelium, stroma, and epithelium. This procedure remains an important modality, particularly in more advanced cases where there is structural and irreversible damage to the stroma and subepithelial areas of the cornea. However, delayed healing, postoperative astigmatism, and risk for traumatic wound rupture have led to increasing interest in the use of endothelial keratoplasty procedures, most recently Descemet stripping endothelial keratoplasty (DSEK) or its automated method (DSAEK) as a surgical alternative. Early results are promising as the absence of corneal surface incisions and sutures preserves normal corneal topography, minimizing astigmatism, providing more rapid visual recovery, and preventing traumatic wound and suture-related infection problems.49 The incidence of graft rejection may also be lower with DSEK,50 but further long-term large-scale studies are indicated to address this question. Concerns about higher primary donor failure rates and greater long-term endothelial cell loss compared to penetrating keratoplasty also exist. Nevertheless, the initial recognized benefits, particularly for less advanced disease prior to permanent structural changes to the stroma and subepithelial area, make these endothelial keratoplasty procedures most appealing.


The management of patients with both FECD and cataract requires an assessment of the contribution of each condition to the visual loss, dictating what procedure(s) are to be performed.









Conclusion


There is still relatively little known about the pathophysiology and genetic basis for FECD. Recent discoveries have yielded novel theories as to its disease process. A pathogenic mutation in COL8A2 has been identified as the cause of early-onset FECD.2,3 Late-onset FECD is a multifactorial disease with potential genetic and environmental factors playing a role in the disease process. Current ongoing investigations have been encouraging, with several genetic loci being identified among large sets of families.36-38 We are currently conducting a large multisite study characterizing the phenotype, obtaining blood samples for DNA, and pathological specimens to confirm the phenotype in the index case in FECD families. We also have a case control group in order to conduct a dense genome-wide search for disease genes using high-density single nucleotide polymorphism marker sets coupled with modern statistical genetic methodology. Discovery of susceptibility genes will inform the biology, enable early detection of mutation carriers, and spawn the possibility of genetic therapy as a preventive treatment modality for the disease.
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CHAPTER 6 Keratoconus




M Cristina Kenney, Ronald N. Gaster









Clinical background






Key symptoms and signs


Keratoconus (KC) is a slowly progressive, noninflammatory condition in which there is central thinning of the cornea, changing it from dome-shaped to cone-shaped. KC comes from the Greek words kerato, meaning cornea, and conus, meaning cone. KC causes the cornea to become thinner centrally or inferiorly with resultant gradual bulging outward (Figure 6.1).





[image: image]

Figure 6.1 Keratoconus cornea showing cone-like protrusion.




Patients with KC initially notice blurring and distortion of vision (Box 6.1). They may also complain about photophobia, glare, disturbed night vision, and headaches from eyestrain. As KC progresses, patients are increasingly myopic and astigmatism can become more irregular. KC is a bilateral condition, though usually asymmetric in severity and progression. In the early stages of the disease, KC is not visible to the naked eye. However, in the later stages of progression, the cone-shaped cornea can be visible to an observer when the patient looks down while the upper lid is raised. The pointed cornea will push the lower lid out in the area of the cone like a V-shaped dent in the lower lid. This anterior protrusion seen in the lower lid is called Munson’s sign (Figure 6.2). Fleischer’s ring is a partial or complete iron deposition ring in the deep epithelium encircling the base of the KC cone. It appears yellow to dark brown in color and is best seen with the cobalt blue light at the slit lamp. Rizutti’s sign is a conical reflection on the nasal cornea when light is shined from the temporal side. Vogt’s striae may be seen in the deep stroma of the apex of the cone.





Box 6.1 Key symptoms and signs






• Keratoconus is a slowly progressive, noninflammatory condition that involves central or inferior thinning of the cornea, changing it from dome-shaped to cone-shaped



• Keratoconus affects approximately 1 in 2000 people in the USA. Most cases are sporadic but approximately 6–10% have a hereditary component for this ocular disorder1-6




• Keratoconus can be diagnosed by retinoscopy, keratometry, keratoscopy, and computed corneal topography



• Munson’s sign, Fleischer’s ring, Rizutti’s sign, and Vogt’s striae are signs of keratoconus
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Figure 6.2 Munson’s sign in keratoconus cornea showing V-shaped protrusion of lower lid when the patient looks down.











Historical development


KC has been recognized since the 1750s and was first carefully described and differentiated from other ectatic conditions in the 1850s. Diagnosis of KC, especially in its early forms (forme fruste KC), has been greatly improved with the development of videokeratography and algorithms which allow quantification of the topographical surface and identification of the KC phenotypes.









Epidemiology


KC is the commonest corneal dystrophy in the USA, affecting approximately 1 in 2000 people. Although KC occurs sporadically in most individuals, approximately 6–10% have a hereditary component since it is reported in multiple generations of families and identical twins.1-6 If a first-degree relative has KC then the prevalence of other family members developing KC is approximately 3.34%, which is significantly higher than the general population.7 It affects people of all races and both sexes, though there is a slight female preponderance.









Diagnostic workup


Corneal distortion with KC is seen on retinoscopy, keratometry, keratoscopy, and computed corneal topography (Figure 6.3). There is often localized, abnormal inferior or central corneal steepening. This results in asymmetry with a large refractive power difference across the surface of the cornea. Some ophthalmologists use the inferior–superior (I-S) value when determining if KC is present on corneal topography. This measurement determines differences in corneal refractive power between inferior and superior points on the cornea and may aid in determining if KC is present or may develop in the future.
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Figure 6.3 Corneal topography showing steepening and distortion of keratoconus cornea.




Gene array analyses of KC corneas have demonstrated altered levels of alpha-enolase, beta-actin, aquaporin 5, and desmoglein 3,8-10 some of which have been proposed as molecular markers for KC. However, at the present time markers are not used routinely in clinical practice for diagnosis.









Treatment


Management of KC usually begins with spectacle correction, if possible. When eye glasses can no longer correct the condition as the astigmatism worsens, specially fitted contact lenses can often reduce the distortion from the irregular shape of the cornea (Box 6.2). Finding a KC contact lens specialist is important as frequent contact lens changes and checkups are usually required for good visual results. In advanced KC, when good vision can no longer be attained with contact lenses and/or the patient is intolerant of contact lens wear, penetrating keratoplasty is usually recommended. Approximately 10–20% of KC patients eventually require penetrating keratoplasty, and the success rate is greater than 90%, one of the highest for corneal transplantation. A new, major advancement in penetrating keratoplasty involves the use of the femtosecond laser to make the cuts in the donor and recipient corneas so that the fit between the two is more precise. This new development has shown great promise for penetrating keratoplasty for KC where there is improved wound healing, faster visual recovery, and quicker removal of sutures postoperatively. Another relatively new treatment option is the placement of intracorneal polymethyl methacrylate (PMMA) segments (Intacs, Addition Technology) inserted into the mid-stroma of the more peripheral cornea in an attempt to flatten the cone. Some patients still require contact lenses in order to attain functional vision after placement of Intacs.





Box 6.2 Treatments






• Treatment for most patients includes specially fitted contact lenses



• Approximately 10–20% of keratoconus patients eventually require penetrating keratoplasty and the success rate is greater than 90%



• Recent advancements in penetrating keratoplasty involve the use of the femtosecond laser to make precise cuts in the donor and recipient corneas to improve their fit



• Another new treatment option is the placement of intracorneal polymethyl methacrylate (PMMA) segments (Intacs, Addition Technology) into the midstroma of the peripheral cornea in an attempt to flatten the cone



• Corneal collagen cross-linking is a new treatment concept which involves applying photosensitizing riboflavin (vitamin B2) eye drops to the de-epithelialized cornea and then exposing the eye to ultraviolet A light



• Controlled trials are under way to investigate the safety and efficacy of this ultraviolet cross-linking procedure





Corneal collagen cross-linking is a new treatment concept which involves applying photosensitizing riboflavin (vitamin B2) eye drops to the de-epithelialized cornea and then exposing the eye to ultraviolet A light. Researchers have found a significant increase in corneal rigidity in animal eyes following this treatment regimen. Early studies in KC patients have shown that progression of KC was halted after this cross-linking treatment. Randomized controlled trials to investigate the safety and efficacy of this treatment are under way at this time.









Prognosis and complications


KC usually has its onset during puberty, with a gradual and irregular progression over approximately 20 years. The rate of progression and severity of the condition are quite variable, ranging from mild astigmatism to severe corneal thinning, protrusion, and scarring. In advanced KC, there may be a rupture in Descemet’s membrane, causing sudden clouding of vision due to acute stromal or epithelial edema, called acute corneal hydrops (Figure 6.4). Topical corticosteroid and 5% NaCl drops are usually used to treat the acute hydrops episode. This condition often resolves over weeks to months and may result in central corneal scarring or flattening.
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Figure 6.4 Acute hydrops in acute keratoconus cornea.














Pathology






Loss of Bowman’s layer and stromal thinning


A hallmark histological feature of the KC cornea is focal regions where the Bowman’s layer is absent and the epithelial cells are in direct contact with the underlying stroma (Figure 6.5). These sites also show decreased levels of fibronectin, laminin, entactin, type IV collagen, and type XII collagen (Box 6.3).11-13 In areas of active disease, the stromal extracellular matrix (ECM) demonstrates elevated levels of type III collagen, tenascin-C, fibrillin-1, and keratocan,11,12,14,15 but many of these changes are nonspecific and can also be found in general wound-healing processes. Most interestingly, the ECM abnormalities in KC corneas are not uniform. The corneal stroma can lose more than half its normal thickness and have deposits of fibrotic ECM while in an adjacent, thicker region the matrix patterns are normal. In addition, there is variability in the epithelial thickness, with some areas having only 1–3 cell layers and other regions appearing completely normal.
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Figure 6.5 Schematic of the pathology of keratoconus corneas. ECM, extracellular matrix.







Box 6.3 Pathology of keratoconus






• Keratoconus corneas have disruption in Bowman’s layer which allows the epithelial cells to be in direct contact with the underlying stroma



• Keratoconus corneas have increased levels of apoptosis found in anterior stromal keratocytes, epithelial, and endothelial cells23-25






KC corneas are unusually thin and pliable. Biochemical studies reported decreased total protein and sulfated proteoglycan levels, normal collagen cross-linking, and variable total collagen content.16-19 Recent studies showed that stromal lamellar slippage may contribute to the thinning and anterior protrusion of KC corneas.20-22









Apoptosis in keratoconus


Apoptosis is the process by which cells undergo an organized, programmed cell death. KC corneas have increased levels of apoptosis associated with the anterior stromal keratocytes,23-25 epithelial cells, and endothelial cells24 (Figure 6.5). Erie and coworkers26 showed an even greater decline in keratocyte density in KC patients using contact lenses. The KC corneas have elevated levels of leukocyte common antigen-related protein (LAR),27 a transmembrane phosphotyrosine phosphatase that stimulates apoptosis, and cathepsins G, B, and V/L2,28-31 which represent a caspase-independent pathway for apoptosis. Cathepsins mediate apoptosis by triggering mitochondrial dysfunction, cleaving Bid and releasing cytochrome c.32-35 Furthermore, KC corneas have decreased levels of tissue inhibitors of metalloproteases, TIMP-1 and TIMP-3, which can modulate apoptosis.36-38 Finally, the moderate to severe atopy and vigorous eye rubbing often found in KC patients may contribute to apoptosis since studies showed that chronic, repetitive injury to the corneal epithelium stimulates anterior stromal cell apoptosis.39-41









Enzyme activities in human corneas


It is generally accepted that KC stromal thinning is associated with increased activities in ECM-degrading enzymes. In the early 1960s it was noted that KC corneas had degraded epithelial basement membranes and increased gelatinase activities.42-44 It was subsequently demonstrated that KC corneas have increased levels of lysosomal enzymes (acid esterase, acid phosphatase, acidic lipase), cathepsins G, B, and VL2, matrix metalloproteinase-2 (MMP-2) and MT1-MMP (MMP-14) which can degrade many forms of ECM.28-31,45-50 Moreover, many of the naturally occurring inhibitors for those enzyme families are found in lower levels.28,38,47,51-53 In addition to corneal involvement, the conjunctiva of KC patients shows increased lysosomal enzyme activities.54


A major corneal function is to eliminate the reactive oxygen/nitrogen species (ROS/RNS) and aldehydes that are generated by ultraviolet light. For this purpose, the cornea possesses numerous antioxidant enzymes such as superoxide dismutases (SODs), catalase, aldehyde dehydrogenases (ALDH3A1), glutathione reductase, glutathione S-transferase, and glutathione peroxidase (Figure 6.6).31,55-60 When ROS/RNS are not eliminated, they can react with other molecules and form cytotoxic aldehydes and peroxynitrites. These antioxidant enzyme activities change with aging61 and in response to cytokines and growth factors58 and this can increase the susceptibility to oxidative damage. Many of the antioxidant enzymes of the lipid peroxidation and nitric oxide pathways are abnormal, suggesting their involvement in KC pathology.
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Figure 6.6 Schematic of the antioxidant corneal enzymes. SOD, superoxide dismutase; H2O2, hydrogen peroxide; ALDH3, aldehyde dehydrogenase.














Etiology






Environmental risk factors for keratoconus


Numerous studies report an association between KC and atopy, which includes asthma, eczema, and hayfever (Box 6.4).62-67 Recently Kaya and coworkers provided evidence that KC patients with full or partial atopy have unique topographical and pachymetric characteristics compared to KC patients without atopy.68 However, some suggest that it is not so much that atopy per se leads to KC but it is the associated vigorous eye rubbing which contributes to the development of KC. Many case reports exist in the literature describing persistent, vigorous eye rubbing and development of KC in children, patients with Down syndrome, and even adults with unilateral KC.67,69-73 The Collaborative Longitudinal Evaluation of Keratoconus (CLEK) study also suggests that asymmetry in corneal curvature may be related to vigorous, unilateral eye rubbing that occurs in some KC patients.74 It is likely that KC is influenced by both environmental factors and some genetic component.75





Box 6.4 Etiology






• Associations between keratoconus and atopy, which includes asthma, eczema, and hayfever, have been described



• Vigorous eye rubbing may contribute to the development of keratoconus



• Patients with trisomy 21 (Down syndrome) have a high incidence of keratoconus



• Keratoconus has an autosomal-dominant inheritance with variable penetration94,95




• At least 10 different chromosomes are linked to keratoconus96-102




• The genetics of keratoconus are complex and involve multiple genes












Genetic risk factors for keratoconus


KC can be found in 0.5–15% of trisomy 21 (Down syndrome) patients76-78 and is less frequently associated with Ehlers–Danlos syndrome79,80 and osteogenesis imperfecta.81-83 Case reports show KC patients also having other ocular diseases such as Leber’s congenital amaurosis, cataracts, granular corneal dystrophy, Avellino corneal dystrophy, and posterior polymorphous dystrophy.84-93 However, the vast majority of KC patients do not have other ocular or systemic diseases.


Rabinowitz et al showed that KC has an autosomal-dominant inheritance with variable penetration.94,95 At the present time, 10 different chromosomes have been linked to KC (21, 20q12, 20p11-q11, 18p, 17, 16q, 15q, 13, 5q14.3-q21.1, 3p14-q13, 2p24)96-102 but at least 50 candidate genes have been excluded as playing a role in development of KC.101,103,104 A Japanese study showed that three human leukocyte antigens (HLA-A26, B40, and DR9) were associated with early-onset KC.105 A defect in the SOD1 gene on chromosome 21 has also been linked to KC.106 It is controversial as to whether the homeobox gene VSX1 is associated with KC. Novel mutations of VSX1 were reported in a patient with both KC and posterior polymorphism dystrophy90 and in a series of individual KC patients.107 However, another study reported a single nondisease-causing polymorphism of Asp144Glu and concluded that the VSX1 gene lacked association with KC.108 The expression of VSX1 occurs during wound healing as myofibroblasts differentiate109 and may play a role in abnormal stromal repair processes.


The genetics of KC are complex and involve multiple genes. As seen in other diseases, the general KC phenotype may result from defects in a variety of genes that are all related to a final common pathway. Further investigations will be required to clarify the contributions of the genetic and environmental components to the development and progression of KC.












Pathophysiology






The biological basis of oxidative damage in keratoconus corneas


KC corneas have numerous signs of oxidative damage (Table 6.1 and Box 6.5) with increased levels of cytotoxic aldehydes from the lipid peroxidation pathway, ROS (superoxides, hydrogen peroxide, and hydroxyl radicals) and RNS (nitric oxide and peroxynitrite) (Figure 6.6).55-57110 These elements can alter cellular structure and function by reacting with the proteins, DNA, and lipids (Figure 6.7).


Table 6.1 Oxidative stress elements in keratoconus corneas (data from references31,55-57,106,110,111,118)






	

Decreased



Aldehyde dehydrogenase



Extracellular superoxide dismutase activity


Altered



Superoxide dismutase 1 gene


Increased



Glutathione S-transferase



Catalase



Inducible nitric oxide synthase



Peroxynitrites



Damage to mtDNA



Reactive oxygen/nitrogen species production













Box 6.5 Oxidative damage in keratoconus






• Keratoconus corneas are defective in their ability to process and eliminate reactive oxygen/nitrogen species, which causes oxidative damage55-57110




• A number of antioxidant enzymes are abnormal in keratoconus corneas



• Oxidative elements can alter cellular structure and function by reacting with the proteins, DNA, and lipids



• The cultured keratoconus fibroblasts demonstrate inherent, hypersensitive responses to oxidative stressors118




• Keratoconus involves multiple molecular and biochemical events, all related to a “final common pathway” that yields the keratoconus phenotype








[image: image]

Figure 6.7 The elimination of reactive oxygen/nitrogen species (ROS/RNS) and aldehydes in keratoconus corneas compared to normal corneas.




Mitochondria are specialized organelles that provide energy for the cells through oxidative phosphorylation (OXPHOS) and possess their own unique, circular DNA (mtDNA) which is maternally inherited. In KC corneas the mtDNA is extensively damaged.111 The mtDNA codes for 13 OXPHOS proteins, 22 tRNAs, and 2 rRNAs112 and its damage can lead to mitochondrial dysfunction, altered gene expression, oxidative damage, and apoptosis.113-115 An important relationship exists between mitochondria, ROS/RNS production, and oxidative stress. During OXPHOS some electrons can “leak” from the electron transport chain, form superoxides, and subsequently large levels of endogenous ROS/RNS are produced that cause further damage to the mitochondria. This “vicious cycle” of mitochondrial damage and ROS/RNS production feeds back to damage the cells further (Figure 6.7).116,117 This damaging cycle may be at play since these same components (mtDNA damage, ROS/RNS production, and apoptosis) are present in the KC cells.


Cultured KC fibroblasts demonstrate inherent, hypersensitive responses to oxidative stressors that include mtDNA damage, increased ROS production, mitochondrial dysfunction, and apoptosis.118 If the KC cells are innately hypersensitive then increased environmental stress such as matrix substrate instability, vigorous eye rubbing, and/or atopy may trigger the hypersensitive cells to undergo exaggerated oxidative response and cause oxidative damage. This may initiate a downstream cascade of events that include enzyme activation, rupture of lysosomes, induction of transcription factors, and cytokines along with altered regulation of genes that can play a role in KC.


The literature has multiple seemingly unrelated biochemical, molecular, and genetic alterations associated with KC. Therefore, it is unlikely that a single, primary defect causes KC but rather an involvement of multiple events all related to a “final common pathway” that yields the KC phenotype. A working hypothesis is that the oxidative stress pathway is the “final pathway” that ties together the multiple genes and biochemical events (Figure 6.7). The initial “trigger” event is unknown and may be a genetic defect(s) exacerbated by environmental factors. In any case KC corneas are defective in the ability to process and eliminate ROS/RNS and thereby undergo oxidative damage which cascades into “downstream” events, leading to corneal thinning and loss of vision.









The biological basis of corneal thinning in keratoconus


KC corneas exhibit extensive stromal thinning representing degradation of the normal ECM (Box 6.6). These corneas have multiple enzyme families which are activated and have a wide range of matrix substrates.29,45-50,119 The triggers for enzyme activation are not known but KC corneas have increased oxidative damage and abnormal cytokines and growth factors, some of which may activate these enzymes.





Box 6.6 Corneal thinning in keratoconus






• Increased activities in extracellular matrix-degrading enzymes and decreased levels of inhibitors play a role in the stromal thinning of keratoconus28-31,38,45-53




• Uneven distribution of the stromal lamellae and lack of “anchoring” fibrils may also play a role in keratoconus thinning and anterior protrusion20-22,123,124






Normally a variety of inhibitors in the cornea regulate the enzyme activities. In KC corneas, the levels of α2-macroglobulin, α1-proteinase inhibitor, and TIMPs are decreased.28,38,47,51-53 The α2-macroglobulin inhibits trypsin, chymotrypsin, papain, collagenase, elastase, thrombin, plasmin, and kallikrein while the α1-proteinase inhibitor can block the activities of trypsin, chymotrypsin, elastase, and plasmin and the TIMPs inhibit matrix metalloproteinases. KC corneas have elevated levels of Sp1 and Krüppel-like factor 6 (KLF6), transcription factors that can repress the promoter activity of the α1-proteinase inhibitor.120-122 However, the regulating mechanisms for the other inhibitors or degradative enzymes are still unclear.


It is proposed that stromal lamellar slippage may play a role in KC thinning and anterior protrusion. Confocal microscopy and X-ray scattering techniques revealed additional changes in the ECM structure of KC corneas.20,21 Meek and coworkers showed that KC corneas have uneven distribution of the stromal lamellae, which may cause slippage of the interlamellar and intralamellar layers.22 The KC corneas also lack “anchoring” lamellae that insert transversely for 120 µm into the Bowman’s layer.20 These interweaving anterior lamellae may help maintain the corneal shape and their loss could contribute to corneal lamellar slippage, stretching, and warpage.123,124 Furthermore, lamellar slippage could cause biomechanical instability, leading to molecular stress of the cells.









The biological basis of prominent corneal nerves: role of the transcription factors and signal transduction pathways


By slit-lamp examination, a clinical feature of KC is enlarged, prominent corneal nerves which show specific pathologies (Box 6.7). Confocal microscopy demonstrated significantly lower density but increased diameter for corneal nerves in KC corneas.125-127 KC corneas have elevated levels of the Sp3 repressor short proteins128 which can decrease levels of nerve growth factor receptor, TrkANGFR, a critical protein for corneal sensitivity.128 Furthermore, high levels of the cathepsins B and G are intimately associated with nerves as they cross the Bowman’s layer towards the epithelium, possibly contributing to the anterior stromal destruction.30 Clinically many KC patients report significant ocular discomfort and these corneal nerve abnormalities may be contributing factors. However, further investigations are needed to determine if the nerve abnormalities are causative or a biological response to other factors.





Box 6.7 Prominent corneal nerves in keratoconus






• Clinically many keratoconus patients report significant ocular discomfort



• The nerves in keratoconus corneas show a lower density but have increased diameters and pathology30,125-127




• Transcription factors and signal transduction pathways may play a role in nerve abnormalities128
















Conclusions


KC is a slowly progressive, noninflammatory condition which causes the cornea to become thinner centrally or inferiorly, resulting in a “cone-like” shape. The onset is usually during puberty and the progression and severity are quite variable, ranging from mild astigmatism to severe corneal thinning, protrusion, and scarring. Traditional treatments include the use of specially fitted contact lenses, intracorneal PMMA segments (Intacs), and penetrating keratoplasty. Pathologic features of KC include loss of Bowman’s layer, stromal thinning, corneal nerve abnormalities, apoptosis, and evidence of extensive oxidative damage. The development and progression of KC are likely influenced by both environmental and genetics factors. To date over 10 genes have been associated with KC and many diverse, seemingly unrelated biochemical and molecular events are abnormal. Therefore, it is likely that unknown “trigger” events in different molecular pathways finally converge into a “final common pathway” that yields the KC phenotype. Future studies should be aimed at identifying the initial “trigger” event, developing treatments to block the “final common pathway,” and protect the cornea from oxidative damage that plays a role in the corneal thinning and loss of vision.
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CHAPTER 7 Infectious keratitis




Michael S. Gilmore, Susan R. Heimer, Ai Yamada





Infectious keratitis is characterized by corneal inflammation and defects caused by replicating bacteria, fungi, or protozoa. These infections can progress rapidly with devastating consequences, including corneal scarring and loss of vision. Thus, it is imperative to identify this condition promptly and begin an aggressive course of therapy to limit tissue damage. This chapter summarizes the current understanding of various clinical and pathophysiological aspects of infectious keratitis.






Clinical background






Key symptoms and signs


Clinical features of infectious keratitis include redness, tearing, edema, discharges, decreased vision, pain, and photophobia. The hallmark of keratitis is the appearance of diffuse or localized infiltrates within the corneal epithelium, stroma, and often the anterior chamber. Severe cases are denoted by necrotic ulceration of the epithelium and stroma.


Some clinical signs may be indicative of a particular infectious organism (Table 7.1).1,2 Bacterial keratitis is often identified by the absence of epithelium and suppurative stromal infiltrates. Gram-negative bacterial infections are associated with hazy corneal rings and soup ulcerations, whereas Gram-positive infections tend to produce well-defined grayish-white infiltrates and localized ulcerations (Figures 7.1 and 7.2). Fungal keratitis generally exhibits a slow progression, satellite lesions, and elevated infiltrates with undefined, feathery edges (Figure 7.3). Some parasitic infections, like Acanthamoeba, are frequently misdiagnosed as fungal or viral because of the pseudodendritic appearance. In many cases, patients infected with parasites report disproportionate pain, which is characteristic of radial keratoneuritis (Figure 7.4).




Table 7.1 Clinical features of infectious keratitis
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Figure 7.1 Contact lens-associated bacterial keratitis caused by Staphylococcus aureus. Note discrete infiltrates and minimal corneal haze.


(Reprinted with permission of Macmillan Publishers from Whiting MAN, Raynor MK, Morgan PB et al. Continuous wear silicone hydrogel contact lenses and microbial keratitis. Eye 2004;18:935–937, copyright ©.)
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Figure 7.2 Pseudomonas aeruginosa keratitis in a silicone hydrogel contact lens wearer. Note the undefined soup ulceration.


(Reprinted with permission of Macmillan Publishers from Whiting MAN, Raynor MK, Morgan PB et al. Continuous wear silicone hydrogel contact lenses and microbial keratitis. Eye 2004;18:935–937, copyright ©.)
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Figure 7.3 Candida albicans keratitis in a patient with severe conjunctivitis.


(Reproduced with permission from O’Day D. Fungal keratitis. In: Albert DM, Miller JW, Azar DT, et al (eds) Principles and Practice of Opthalmology, 3rd edn. Amsterdam: Elsevier, 2008.)
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Figure 7.4 Advanced keratitis caused by Acanthamoeba. Note classic ring infiltrate.


(Reproduced with permission from Parmar DN, Awwad ST, Petroll WM, et al. Tandem scanning confocal microscopy in the diagnosis of suspected acanthamoeba keratitis. Ophthalmology 2006;113:538–547.)












Epidemiology and risk factors


Incidence rates, risk factors, and causative agents of keratitis vary geographically and socioeconomically. Incidence in the USA is estimated to be 11 in 100 000, whereas rates in South-East Asia are near 800 in 100 000.3 The principal risk factors include trauma, contact or orthokeratology lens wear, ocular surface disease, ocular surgery, and systemic disease. In Europe, Japan, and USA, contact lens wear constitutes the major risk factor for infectious keratitis.4-6 Ocular trauma is the main predisposing factor in developing countries.7


Among contact lens-related infections, Staphylococcus spp., Streptococcus spp., and Pseudomonas aeruginosa are the leading causes in temperate climates.4,6 In subtropical climates, like northern India, fungal keratitis has been strongly linked to contact lens wear, representing 20–30% of total isolates.8 Although rare in temperate climates, there has been a recent increase in fungal and parasitic keratitis associated with contact lens wear involving Fusarium and Acanthamoeba.9 These appear to be associated with specific contact lens care solutions and storage hygiene.


Infections due to ocular trauma are often attributed to fungal and mixed infections (fungi and bacteria).7,10 Candida and other yeasts are commonly reported in temperate climates10 and filamentous fungi, i.e., Aspergillus and Fusarium, in warmer climates.8









Diagnostic workup


Preliminary diagnoses are based on clinical signs, symptoms, and patient history. Noninvasive techniques, such as slit-lamp microscopy, confocal microscopy, and histological examination of impression cytology, are often used. If bacterial keratitis is suspected, empirically based therapies are started immediately without definitive information about the organism. It is always advisable to confirm the presence and identity of an infectious agent. This can be accomplished by examining corneal scrapings using standard diagnostic staining, culturing, immunochemistry, and polymerase chain reaction techniques (Table 7.2). Biopsies may be necessary if the disease is contained within the stroma. If the infectious agent is culturable, susceptibility profiles should be determined for optimizing treatment strategies.


Table 7.2 Diagnostic stains and standard culture media






	Type of stain

	Organisms visualized/cultured

	Comments






	 Gram stain

	Bacteria, fungi, Acanthamoeba


	Peptidoglycan, teichoic acids – violet






	 Giemsa stain

	Bacteria, fungi, Acanthamoeba


	Acidophilic/basophilic – contrast






	 Acridine orange

	Bacteria, fungi, Acanthamoeba


	DNA – fluorescent orange






	 Calcoflur white

	Fungi, Acanthamoeba


	Cellulose/chitin – fluorescent blue






	 Gomori methenamine silver

	Fungi, Acanthamoeba


	Uric/urate particles – dark blue






	 Periodic acid–Schiff

	Fungi, Acanthamoeba


	Cell wall – pink






	 Hematoxylin and eosin

	Acanthamoeba

	Intracellular structures – contrast






	Standard agar culture media

	 

	 






	 Blood agar*


	Bacteria, fungi,†Acanthamoeba


	General purpose, including fastidious agents






	 Chocolate agar

	Bacteria, fungi†


	General purpose, including fastidious agents






	 Brain–heart infusion agar

	Bacteria, fungi†


	General purpose






	 Sabouraud dextrose agar

	Fungi

	 






	 Escherichia coli overlay on non-nutrient agar

	Acanthamoeba

	 






	Standard liquid culture media

	 

	 






	 Brain–heart infusion broth

	Bacteria, fungi†


	 






	 Thioglycollate broth

	Bacteria

	Good for small inocula






	 Glucose neopeptone broth

	Fungi

	 







* Ideal for culturing bacteria such as Staphylococcus, Streptococcus, and Pseudomonas.


† Fungi can be recovered from standard bacterial media in the presence of antibiotics.


Data from Matsumoto45 and Szliter et al.42









Treatment, prognosis, and complications






Bacterial keratitis


If bacterial keratitis is suspected, therapies are often started before confirming the identity of the causative agent. For this reason, broad-spectrum antibiotics are used in single or combination therapies, such as: (1) fluoroquinolones; (2) fluoroquinolone with a cephalosporin; or (3) an aminoglycoside combined with a cephalosporin (Table 7.1).1 With the emergence of fluoroquinolone resistance among ocular isolates, progress on monotherapies should be monitored.11 Regimens should be modified if improvement is not observed after 48 hours. To achieve optimal drug levels within the lesion, topical administration is highly recommended. Systemic administration should be considered if there is a risk of perforation, endophthalmitis, or evidence of scleritis. Topical corticosteroids can be used to modulate the inflammatory response; however, concern remains for the potentiation of bacterial growth.1 In addition to antimicrobials, cycloplegic agents are used to inhibit synechia and pain as needed. Penetrating keratoplasty should be considered in cases with extensive perforation.


As antibiotic resistance increases among infectious microorganisms, there is growing interest in adjunctive treatment strategies, such as antivirulence therapies or prophylactic immunization prior to ocular surgery. For example, salicyclic acid has been shown to reduce the expression of proteases produced by P. aeruginosa.12 Passive immunization with antiserum, derived from a live-attentuated P. aeruginosa vaccination, was demonstrated to reduce bacterial loads and pathology in animals when administered therapeutically 24 hours postinfection.13 Although not widely used to treat bacterial keratitis, studies have also shown that macrolides limit expression of virulence traits in Staphylococcus aureus and P. aeruginosa in addition to inhibiting bacterial growth.14,15


The prognosis for bacterial keratitis is highly variable. Minimal infiltration can result in subtle corneal scarring which has no impact on visual outcome; however, extensive ulceration can cause significant scarring, leading to irregular astigmatisms. In some cases, synechia and cataract formation may occur.









Fungal keratitis


Fungal keratitis is often difficult to eradicate, requiring a prolonged course of treatment. Most antifungal therapies involve one or more of the following: (1) polyenes; (2) imidazoles; or (3) fluorinated pyrimidines (Table 7.1).1 Topical polyenes vary in their effectiveness against yeast and filamentous fungi. For example, amphotericin B is highly effective against yeast, including Candida, but is less effective on filamentous fungi.16 Similarly, pyrimidine therapies are highly effective against yeasts; however, some reports indicate growing resistance among Candida.1 Imidazoles have broad-spectrum activity and are often used in combination with a pyrimidine. Polyenes and imidazoles are antagonistic and should not be used simultaneously. Like bacterial keratitis, the use of corticosteroids is discouraged.


Treatment outcome depends greatly on the extent of fungus penetration. Nearly 30% of fungal keratitis cases do not respond to antifungal therapy and require penetrating keratoplasty.17









Parasitic keratitis


With Acanthamoeba or microsporidia keratitis, the preferred treatment is single or combinational therapies with: (1) cationic antiseptics, i.e., polyhexamethylene biguanide or chlorhexidine; (2) aromatic diamidines, i.e., propamidine isothionate; or (3) azoles (Table 7.1).1 Acanthamoeba and microsporidia have varying susceptibilities to different azoles, which may require testing. In Acanthamoeba infections, prolonged and aggressive treatment is often required since therapeutic conditions can induce encystment. Some data indicate that povidone-iodine at high concentrations acts on both trophozoites and cysts.18


Preliminary studies have demonstrated that oral immunization with an Acanthamoeba surface antigen following infection can ameliorate disease in animals; however, this strategy was not effective against stromal infections.19 Further investigation is needed to assess whether this strategy has therapeutic value.


Deep stromal infections with microsporidia and Acanthamoeba are prone to recrudescence. Therapeutic penetrating keratoplasty is usually required for cases involving advanced disease, drug resistance organisms, and recurring infections.1















Pathophysiology


The ocular surface is protected from infectious organisms by an array of antimicrobial factors and blink shear forces which together limit access to the corneal epithelium. These antimicrobial factors include lactoferrin, lysozyme, immunoglobulin A (IgA), and cationic peptides in the tear film. Microorganisms can also become entrapped in secreted mucins that are removed through blinking and tear drainage. Overcoming these defenses is crucial for disease progression. Epidemiological data suggest defects in the ocular surface increase the likelihood of colonization by infectious microorganisms. Subsequent pathology is mediated by the innate immune response and toxic effectors produced by the infectious agent. The following sections describe various models of keratitis pathophysiology, focusing on organisms that are exemplary of bacterial, fungal, and parasitic keratitis.






Gram-positive bacterial keratitis






Staphylococcus aureus model (Box 7.1)






Colonization of the cornea


Bacterial adhesion to the corneal surface is the first step in infection. Corneal scarification and/or intrastromal injection are generally required to establish S. aureus keratitis in animal models.20,21 These manipulations bypass some of the natural processes involved in colonization. For this reason, keratitis models have extrapolated the early steps of disease from other infection models. Many S. aureus surface adhesins, known as MSCRAMMs (microbial surface components recognizing adhesive matrix molecules), have been identified based on their activities and sequence relationships inferred from genome data. These adhesins mediate bacterial interaction with host extracellular matrix (ECM) components, including collagen, fibronectin, fibrinogen, laminin, and elastin. Fibronectin-binding protein A and B (FnBP A, B) were found to be key factors mediating adherence and facilitating invasion of human corneal epithelial cells in vitro.22 Binding and internalization of an isogenic FnBP-deficient strain were reduced 100-fold compared to wild type. An independent study found that S. aureus, deficient in the collagen-binding adhesion (Cna), was also attenuated in rabbit models.23 However, relatively few keratitis isolates were found to express this adhesin.





Box 7.1 Pathophysiology of Staphylococcus aureus infections






• Extracellular matrix proteins serve as the primary ligands for bacterial adherence



• Pore-forming and leukocidin toxins contribute to the severity of keratitis



• The role of Toll-like receptor 2 in sensing bacterial cell wall components is still controversial












Role of S. aureus toxins in keratitis


S. aureus produces a variety of virulence traits that contribute to pathogenesis, i.e., coagulase, staphylolysins, leukocidins, and protein A. Staphylolysins are further divided into alpha-, beta-, delta-, and gamma-toxins.24 A majority of clinical staphylococcal isolates produce alpha- and/or delta-toxins.24 Alpha-toxin is a pore-forming toxin that inserts into host cell membranes and disrupts membrane integrity. This may lead to cell death by rupture or the induction of apoptosis. Exposure to sublytic concentrations of pore-forming toxins can induce proinflammatory host cell responses and lipid mediator production.24 Leukocidins, like gamma-toxin, increase the permeability of leukocytes to cations, which can also lead to rupture. Protein A interferes with bacterial opsonization by binding to the Fc portion of immunoglobulin. The impact of alpha-toxin, gamma-toxin, and protein A in keratitis has been assessed with S. aureus isogenic mutants in a rabbit model of infection.25,26 Rabbits, injected intrastromally with alpha-toxin or gamma-toxin-deficient strains, developed keratitis with reduced severity. In the same model, the absence of protein A does not affect virulence, which contradicts the observation that protein A can induce a proinflammatory response in cultured corneal epithelial cells.27









Immune response


The role of Toll-like receptors (TLRs) in corneal innate defense against S. aureus is the subject of some debate. It was shown that peptidoglycan, a cell wall component recognized by TLR2 in other cell types, failed to induce secretion of proinflammatory cytokines and human ß-defensin 2 (hBD2, inducible antimicrobial peptide) in transformed and primary human corneal epithelial cells.28 The poor responsiveness was due to atopic expression of TLR2 within intracellular pools. Other reports support a role for TLR2 in the innate defense of the cornea. S. aureus exoproducts and an alternative TLR2 agonist, Pam3Cys, were shown to induce hBD2 secretion from human corneal limbal epithelial cells and primary corneal epithelial cells.29 In this case, TLR2 was identified on the surface of corneal epithelial cells in vitro. Preliminary studies in C57BL/6 mice challenged with Pam3Cys demonstrate neutrophil recruitment into the corneal stroma. Conversely, neutrophil recruitment was not observed in isogenic TLR2–/– and Myd88–/– mice.30 These findings indicate that a cell population within the cornea expresses functional TLR2 and is involved in ocular defense; however, it is unclear which cell types are most important. Knockout mice experiments have also illustrated the importance of interleukin (IL)-4 and IL6 in mediating the host response to S. aureus keratitis.31,32















Gram-negative bacterial keratitis






Pseudomonas aeruginosa model (Box 7.2)






Colonization of the cornea


In P. aeruginosa infections, adherence is primarily driven by a host protein called the cystic fibrosis transmembrane conductance regulator (CFTR) and bacterial lipopolysaccharide (LPS). In animal models, the absence of CFTR was shown to reduce bacterial loads and overall keratitis severity.33 Bacterial internalization mediated by CFTR was demonstrated to occur more readily in rabbits fitted with contact lenses,34 which may relate to the observation that CFTR expression is enhanced in corneal epithelium under hypoxic conditions.35 These findings implied that contact lens wear increases susceptibility to infection through hypoxia-driven changes in corneal cell membrane receptor composition. However, infection rates for highly gas-permeable silicone hydrogel contact lens are not fundamentally different from earlier designs,36 casting some doubt on the relationship between hypoxia and contact lens-associated keratitis.





Box 7.2 Pathophysiology of Pseudomonas aeruginosa infections






• Adherence is mediated by both host cystic fibrosis transmembrane conductance regulator (CFTR) and sialo-GM1



• Bacterial elastase contributes to tissue destruction directly and indirectly by activating host proteases



• Type III system effector proteins facilitate immune evasion and are involved in immune ring formation





The primary ligand for CFTR was identified as LPS by its ability to block competitively P. aeruginosa adherence to epithelium and scratch-injured corneas.37 Evidence suggests that LPS also serves as a ligand for the glycolipid, sialo-GM1, which localizes to wounded regions within damaged corneas.38 Other P. aeruginosa factors that have been implicated in corneal invasion are flagellum and pili.39












Immune response


The recruitment of neutrophils into P. aeruginosa-infected corneas is mediated primarily by IL-8 secreted from corneal epithelial cells and resident immune cells.40 Several mechanisms have been proposed for triggering IL-8 production. LPS from P. aeruginosa have been shown to activate TLR4-dependent responses (i.e., IL8) by corneal cells in vivo and in vitro.29,30 Similar effects have been reported for flagellin-stimulated TLR5, and TLR9 stimulated with P. aeruginosa DNA.29 Mice with defects in expression of TLR4, TLR9, and IL6 are predisposed to severe P. aeruginosa infection, which stems from limited neutrophil recruitment into the central cornea.29,30,40


Balancing pro- and anti-inflammatory signals is critical for clearing P. aeruginosa infections with minimal corneal destruction. Prolonged IL-1, IL-6, and IL-8 expression results in sustained neutrophil infiltration and susceptibility to corneal perforation.40 Several negative-feedback mechanisms have been shown to enhance the effectiveness of the inflammatory response in controlling P. aeruginosa infections. For example, transmembrane proteins SIGIRR and ST2 competitively inhibit TLR4- and IL1-dependent signaling pathways,29,41 limiting the severity of keratitis. Similarly, the neuropeptide vasoactive intestinal peptide (VIP) has been shown to downregulate corneal inflammation and protect against ulcerations during infection.42






Evasion of immune response


P. aeruginosa can interfere with immune competency by manipulating neutrophil and macrophage functions. This ability is linked to the P. aeruginosa type III secretion system which injects effector proteins directly into host cells via a needle-like apparatus. In keratitis, the most potent type III effectors are ExoU and ExoT.39 ExoU was shown to kill macrophages and epithelial cells in vitro through its phospholipase activity. It also represses polymorphonucleocyte migration into the central cornea, which may explain the peripheral ring opacities seen in P. aeruginosa keratitis.43 ExoT is an adenosine diphosphate ribosyltransferase that interferes with actin cytoskeletonal rearrangements. Its negative impact on phagocytosis promotes P. aeruginosa survival.39 Similar antiphagocytic activities have been ascribed to exotoxinA in keratitis models.44 Elastase also plays a role in immune evasion. It has been reported to degrade immunoglobulin G, lysozyme, interferon-γ, and tumor necrosis factor-α in vitro and inhibit monocyte chemotaxis towards bacterial formylated peptides.45









Altered tissue integrity


Corneal ulcerations are often observed in severe P. aeruginosa infections and result from destruction of the stromal architecture. Both the elastase and alkaline protease contribute to this pathology by degrading ECM components, i.e., collagen and laminin.45 Furthermore, elastase cleaves and activates host membrane metalloproteinases (MMP2, MM9) and kallikrein. MMPs also rapidly degrade stromal ECM, leading to pathological destruction. Stimulation of the kallikrein-killin system promotes vascular permeability, which contributes to the edema present in some infections. Thus, elastase contributes to pathogenesis by eliciting structural damage and compromising innate immunity.45















Fungal keratitis






Candida albicans model (Box 7.3)






Role of hyphae in C. albicans keratitis


Several factors contribute to C. albicans pathogenicity, such as surface adhesins, protease secretions, and morphological transformations from yeast to the hyphal form.46 In studying Candida virulence, Ura-blaster methodology has been used to generate mutants for testing the relationship between gene structure and function. However, this methodology can produce transcriptional artifacts that confound interpretion.47 This has led to the re-evaluation of various genes previously ascribed a role in virulence. To date, mostly genes related to hyphal formation, i.e., rim13,48 sap6,49 and rbt 4,50 have a confirmed role in keratitis severity in mice models. Rim13p is a protease which mediates activation of the transcription factor Rim101p via C-terminal cleavage. This pathway is required for hyphal formation induced at alkaline pH. The sap6 gene product is involved in filamentation, and rbt4 encodes a hyphal protein. A comparison of nonisogenic wild-type C. albicans strains revealed that failure to form true hyphae results in less pathology in rabbits fitted with contact lens.51 To date, C. albicans adhesins have not been shown to be essential in animal models of keratitis. However, these models required corneal scarification, which may bypass some naturally occurring events; thus, the importance of adhesins in virulence cannot be excluded. Other studies suggest that adherence related to biofilm formation plays a role in infection. Candida biofilms bind more tightly to the contact lens compared to Fusarium biofilms. Moreover, Candida biofilms are more resistant to contact lens care solutions than planktonic organisms.52





Box 7.3 Pathophysiology of Candida albicans infections






• Morphologically transformable strains produce more severe keratitis



• Biofilm growth can adhere to contact lens and is resistant to contact lens care solutions















Immune reponse


The pathogenesis of C. albicans keratitis depends on alterations in several environmental factors, such as host immunity, competition from other saprophytes, and physical perturbation of the niche. In mice challenged with C. albicans after corneal scarification, treatments with an intramuscular injection of cyclophosphamide or methylprednisolone exacerbated fungal invasion and disease progression.53












Parasitic keratitis






Acanthamoeba model (Box 7.4)






Life cycle


There are two stages to the Acanthamoeba life cycle: a vegetative, motile trophozoite and a dormant cyst. The cyst stage is resistant to many stresses, including desiccation, ultraviolet irradiation, detergents, and chlorine.54 Of chief concern, cysts can persist in the biocidal agents of contact lens care solutions.55





Box 7.4 Pathophysiology of Acanthamoeba infections






• Cysts are resistant to many stresses, including contact lens care solutions, and facilitate immune evasion



• Glycoproteins and glycolipids serve as the primary ligands for trophozoite adherence



• Trophozoites secrete destructive proteases in the presence of mannose



• Neurons are susceptible to parasitic cytotoxin which contributes to radial keratoneuritis















Colonization of the cornea


The principal adhesin of Acanthamoeba is the mannose-binding protein (MBP), which is expressed exclusively by the trophozoite.56 MBP binds mannosylated glycoproteins and glycolipids expressed on the host cell. The importance of MBP has been demonstrated by the competitive inhibition of trophozoite adherence to corneal epithelium with mannose.56,57 Mild abrasions or trauma to the corneal epithelium have been correlated with localized production of mannosylated glycoproteins and subsequent trophozoite attachment.58


Contact lens wear has been identified as the principal risk factor for Acanthamoeba keratitis, accounting for >80% of infections.54 Both trophozoites and cysts have been shown to adhere to soft and rigid, gas-permeable contact lenses.59 Recent studies indicate that Acanthamoeba binds the newer generation of silicone hydrogel lenses with greater affinity than the conventional hydrogel lenses60; moreover, worn or spoiled contact lens bind Acanthamoeba more avidly. Presumably, contact lens spoilage increases ligand availability on the synthetic material.









Immune response


Macrophages and neutrophils are critical components of the immune response to Acanthamoeba. Depletion of conjunctival macrophages or neutrophils in hamsters increases susceptibility and severity of keratitis.54 Unlike trophozoites, cysts evoke weak chemotactic responses in phagocystic cells. This contributes to the immune-evasiveness of cysts and the recrudescence of Acanthamoeba infections. Cysts have been shown to be partly susceptible to phagocytic killing in vitro, with neutrophils being more effective than macrophages.54


Serological studies indicate >50% of healthy individuals secrete Acanthamoeba-reactive IgA, which is consistent with its ubiquitous nature. Interestingly, patients diagnosed with Acanthamoeba keratitis have significantly lower parasite-specific IgA titers in their tears compared to asymptomatic individuals.54 Studies have shown that mucosal IgA does not affect trophozoite viability in hamster models, but decreases adherence to corneal epithelium.54









Altered tissue physiology


Trophozoites produce several factors that allow them to penetrate the corneal epithelium and stroma. Many of these factors are induced by mannose or mannosylated glycoproteins, thereby linking colonization with subsequent pathology.57,61 The mannose-inducible protein (MIP133) mediates cytolysis and apoptosis of corneal epithelial cells in animal models and organ cultures.19 Similarly, mannose-regulated ecto-ATPases can signal through purinergic receptors to induce apoptosis in epithelial cells.62


Following epithelial desquamation, trophozoites disrupt the stromal architecture with secreted proteases, i.e., a cysteine protease, a metalloprotease, elastase, MP133, and serine proteases.57,61 Evidence suggests these proteases contribute to the ring-like stromal infiltrates which are characteristic of Acanthamoeba infections; however, the precise mechanism is not understood (Figure 7.4). Acanthamoeba can also activate host MMPs through a constitutively expressed plasminogen activator.63 Elevated MMPs activity results in pathological destruction similar to bacterial keratitis.


A hallmark of Acanthamoeba keratitis is a radial keratoneuritis, which has been correlated with clusters of trophozoites around the corneal nerves. In vitro studies have demonstrated a chemotactic attraction of trophozoites to neural crest-derived cells, and an overall susceptibility of neurons to the parasitic cytotoxins.64 These observations offer a possible explanation for the severe pain often associated with Acanthamoeba keratitis.
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Clinical background


Corneal transplantation is the most common and successful form of human solid-tissue transplantation, which is widely practiced as a sight-restorative therapy for patients with congenital or acquired corneal opacification, infection, or damage (Box 8.1). The major indications for this procedure include keratoconus (corneal thinning and warping which cause visual distortion), bullous keratopathy (corneal edema, which is both painful and reduces visual acuity), failed previous grafts, corneal scarring, corneal dystrophy, and infection.1 Currently, the most common form of corneal transplantation is “penetrating,” which is the engraftment of a full-thickness corneal button. However, partial-thickness grafts or “lamellar” transplantation is also performed in a significant number of patients. Outcomes of corneal transplantation are typically excellent; 2-year graft rejection rates are approximately 10% in uncomplicated first grafts.2 However, this preponderance has led to the common misconception that immune rejection is not a significant clinical problem. Indeed, immune rejection is the leading cause of corneal graft failure, and, as reported in the 2006 Eye Banking Statistical Report, the number of regrafts due to previous failure is increasing.3





Box 8.1 Clinical significance






• Corneal transplantation is the most common and successful form of solid-tissue transplantation



• Immune rejection is the leading cause of corneal graft failure









Historical development


Several early studies have been formative in our current understanding of corneal immune rejection and instrumental in stimulating the rapid progress made during the past two decades. Just over 100 years ago, Zirm4 reported the first successful human corneal transplantation, and subsequently corneal immune rejection was described by Paufique et al5 in 1948 and further confirmed by Maumenee6 in 1951. Arguably one of the most important studies in corneal immune rejection was carried out by Khodadoust and Silverstein7 in 1969. They demonstrated, by transplanting individual layers of the cornea in rabbits, that the epithelium, stroma, and endothelium could separately undergo immunologic rejection – important observations which are seminal in the diagnosis, prevention, and treatment of corneal immune rejection even today.









Key symptoms and signs


While symptoms are by no means universal, patients undergoing or in the very early stages of a graft rejection episode may experience irritation or pain, redness of the eye, decreased vision, and photophobia. Such symptoms may occur as early as 1 month or as late as 20 years after transplantation.8 Signs of rejection include circumcorneal injection, which is the dilation and engorgement of blood vessels around the circumference of the cornea and conjunctiva. A mild-to-moderate form of anterior-chamber reaction (cellular) and flare (acellular) may also be associated. In addition, edema and presence of keratic precipitates on the donor endothelium, either diffusely scattered precipitates or in an irregular line (commonly referred to as a “Khodadoust line”), are key signs of graft rejection (Box 8.2).





Box 8.2 Signs and symptoms of corneal allograft rejection






• Signs and symptoms of corneal graft rejection can occur as early as 1 month or as late as 20 years after transplantation



• Edema and presence of keratic precipitates on the donor endothelium (Khodadoust line) are key signs of corneal graft rejection












Clinical features


There are potentially three distinct forms of corneal graft rejection, which may occur singly or in combination. They include: (1) epithelial rejection; (2) stromal rejection; and (3) endothelial rejection.7 Endothelial rejection, however, is the most common and profound form. It can be identified by endothelial surface precipitates in scattered clumps or in a classic linear form (Khodadoust line) (Figure 8.1) that usually begins at a vascularized portion of the peripheral graft–host junction and progresses, if untreated, across the endothelial surface over several days. A mild-to-moderate anterior-chamber cellular and flare reaction may be associated with the process. Damage to the endothelium results in compromised regulation of corneal hydration and thereby is associated with edema, in addition to inflammation.
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Figure 8.1 Khodadoust line: A clinical feature of endothelial rejection. This is a rejection line (arrows) formed by adherent macrophages and T cells, referred to as keratic precipitates, which traverse across the donor endothelium leaving behind a zone of graft destruction. The presence of a Khodadoust line is associated with graft edema since damage to the endothelium results in compromised regulation of corneal hydration.




Other forms of corneal graft rejection, including epithelial, subepithelial, and stromal rejection, occur less frequently (10–15% of all rejected cases; Box 8.3).8,9 These forms of rejection are not problematic per se; however, they often serve as harbingers of a more serious endothelial rejection.





Box 8.3 Graft endothelial rejection






• Endothelial rejection is the most common and profound form of corneal graft rejection












Epidemiology


The number of corneal transplants carried out worldwide is thought to exceed 70 000 per year. Eye Bank Association of America (EBAA) alone provided 45 000 donor corneas in 2006.3 Of corneal transplants placed in uncomplicated or “normal-risk” graft beds (i.e., absence of inflammation and neovessels), approximately 20–40% experience at least one bout of immune rejection. In spite of this, only 10% of grafts fail due to immune rejection by 1 year postsurgery in the normal-risk setting, since rejection is often reversible with intensive steroid treatment. By 15 years postsurgery, graft failure due to immune rejection nearly doubles to 17%, according to the Australian Corneal Graft Registry.10


In high-risk graft beds (i.e., presence of inflammation and neovessels), which make up approximately one-third of all transplants, 50–90% of grafts fail even with maximal topical and systemic immune suppression.11 Indeed, these rates in high-risk transplantation are far worse than those experienced in vascularized solid-organ transplantation (e.g., heart, liver, or kidney).12 Moreover, data reported in the 2006 Statistical Report from the EBAA3 show a significant increase in the proportion of patients needing second and third grafts, by definition also considered high-risk.









Risk factors


There are several important risk factors which are used universally to determine if a patient is at high risk for corneal graft rejection and these factors have been established by large, multicenter, prospective studies such as the Corneal Transplant Follow-Up Study13 in the UK, the Collaborative Corneal Transplantation Studies (CCTS)14 in the USA, and the Australian Corneal Graft Registry.10 While numerous risk factors for immune rejection have been considered and studied extensively (e.g., gender-matching, age of donor, circumference of graft tissue), the two most important prognostic factors are stromal neovascularization (Figure 8.2A) and host bed inflammation (Figure 8.2B; Box 8.4).
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Figure 8.2 Major risk factors for corneal graft rejection include neovascularization and inflammation of host graft bed. Corneal neovascularization is almost invariably associated with high graft rejection and the level of blood vessel ingrowth at the time of transplantation is directly correlated with graft survival (A). Corneal inflammation is another important risk factor and, even in previously inflamed graft beds which are quiet at the time of transplantation (e.g., herpetic eye disease), substantially diminishes the chance of graft survival (B).


(Redrawn with permission from Williams KA, Lowe MT, Barlett CM, et al (eds) The Australian Corneal Graft Registry: 2007 Report. Flinders: Flinders University Press, 2007.)








Box 8.4 Risk factors for corneal allograft rejection






• The two most important risk factors in corneal graft rejection are stromal neovascularization and host bed inflammation





Corneal neovascularization (Figure 8.3C) is almost invariably associated with high graft rejection and the level of blood vessels at the time of transplantation is significantly correlated with graft survival.10 Khodadoust15 reported that endothelial rejection occurred in 3.5% of avascular cases, 13.3% of mildly vascular cases, 28% of moderately vascular cases, and 65% of heavily vascularized cases. As per the CCTS definition, graft bed vascularization in two or more quadrants is classified as “high-risk.”14
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Figure 8.3 Animal models of corneal transplantation are powerful tools in the study of corneal graft rejection. In the mouse, accepted allografted cornea (A) is indicated by a clear and readily visible pupillary margin (arrow) and iris vasculature via slit-lamp observation. In contrast, for an allograft undergoing immunologic rejection (B), the pupillary margin is not readily visible (arrow). Grafts undergoing immunologic rejection are associated with graft edema, as indicated by corneal thickness observed via obtuse angle slit-lamp illumination in rejecting grafts (B* versus A*). As in humans, graft rejection in the murine model is associated with pathologic neovascularization (C, arrow) of graft bed and donor tissue. Graft failure due to immunologic rejection results in a severely opaque donor tissue (D).




Corneal inflammation is another important risk factor. Even previous inflammation in graft beds which are quiet at the time of transplantation (e.g., herpetic eye disease) has substantially diminished chances of graft survival (Figure 8.2B). This could be due to a subclinical presence of inflammatory cells and persistence of vascular channels. Transplantation in inflamed graft beds at the time of surgery (e.g., active microbial keratitis) and similarly in inflamed graft beds triggered postoperatively (i.e., in the case of suture abscess or recurrent herpes simplex virus infection) also has a substantially increased risk for graft rejection.16 In addition, previous ipsilateral rejection is an important risk factor, which is thought to be due to corneal inflammation or presensitization to donor tissue via previous engraftment.


Other noteworthy risk factors involve poor ocular surface function, usually found in conjunction with inflammation and corneal neovascularization. Hence, ocular surface diseases (e.g., severe dry eye, ocular pemphigoid, Stevens–Johnson syndrome, and neuroparalytic disease) or injury (e.g., severe chemical or radiation burns) is associated with poor prognosis for corneal transplantation.









Differential diagnosis


Several clinical situations exist which make the diagnosis of corneal allograft rejection difficult; the largest confounder is recurrent ocular inflammation in herpetic keratouveitis. The occurrence of corneal allograft rejection is very common in herpetic patients, and repeated bouts of inflammation carry a more dismal prognosis for the graft. Indicators for herpetic inflammation include the presence of typical dendriform epithelial lesions, unusually intensive anterior-chamber reaction, or endothelial keratic precipitates not confined to the graft.


Another significant confounder in diagnosing immune rejection includes graft endothelial decompensation, since this condition also leads to corneal graft edema. However, any questionable presence of edema in a corneal graft is nonetheless treated with corticosteroids as rejection.









Prevention and treatment of corneal allograft rejection


Postoperative prophylactic immunosuppressive regimens can be devised according to the degree of risk of rejection. In low-risk cases, low-frequency use of topical steroids is adequate initially, and tapered off to 6–12 months. High-risk corneal grafts require more intensive treatment. Topical and systemic corticosteroids in conjunction with topical and/or systemic ciclosporin are used for prevention of corneal rejection.


Corticosteroid therapy is also the treatment of choice for acute corneal immune rejection, and can be administrated topically, periocularly, and/or systemically. Most episodes of corneal graft rejection can be reversed if therapy is initiated early and aggressively; thus, it is imperative for the patient to identify and report any onset of symptoms associated with immune rejection (i.e., decreased vision, pain, and redness). In mild episodes of graft rejection topical steroids are preferred and can be applied as often as every 15 minutes to 2 hours. For severe episodes of rejection, such as those experienced by high-risk recipients, intensive steroid therapy administered via frequent topical eye drops, periocular injection, and/or systemically (oral or intravenous) may be given.












Pathology


There is little information in this regard since human cornea grafts are not typically biopsied and clinical examination relies heavily on biomicroscopic or “slit-lamp” evaluation. Moreover, because rejection is treatable, donor tissue is only replaced once the graft has irrevocably failed, not before or at the time of a rejection episode. Hence, clinical use of pathology in corneal transplantation is not common practice.









Etiology


Graft rejection is triggered by genetically nonidentical (allogeneic) donor peptides known as histocompatibility antigens, or “alloantigens.” Alloantigens which pose the greatest barrier to graft survival in transplantation en bloc are encoded by the major histocompatibility complex (MHC), also referred to as human leukocyte antigen (HLA), system in humans. Class I MHC antigens (or HLA-A, -B, and -C) are constitutively expressed by all nucleated cells and platelets, while class II MHC antigens (or HLA-DR, -DQ, and -DW) are constitutively expressed on leukocytes.


Unlike in other forms of solid-tissue/organ transplantation, histocompatibility-matching donor tissue to the intended recipient for promotion of graft survival is variably performed in the cornea. This is in part because the normal cornea expresses very low levels of HLA antigens.17 However, during inflammation and in graft rejection the expression levels of these antigens are strongly upregulated and can trigger immune rejection.18 The role of histocompatibility-matching has been studied extensively in the clinic and while CCTS reported no overall beneficial effect of this practice,19 a myriad of other independent studies have indicated the contrary by showing that histocompatibility-matching (particularly at HLA-A and HLA-B loci) does significantly reduce the risk of rejection.20 Moreover, in the murine model of corneal transplantation, it has been clearly demonstrated that MHC alloantigens per se trigger immune rejection, particularly in the high-risk setting.21


Interestingly, unlike in other forms of solid-tissue/organ transplantation, minor histocompatibility antigens (minor H) have been shown to play a significant role in triggering immune rejection (Box 8.5). These alloantigens are encoded throughout the genome and include ABO blood antigens and Lewis antigens in humans, and H3 antigens in mice. Studies conducted in mice have indicated that minor H alloantigens are a critical barrier to graft survival (particularly in the normal-risk setting).22 Moreover, it has also been reported that ABO-matching is a relatively feasible and inexpensive clinical practice which can be effective in reducing the risk of graft failure.19





Box 8.5 Alloantigens and corneal transplantation






• Histocompatibility-matching donor tissue to the intended recipient is not universally practiced in the cornea



• Minor histocompatibility antigens (minor H) play a significant role in triggering immune rejection












Pathophysiology


Rodent models of corneal transplantation, particularly the mouse, are powerful tools in study of corneal graft rejection (Figure 8.3). While the pathophysiology is a highly complex multistep process which is not fully understood, many critical steps have been defined. These include the following, which are further reviewed below (Figure 8.4):



1. Alterations in the local microenvironment: factors which maintain the microenvironment in the cornea and anterior segment constitutively immunosuppressive, referred to as “immune privilege,” begin to erode.



2. Capture of graft alloantigen: specialized immune cells called antigen-presenting cells (APC) capture and process alloantigen for subsequent presentation to T cells.



3. Homing to regional lymph nodes: alloantigen-bearing APC traffic from the cornea to T-cell reservoirs located in the ipsilateral regional lymph nodes and prime T cells.



4. T-cell-mediated graft destruction: primed (or effector) T cells peripheralize via circulation seeking to target and destroy the graft via various mechanisms.
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Figure 8.4 Pathophysiology of corneal allograft rejection. The critical steps involved in the pathophysiology of corneal graft rejection that have been defined include: (1) alterations in the local microenvironment; (2) capture of graft alloantigen; (3) homing to regional lymph nodes; (4) T-cell-mediated graft destruction. APC, antigen-presenting cell.








Alterations in the local microenvironment


The eye is known as an immunologically privileged site, which means that specific branches of immunity such as inflammation are inhibited within the intraocular compartments, and similar inhibitory mechanisms are also found in the brain, testis, and pregnant uterus. Ocular immune privilege protects visual acuity from inflammation, and involves numerous distinct mechanisms. These include: blood–ocular barrier due to endothelial cell tight junctions; avascularity and angiostatic mechanisms of the cornea (vascular endothelial growth factor receptor “sink”23); low expression of MHC molecules; expression of immunomodulatory molecules (e.g., Fas-FasL, TRAIL, and PDL-1);24-26 and presence of immunoregulatory factors/cytokines (e.g., α-melanocyte-stimulating hormone, thrombospondin, and transforming growth factor-ß).27-29


A series of changes to the normal local microenvironment ensues during episodes of rejection and similarly in high-risk graft beds, leading to the erosion of immune privilege and possible graft failure (Table 8.1). These changes include: secretion of proinflammatory cytokines (e.g., interleukin (IL)-1, tumor necrosis factor-α, interferon-γ)30 and chemokines (e.g., MIP-1α, MIP-2, RANTES);31 expression of cellular adhesion molecules (e.g., intercellular adhesion molecule-1 (ICAM-1), VLA-1);32,33 and angiogenic factors (e.g., vascular endothelial growth factor (VEGF)).34 In addition, another component of immune privilege similarly lost is anterior chamber-associated immune deviation (ACAID), a form of peripheral immune tolerance which was first described by Kaplan and Streilein (Box 8.6).35 ACAID is mediated by regulatory T cells (Treg) induced in response to intraocular antigens which selectively impair delayed-type hypersensitivity (DTH) in an antigen-specific fashion. Sonoda et al36 and Sano et al37 demonstrated that mice with longstanding accepted allografts are unable to mount donor-specific DTH, indicating that the allograft of itself induces ACAID and this affords protection from host immunity.


Table 8.1 Functional changes to the normal corneal microenvironment that ensue during immunologic rejection






	Factors promoting immune privilege

	Mechanism

	Factors abrogating immune privilege






	Blood–ocular barrier

	Vascular endothelial cell tight junctions

	Cellular extravasation into cornea






	Cornea avascularity

	VEGFR “sink”

	Heme/lymphangiogenic invasion of graft/donor tissue






	Antigen presentation

	Low expression of MHC I/II molucules

	Upregulation of donor MHC and CD 80/86






	Immunomodulatory molecules

	Fas-FasL, TRAIL, and PDL-1

	ICAM-1, VLA-1






	Cytokines and neuropeptides

	α-MSH, TSP, and TGF-β

	IL-1, TNF-α, IFN-γ, MIP-1α, MIP-2, CCL5






	Immunological tolerance

	Donor-specific ACAID

	Donor-specific DTH







VEGFR, vascular endothelial growth factor receptor; MHC, major histocompatibility complex; TRAIL, tumor necrosis factor-related apoptosis-inducing ligand; PDL-1, programmed death ligand-1; α-MSH, α-melanocyte-stimulating hormone, TSP, thrombospondin; TGF-β, transforming growth factor-ß, ACAID, anterior chamber-associated immune deviation; ICAM-1, intercellular adhesion molecule 1; VLA-1, very late antigen-1; IL-1, interleukin-1; TNF-α, tumor necrosis factor-α; IFN-γ, interferon-γ; MIP-1α, macrophage inflammatory protein-1α; CCL5, chemokine C-C motif ligand-5; DTH, delayed-type hypersensitivity.





Box 8.6 Local microenvironment






• Alteration in the local immunosuppressive microenvironment is an important factor that leads to rejection



• This alteration includes erosion of ocular immune privilege and loss of anterior chamber-associated immune deviation





Capture of graft alloantigen and antigen-presenting cells APC are sentinel mediators of graft rejection in that they are responsible: (1) for alloantigen capture; and (2) for presentation of processed alloantigen to prime naïve T cells (Box 8.7). Regarding the former, APC are recruited into the corneal matrix from the vascular compartment by way of the limbal vasculature, and also from the peripheral cornea (which houses various subpopulations of APC, including Langerhans cells, dendritic cells, and macrophages38). With the aid of adhesion molecules, cytokines and a chemokine gradient, APC traverse centrally towards the graft and their ultimate proximity to the donor tissue and increased presence allow for effective alloantigen capture. A series of phenotypic and functional changes, referred to as “maturation,” also take place in the APC. These include acquisition of MHC class II (a peptide complex that loads and presents alloantigen to T cells) and acquisition of costimulatory molecules (secondary signals required to prime T cells) that render alloantigen-bearing APC more potent in stimulating T cells (Figure 8.5).





Box 8.7 Antigen-presenting cells






• Antigen-presenting cells are sentinel mediators of graft rejection



• These immune cells are responsible for alloantigen capture and presentation to prime T cells
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Figure 8.5 Phenotypic maturation of antigen-presenting cell (APC) maturation and subsequent T-cell priming. APCs are sentinel mediators of graft rejection because they are responsible for alloantigen capture and subsequent presentation of processed alloantigen to prime naïve T cells. Maturation, which renders alloantigen-bearing APC more potent in stimulating T cells, includes upregulation of major histocompatibity complex (MHC) II (a peptide complex that loads and presents alloantigen to T cells) and costimulatory molecules (CD80, CD86, CD40). Homing receptors (CCR7, vascular endothelial growth factor receptor (VEGFR)-3) are upregulated to facilitate APC trafficking to regional lymph nodes. T cells are primed by (A) host-derived APC, and in some cases by (B) donor-derived APC; the latter is referred to as direct priming.




In addition to host APC, it is known that donor APCs prime T cells as well, as demonstrated in other forms of solid-tissue/organ transplantation and, more recently, in cornea transplantation (Figure 8.5). Referred to as “direct priming,” this process occurs because grafts carry over APC from the donor and stimulate T cells in recipient regional lymph nodes. Interestingly, it was long believed that direct priming was not functionally relevant in corneal transplantation. This was based on the tenet that corneal APC reside exclusively in the peripheral cornea and cornea grafts (which are harvested from the central cornea) are therefore devoid of donor APC. However, a series of studies had demonstrated the contrary; specifically, (1) it was first shown that APC reside in the central cornea in the normal condition, albeit at lower densities and at an immature state38; and (2) these donor APC play a significant role in priming host T cells under certain conditions, such as pre-existing inflammation and neovascularization present in high-risk graft beds.39 Such levels of inflammation are associated with the presence of mature donor APC, which are absent in the normal-risk setting despite lower-grade surgically induced inflammation.









Homing to regional lymph nodes


Regional draining lymph nodes are key sites for T-cell priming following corneal transplantation, although there is some debate as to whether this is focused in the cervical or submandibular lymph nodes. The discovery that regional lymphadenectomy in mice results in complete immunological ignorance of the corneal graft and indefinite graft survival strongly supported this concept.40 However, it was unclear at the time how mature APC reached these lymph nodes since the cornea was thought to be alymphatic. Recent evidence has helped explain this phenomenon with the discovery that pathologic corneal neovascularization following transplantation, which has long been known to stimulate viable blood neovessels (i.e., vessels that are CD36high LYVE-1–), also stimulates parallel ingrowth of lymphatic neovessels (i.e., vessels that are CD36low LYVE-1+; Box 8.8).41,42 Moreover, it was demonstrated that mature APC in the cornea express VEGF receptor-3, which guides their trafficking along a VEGF-C ligand gradient into lymphatic neovessels and to the regional lymph nodes.43 Other chemokines such CCR7 have also been implicated in this process.44





Box 8.8 Pathologic neovascularization






• Pathologic corneal neovascularization also includes the parallel ingrowth of lymphatic neovessels



• Corneal lymphatic vessels facilitate effective homing of alloantigen-bearing antigen-presenting cells to draining lymph nodes












T cells and effector mechanisms of graft destruction


As in most forms of solid allograft rejection, one of the principal mechanisms for rejection in the corneal graft rejection is DTH – a CD4+-mediated T helper (Th)-1 response involving interferon-γ cytokine secretion and macrophage recruitment. A series of convergent studies have supported this theory, particularly by the use of CD4-deficient hosts, which results in significant impairment in graft rejection.45 In addition, studies focused on cytokine profiles of rejected cornea, aqueous humor, and draining lymph node have indicated a bias towards Th1 activity.46 Likewise, local depletion of macrophages was shown to promote corneal allograft survival.47 Recent work has also demonstrated that, in addition to functioning as helper T cells, CD4+ cells can directly execute graft destruction, although this mechanism is not completely understood.48 It was also recently demonstrated that another subtype termed double-negative (CD4–CD8–) T cells, which were shown to be involved in DTH elicitation, are also implicated in graft rejection via apoptosis of graft corneal endothelium.49


Other studies have indicated, however, that DTH is not the sole mechanism of cornea rejection (Box 8.9). Th1-deficient mice (via genetic deletion of interferon-γ), for example, can still reject corneal allografts.50 It has also been demonstrated in a transplant model of allergic atopic conjunctivitis that heightened graft rejection can be associated with a Th2 phenotype (IL-4 and IL-5 secretion) – another branch of immunity responsible for humoral responses.51 Despite these findings, however, there is substantial evidence that alloantibodies and complement-mediated mechanisms are not relevant in corneal rejection, as demonstrated by B-cell-deficient and complement-deficient (C3, and C5) engrafted mice.52 An alternate branch of immunity also distinguished from DTH yet shown to be relevant in cornea transplantation involves CD8+ T lymphocytes. While the CD8+ compartment is deemed unnecessary for corneal rejection, demonstrated by graft rejection in CD8-defieicent or perforin-deficient recipients, priming of CD8+ T cells does take place.53 Furthermore, adoptive transfer of CD8+ T cells alone into engrafted severe combined immunodeficiency (SCID: T-cell-deficient) mice proved that these cells can mediate graft rejection, albeit in a significantly delayed fashion.54





Box 8.9 Effector T-cell mechanisms






• Delayed-type hypersensitivity (Th1-mediated immunity) is the principal mechanism for cornea graft rejection



• Other mechanisms can also cause corneal graft rejection, and include CD8+ T cells and Th2-type CD4+ T cells















Conclusion


The practice of corneal transplantation is increasing worldwide and yet even now the demand exceeds the supply of donor corneas. Hence, as the most prominent cause for corneal graft failure, the need to abrogate corneal graft rejection in the clinic is paramount. To this end, basic science research is a fundamental vista to elucidate key mechanisms of immune rejection and identify important targets for effective promotion of allograft survival. While technologies in instrumentation, surgical techniques, and tissue storage have greatly increased, the current mainstay for prevention and treatment of graft rejection is corticosteroids – a broad-spectrum drug which is variably effective in high-risk patients and is fraught with various systemic and ocular side-effects (e.g., glaucoma, and cataract). Rather than broad-spectrum immunosuppression, the next great stride in treating immunological conditions such as allograft rejection involves antigen-specific immune therapies. Indeed, the development of monoclonal antibodies for blockade of novel molecular pathways, and cellular therapies capable of specifically suppressing alloimmunity (i.e., autologous expansion of alloantigen-specific Tregs) is currently under way.
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