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Abstract

Approximately 39 million people are blind worldwide, with an estimated 285 million visually
impaired. The developing world shoulders 90% of the world’s blindness, with 80% of causative
diseases being preventable or treatable. Blindness has a major detrimental impact on the patient,
community, and healthcare spending. Corneal diseases are significant causes of blindness,
affecting at least 4 million people worldwide. The prevalence of corneal disease varies among
parts of the world. Trachoma, for instance, is the second leading cause of blindness in Africa, after
cataracts, but is rarely found today in developed nations.

When preventive strategies have failed, corneal transplantation is the most effective treatment for
advanced corneal disease. The major surgical techniques for corneal transplantation include
penetrating keratoplasty (PK), anterior lamellar keratoplasty (ALK), and endothelial keratoplasty
(EK). Indications for corneal transplantation vary among countries, with Fuchs’ dystrophy being
the leading indication in the U.S. and keratoconus in Australia. With the exception of the US,
where EK will soon overtake PK as the most common surgical procedure, PK is the overwhelming
procedure of choice.

Success using corneal grafts in developing nations, such as Nepal, demonstrates the feasibility of
corneal transplantation on a global scale. The number of suitable corneas from deceased human
donors that becomes available will never be sufficient, and so research into various alternatives,
e.g., stem cells, amniotic membrane transplantation, synthetic and biosynthetic corneas, and
xenotransplantation, is progressing. While each of these has potential, we suggest that
xenotransplantation holds the greatest potential for a corneal replacement. With the increasing
availability of genetically-engineered pigs, pig corneas may alleviate the global shortage of
corneas in the near future.
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Introduction

“I wonder if people understand the loneliness of being blind. In a crowded room |
could feel lonely. I’ve been to the things where not a soul has spoken to me. They
speak to others, but not to me, because they see the white stick. They know | can’t
see them.” [1].

Although there have been relatively recent reviews on the topic of corneal
allotransplantation [2] and xenotransplantation [3-5], none has comprehensively reviewed
the conditions for which corneal transplantation might be indicated, the global extent of the
problem, the different surgical procedures that might be carried out, or the alternatives to
corneal allotransplantation (which include xenotransplantation). Here, we attempt to cover
these topics, and suggest why corneal xenotransplantation might provide a solution to the
critical shortage of deceased human corneas for clinical transplantation.

Global prevalence of blindness

The most recent estimates place the prevalence of blindness worldwide at around 39 million,
with 285 million people visually impaired [6,7]. The major causes of blindness have been
listed by Pascolini 2012 [6] (Table 1). Cataracts account for approximately half of the cases,
with corneal opacities from various causes representing approximately 10%. Based on data
from the World Health Organization (WHO) and Pascolini et al., we can estimate that at
least 4 million people worldwide suffer from corneal blindness [6,8]. Others estimate the
figure to be between 4.9 and 10 million [9,10].

It is estimated that of the 39 million blind, 90% are in developing countries, and 80% of the
causative diseases are either preventable or treatable by applying basic public health
measures, available surgical technology, and/or drug therapy [7,8].

Blindness and visual impairment are important economically, both to the patient and to the
community. Those who are visually impaired are more likely to be poor and unemployed
[11], but blindness also impacts national budgets through medical care expenditures [12]. A
US study estimated an annual economic impact of $5.5 billion spent on medical care and
support of the blind [13]. Furthermore, the socio-emotional impact of sight loss has been
associated with changed perceptions of self, decreased levels of social functioning and
general well-being, and impaired social relationships [1]. The prevalence of depression is
estimated to be twice as high in the visually impaired than in the general population [1].
Studies have indicated that vision loss is the most feared disability, and blindness and cancer
are the two most feared health conditions [14].
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The structure and function of the cornea

The cornea is approximately 500pum thick and consists of 5 major layers (Table 2 and Figure
1), and accounts for two-thirds of the refractive power of the eye [15]. The regular
arrangement of collagen fibrils in the cornea and the relationship between collagen layers in
the stroma are considered to be important for the maintenance of corneal transparency.
Disordering of these fibrils through injury or disease can lead to corneal opacities and
blindness [16]. Maintenance of corneal transparency depends primarily on the corneal
endothelial monolayer of cells. A loss in endothelial cell density below a certain threshold
compromises the barrier and ionic “pump” functions of the endothelium, which results in
loss of visual acuity [17,18].

Feinberg has drawn attention to the unique properties of the cornea that differentiate it from
other tissues in the body: (i) it is avascular, (ii) the stroma is primarily collagen type 1, (iii)
the corneal endothelium is a monolayer of terminally-differentiated post-mitotic cells, and
(iv) the stroma and endothelium are considered immunoprivileged [19].

Major causes of corneal blindness

Diseases affecting the cornea are significant causes of blindness worldwide (Table 1). The
prevalence of corneal disease varies among countries and populations, and depends on many
factors [20]. Some corneal conditions are prominent in certain parts of the world as a result
of infectious disease associated with a poor public health infrastructure or genetic factors
[21-23]. Trachoma is an infection associated with the bacterium Chlamydia trachomatis,
which is endemic to many parts of the developing world, and causes a severe conjunctivitis
that results in conjunctival scarring, lid distortion and inward turning of eyelashes, and
corneal abrasions and scarring [24]. According to the International Trachoma Initiative this
infection accounts for 1.3 million cases of blindness worldwide [25], making it the most
common infectious cause of blindness in the world [26] and the second leading cause of
blindness in Africa, second only to cataracts [27]. The majority of regions with a trachoma
prevalence of >30% in children under age 10 are found in Africa [28], though it is also seen
in the Middle East, Asia, and Latin America [28,29].

Other significant infections that can result in corneal blindness include leprosy and Lyme
disease [30]. Fungal keratitis and pterygia can cause corneal damage in tropical developing
countries [31-33]. Fungal keratitis has a high corneal perforation rate. Bhartiya et al
demonstrate an incidence of perforations of 26% among patients with fungal keratitis, with
approximately 80% of these subjects requiring full-thickness corneal transplantation
(penetrating keratoplasty) [34]. Herpes simplex virus remains a leading cause of corneal
blindness in the US and all developing countries [35], and, together with other neonatal eye
infections, are responsible for much of childhood corneal blindness.

Vernal keratoconjunctivitis, an allergic reaction, and xerophthalmia (350,000 cases
annually), stemming from vitamin A deficiency, also contribute to sight loss in children
[20,36].
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Keratoconus, which has a genetic contribution, appears to have a greater prevalence in
people of Indian or Middle Eastern origin, but is seen in many countries [37-41].
Iridocorneal endothelial syndrome (ICE) and granular and lattice dystrophy seem to have a
worldwide distribution. There appears to be evidence for a relatively high prevalence of
macular dystrophy in Iceland and a low prevalence of Fuchs’ dystrophy in Japan and some
other countries [42]. Other corneal pathologies may be manifestations of metabolic diseases,
e.g., Hurler’s syndrome, dystrophies, or degeneration. Ocular trauma and corneal ulceration
account for an estimated further 1.5-2.0 million new cases of monocular blindness every
year [20].

Prevention and treatment of corneal disease

Nearly 80% of all corneal blindness is avoidable. Prevention is clearly more cost-effective
than surgical intervention, as demonstrated by success in reducing corneal blindness from
trachoma, vitamin A deficiency, and onchocerciasis [24,43,44]. Prevention strategies that
erased trachoma from school children in the US (predominantly Native Americans), which
in the early 1900s affected as many as 50-90% of children in certain settings [21], are
necessary in Africa and the rest of the developing world.

Topical anti-fungal and anti-viral agents, antibiotics, and saline ointments can treat many
conditions in the early stages. In its milder form, keratoconus can be corrected with glasses
or contact lenses. Pterygia can be surgically excised, but recurrence rates can vary
depending on surgical technique.

When preventive strategies have not been available, or have been unsuccessful, corneal
transplantation is the only option, and is the most effective treatment for advanced corneal
disease [36]. It is also the optimal option for the dystrophies and degenerations that are not
currently preventable, such as Fuchs’ dystrophy, ICE, and keratoconus [45]. Figure 2 shows
corneal diseases that may be indications for corneal transplantation.

Corneal transplantation (keratoplasty)

Corneal allotransplantation is the most common and successful form of transplantation in
humans [46,47]. Surgical procedures consist of three major types (Figure 1): (i) penetrating
keratoplasty (PK, full-thickness), (ii) anterior lamellar keratoplasty (ALK, partial-thickness),
and (iii) endothelial keratoplasty (EK) [37] (Tables 3 and 4). Indications for corneal
transplantation differ among countries (Table 5).

Penetrating keratoplasty (PK)—PK has been significantly refined since the first PK
procedure in 1905 and has been the gold standard of keratoplasty for the past 60 years
[48,49]. Over the past decade, there has been a move towards ALK and EK, with the aim of
replacing only the diseased portion of the cornea, leaving any healthy cornea untouched [49]
(Table 3) (Figure 1). Nevertheless, PK is an effective and safe treatment and still accounts
for >90% of grafts in the UK and Australia, and 47% in the US [37,38,50]. The long-term
outcome of corneal grafts after PK is good, with 5 and 10-year survival rates of
approximately 88% and 80%, respectively [51]. Other studies show 5-year survival rates for
PK ranging from 69% to 90% and 10-year rates from 63% to 82% [52]. The success rate for
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PK can be affected by the primary corneal pathology that necessitates transplantation. For
example, the 5 and 10-year survival rates for keratoconus treated by PK are particularly
good at 97% and 92%, respectively [51].

Indications for PK vary throughout the world (Table 5). For example, keratoconus is the
most common indication in the US, Australia, Iran, and several developed countries [37—
40], though the incidence of PK in the US is steadily declining (Figure 3). Infectious
diseases and corneal scarring are the most common indications in many developing
countries [53,54]. Bullous keratopathy, or corneal edema after damage to the endothelium
during intraocular surgery, is a leading indication for PK and corneal transplantation in
general [55]. Re-transplantation, resulting from graft failure, is one of the top three
indications for PK in several countries, including the US. In the US, endothelial keratoplasty
(EK), rather than PK, is the treatment of choice for bullous keratopathy and failure of an
endothelial cell graft.

The success of PK depends to a large extent on the availability of high-quality donor corneas
[37,38,39,53]. The age and mode of death of the donor, and the time interval between death
and adequate storage can affect the quality of the donor cornea [56]. The popularity of
Laser-Assisted in situ Keratomileusis (LASIK), which compromises structural and optical
properties and renders corneas unsuitable for full-thickness corneal transplantation, threatens
to reduce the donor cornea pool [57].

Anterior lamellar keratoplasty (ALK)—ALK is employed when the pathology is
confined to the anterior layers of the cornea, such as epithelium and/or stroma (Figure 1).
Advantages over PK include longer graft survival because of reduced immunogenicity, and
the retention of the host corneal endothelial cells [58]. A variant of ALK is deep anterior
lamellar keratoplasty (DALK), a procedure that removes the corneal stroma down to
Descemet’s membrane (Figure 1). For corneal diseases not involving the endothelium,
DALK is a good approach for younger patients due to a greater long-term survival than
following PK [52].

ALK is a relatively new procedure and accounts for only approximately 3% of indications
for corneal transplantation in the US and 8% in Australia [37,38]. In the US, the number of
ALK procedures has remained relatively constant since 2005 (Figure 3). Keratoconus is the
most common indication for ALK in the US and Australia [37,38].

Endothelial keratoplasty (EK)—Since the pump function of the cornea depends on a
minimum endothelial cell density, significant endothelial cell loss results in corneal edema
and necessitates keratoplasty [59]. EK, most commonly via Descemet stripping endothelial
keratoplasty (DSEK), simply replaces the pathologic corneal endothelium with healthy
donor endothelium and a thin layer of posterior stroma, and is appropriate for patients with
endothelial dysfunction, e.g., Fuchs, pseudophakic bullous keratopathy, ICE (Table 3).
Fuchs’ dystrophy is the most common indication for EK in the US and Australia, accounting
for nearly half of EK procedures in both countries [37,38]. Re-transplantation is the third
most common indication for EK in Australia [38].
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Providing a safer and faster visual recovery time compared to PK [60, 61], EK has overtaken
PK as the procedure of choice for endothelial dysfunction in the US, accounting for 47% of
corneal grafts in 2011 (Figure 3). However, EK currently accounts for only 6% of
keratoplasties in Australia and an even lower percentage in the UK. During the next few
years, as pathology of the corneal endothelium plays an increasing role in developed
countries, EK is expected to overtake PK as the most common keratoplasty procedure in
these countries.

Corneal transplantation in the developing world—The US accounts for
approximately half of all corneal transplants performed worldwide, with 46,196 in 2011
[37]. In the developing world, which carries most of the burden for corneal blindness, it is
estimated that corneal transplantation could be of value in the treatment of 80-90% of
patients with corneal blindness [62,63]. However, some or all of the critical components
required for successful keratoplasty, such as availability of high-quality corneal tissue,
skilled surgeons, and anti-rejection medications, are limited.

Can corneal transplantation ease this burden in regions with developing public health
infrastructures and facilities? While many developing nations lack eye bank facilities and
trained surgeons, the establishment of eye banks and developing infrastructures for
keratoplasty, e.g., in Ethiopia and Nigeria, demonstrate the feasibility of corneal
transplantation on a global scale [64,65]. The growing performance of keratoplasty in Nepal
is a case in point, where the establishment of the Nepal Eye Bank in 1996, public
campaigns, and the media resulted in the acquisition of trained surgeons, staff, and modern
facilities, enabling keratoplasty to become a viable treatment option in that country [66].

Vieira Silva et al reported unfavorable results after keratoplasty in a poor society [67], but
others have demonstrated more successful outcomes [62,66,68,69]. In patients undergoing
PK, 60-70% graft clarity is attainable, even among those with severe corneal disease [66].
Furthermore, costly surgical equipment is not required for Descemet membrane endothelial
keratoplasty (DMEK) - although it is still required for Descemet stripping endothelial
keratoplasty (DSEK) - and thus holds the promise of increasing its usage [70].

Shortage of corneal grafts: an international crisis

Although at least 4 million people worldwide suffer from corneal blindness [6,8], only
100,000 corneal transplants are performed each year, primarily as a result of lack of access
to suitable donor tissue. Even in the US, corneas considered acceptable for transplantation
are limited; in 2011, 29,407 corneas were deemed unsuitable for transplantation for reasons
that included (i) positive serology, (ii) structural defects, and (iii) adverse findings in the
medical records [37]. In India, with a population of >1 billion, approximately 20,500 donor
corneas are obtained annually, but <10,000 can be utilized for transplantation [36]. Here, the
requirement for donor corneas is estimated to be at least 20 times the current number
transplanted. In South Africa, the number of corneal transplants performed annually has
fallen by 50% in recent years because of the high incidence of HIV-positivity in the general
population, limiting the number of acceptable donors [4]. The humber of people aged 50
years and older has significantly increased worldwide over the past several decades and, as
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>80% of all blind people are in this age group, this continuing trend will likely result in an
increasing shortage of donor corneas [63,71].

Clearly, there is an enormous gap between supply and demand in countries where corneal
disease is prevalent [36,4]. This lack of access has been described as an international crisis
in public health [10]. Research in various fields hopes to address this shortage.

Research to address the shortage of corneal grafts

The worldwide inadequacy of the number and quality of deceased human corneas
necessitates a search for a form of corneal replacement that is readily available and
convenient for clinical application [72,73]. Several approaches are being explored (Table 6).
For those interested in developing the field of corneal xenotransplantation, it will be
essential to demonstrate superiority over the other approaches.

Human stem cells

Some groups have studied the ability of human stem cells to correct stromal opacities in
animals models [74,75]. Du et al showed restoration of corneal transparency after direct
injection of stem cells isolated from adult human corneal stroma into murine corneal stroma
[74]. While these results are promising, the mouse cornea differs significantly from the
human cornea. Human corneas are thicker, have more extensively cross-linked collagen, and
are potentially less responsive to stem cell therapy. This type of treatment based on animal
models has yet to reach pre-clinical or clinical trials.

The limbus, the narrow junction of cornea and sclera, provides a reservoir of stem cells to
maintain transparency of the corneal epithelium [76]. In limbal stem cell deficiency, the
corneal epithelium cannot be maintained, and corneal epithelial defects appear [77]. Limbal
stem cell transplantation, using donor tissue containing limbal stem cells, aims to restore the
corneal epithelium. This donor tissue can be from the patient’s own healthy fellow eye, or
from a living-related of cadaveric donor, or from sheets of ex vivo expanded bioengineered
epithelial cells [78]. Using autologous limbal stem cells to treat 112 patients with burn-
related corneal damage, Rama et al reported permanent restoration of a transparent corneal
epithelium in 77% of treated eyes [79]. However, normal vision was restored in only those
patients with undamaged corneal stroma. At present, this form of treatment is applicable to
only a very small cohort of patients with corneal epithelial dysfunction.

Human embryonic stem cells (hESCs) are pluripotent, having the potential to differentiate
into all cell types. While experiments had been carried out in animal models [80-82], the
first report of hESCs growing on damaged human corneal tissue was in 2012. When
established on human Bowman’s membrane, hESCs were expanded and differentiated into
corneal epithelial-like cells [83]. However, the epithelium represents only the outermost
layer of the cornea.

While stem cells could, theoretically, provide unlimited corneal tissue, including corneal
endothelial cells, this area of research is in its infancy. Currently, no known stem cells are
able to be expanded and differentiated into corneal endothelial cells [19].
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Synthetic corneas

Keratoprostheses are completely synthetic and designed to restore visual acuity with a
biologically-inert material, and are already in use in patients with severely damaged or
diseased corneas in which tissue grafts would not likely succeed, e.g., in certain autoimmune
diseases, such as Stevens-Johnson syndrome [84]. Newer designs that allow for a more firm
anchorage and are composed of various materials to enhance strength have been reported
[85]. However, keratoprostheses in clinical use have been reported to be associated with
stromal “melting” (a disorder in which the corneal stroma breaks down), glaucoma, retinal
detachment, and other complications. While artificial corneas can address severe
pathologies, they are not currently suitable for long-term use in the majority of patients
requiring corneal transplantation [86], and it is questionable whether they will solve the
donor shortage.

Clinical indications for a keratoprosthesis differ from those for the biosynthetic cornea [86].
They are used in severe cases of disease or trauma where human donor tissue has failed
repeatedly or where a graft cannot be supported in the presence of the specific eye
pathology. Keratoprostheses address an important range of severe pathologies that human
tissue cannot, and will continue to be an option in corneal replacement therapy. However,
they are not suitable for the majority of indications for corneal transplantation, and therefore
do not supplement the severely limited pool of donor corneas.

Biosynthetic corneas

Unlike fully artificial corneas, biosynthetic corneas are designed to stimulate endogenous
corneal regeneration by seeding and proliferating autologous or allogeneic cells within a
biopolymer matrix [86-89]. In 1999, Griffith et al constructed human corneal equivalents
that contained the three main corneal layers (epithelium, stroma, and endothelium). These
corneal equivalents mimicked human corneas in key functions, including transparency,
gross morphology, gene expression, and endothelium pump transport [90]. In animal
models, collagen-based corneal substitutes have been successfully transplanted as lamellar
or full-thickness grafts [88].

In a phase 1 clinical trial, using collagen-based biosynthetic corneal substitutes to replace
anterior portions of the cornea, Fagerholm et al demonstrated corneal epithelialization and
in-growth of keratocytes and superficial nerves [82]. This was one of the first studies that
demonstrated nerve regeneration in corneal substitutes in humans [91,92]. Innervation of the
cornea is required for normal function, including pain sensation and tissue repair [93].
Nevertheless, further optimization is needed, and issues with deeper stromal nerve
regeneration remain challenges.

In addition, biosynthetic corneas have not yet addressed conditions affecting the corneal
endothelium, which comprise the majority of cases requiring PK or EK [86]. Engineering
the corneal endothelium, which is non-regenerating, is a major problem [19]. Feinberg and
his colleagues have been attempting to bioengineer the corneal endothelium by manipulating
the cell microenvironment to better maintain cell phenotype in vitro [94]. Engineering the
pores necessary to allow the endothelium to pump fluid is another challenge. While this
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research is promising, a bioengineered corneal endothelium is not currently clinically
applicable.

Other studies have demonstrated favorable results with cell sheet engineering to reconstruct
the corneal epithelium [95-97], but this technique cannot be applied to corneal stroma [87].

Amniotic membrane transplantation

The human amniotic membrane is thin, avascular, and composes the innermost layer of fetal
membranes. Preserved amniotic membrane is composed of epithelium, a basement
membrane, and stroma. It may be used as a graft and/or patch to correct epithelial and
stromal defects. As a graft, amniotic membrane provides a stroma and basement membrane
on which normal corneal epithelium grows. It can also heal corneal ulcers with stromal
thinning [98]. The ability of amniotic membrane to inhibit a lymphocyte reaction contributes
to the low immunogenicity of the tissue [99-102]. Amniotic membrane transplantation is,
therefore, a relatively simple procedure with little risk of allograft rejection. It has been
suggested as an alternative to PK in countries with a shortage of corneas [103]. However, it
cannot be used to replace a full-thickness cornea. There is a lack of evidence that amniotic
membrane transplantation is better than existing treatments for various corneal conditions
[104]. At present, its use is too limited to make a significant contribution in overcoming the
shortage of corneas.

Xenotransplantation

It is not our intention to review this field of research comprehensively as this has been done
by us [3,4] and others [5] relatively recently. We shall confine ourselves to a brief overview
of certain aspects of the topic.

The first recorded attempt at clinical corneal transplantation was in 1838 by Richard
Kissam, who transplanted the cornea from a 6-month old pig into a blind patient. Though
this xenograft ultimately failed, it was the earliest precursor to the immense success of
corneal allotransplantation [4,47]. The worldwide corneal donor shortage has stimulated
renewed interest in corneal xenotransplantation. Modern xenotransplantation, using pigs as
the source animal, offers the potential of an unlimited number of corneas for PK, ALK, and
EK procedures [4].

Biomechanical parameters (strength, stress, plasticity) suggest that porcine corneas can
provide an alternative to human corneas [4]. The proliferative capacity of corneal
endothelial cells from young genetically-modified pigs has been demonstrated to be greater
than that of the average human corneal endothelial cells, which increasingly are from older
donors. As the proliferative capacity varies between young and old donors [105-107], the
quality of young pig corneas, which have greater corneal endothelial cell density, may be
better that that of the average human donor [108].

The immune-privileged environment of the cornea provides a corneal xenograft with some
degree of protection [4,47]. Nevertheless, the humoral and cellular immune responses
remain challenges.
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The results of pig corneal transplantation in nonhuman primates have been encouraging
[4,109]. Because the cornea is an avascular tissue, hyperacute rejection, which results from
the sudden occlusion of blood vessels and is common in vascularized solid organ xenografts,
has not been observed in corneal xenografts in animal models [4,109-113]. ALK xenografts
avoid the stronger immune response stimulated by the presence of the corneal endothelium.
Survival after pig ALK in rhesus monkeys (which survived for >3 months) was longer than
that of full-thickness xenografts, which were rejected within about 2 weeks [109]. However,
with corticosteriod therapy, PK grafts from wild-type pigs have survived in monkeys for >4
months [109]. Testing of cultured corneal endothelial cells in an in vivo EK model has been
carried out [114]. Following the transplantation of sheets constructed from monkey corneal
endothelial cells, the corneas remained clear for >6 months.

The greatest hurdle for corneal xenografts is the immune response generated against corneal
endothelial cells. However, corneal endothelial cells from genetically-modified pigs lacking
the al,3-galactosyltransferase gene [115,116], particularly if also expressing a human
complement-regulatory protein, CD46 [105], stimulate significantly weaker human humoral
and cellular responses compared with those from wild-type pigs. Genetic modification of pig
corneal endothelial cells does not seem to affect cell density, size, or morphology, when
compared to those from wild-type pigs [108]. In our opinion, genetic engineering of the
source pig will be essential if PK, ALK, and EK xenotransplantation are to prove fully
successful. Achieving this goal will require multiple genetic modifications to overcome the
human immune response [4].

Decellularization techniques, which reduce antigenicity, have been explored in preclinical
models of pig corneal xenotransplantation [72,117-120]. Dehydrating porcine anterior
lamellar xenografts removes stromal cells, which play important roles in the maintenance
and metabolism of the cornea [72], and relies on repopulation of the stroma with recipient
cells. Corneal xenografts treated in this way have maintained transparency for up to 6
months after transplantation into monkeys [89,121]. (In a clinical trial, Li J et al showed that
deep ALK using human decellularized donor corneal allografts had a significantly higher
graft survival rate compared to untreated corneal tissue [118.) Furthermore, decellularized
corneas can be stored indefinitely and easily distributed [89], an important issue when
considering corneal transplantation in developing countries where the need is greatest.

Formation of the ethical and regulatory guidelines necessary to conduct clinical trials using
corneal xenografts is underway. A Korean group has recently published recommendations
on source pigs, considering the risk/benefit ratio for trial participants, and differentiating
between potential regulations for cellular and acellular (decellularized) pig corneas
[122,123]. In regard to key ethical requirements [124,125], source pigs [126,127] pre-
clinical efficacy to justify a clinical trial, and the informed consent process [128], some of
the guidelines borrow from existing criteria from the Declaration of Helsinki [129], the
International Xenotransplantation Association [130], and the US Secretary’s Advisory
Committee on Xenotransplantation [128].

Because the cornea is considered a relatively immune-privileged site and thus less
immunosuppressive therapy may be required, there may be advantages in initiating clinical
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trials with corneal xenotransplantation rather than with porcine islet or solid organ
transplantation. The risk-versus-benefit ratio would be assessed differently between patients
with corneal blindness and those, for example, with diabetes. Although corneal blindness is
not life-threatening, the quality of life of the blind is in many ways more challenging than
those of other disabled persons.

The Korean group proposed strategies to prevent or reduce the transfer of porcine
endogenous retroviruses (by decellularization) [122]. If there is conclusive evidence that
decellularization of the cornea abrogates the risk of transfer of porcine endogenous
retroviruses with the graft, then this may have a significant impact on how the various
national regulatory authorities view corneal transplantation, as a case could then be made to
consider the cornea as a ‘medical device’, for which the regulatory pathway is simpler and
more rapid. However, decellularization is only of relevance to ALK, the indications for
which are limited.

The Korean guidelines will likely serve as the basis for similar proposals in other countries.

Conclusions

In summary, corneal blindness is a major global health problem, particularly in the
developing world. When prevention or basic treatment fails, corneal transplantation can
provide curative therapy. Limitations with regard to availability of deceased human donor
corneas necessitate exploration of alternative approaches. We are optimistic that, with the
increasing generation of genetically-engineered pigs, with or without advances in
decellularization and long-term preservation techniques, pig corneas may begin to alleviate
the shortage of corneas in the near future. Clinical trials of corneal xenotransplantation may
be imminent.
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1. Penetrating keratoplasty (PKP: full-thickness)

2. Lamellar keratoplasty (LKP: partial-thickness)
a: Anterior
b: Deep anterior lamellar keratoplasty (DALK)
c: Posterior

3. Endothelial keratoplasty (a.k.a. Deep lamellar endothelial
keratoplasty — DLEK)
a: Descemet’s stripping endothelial keratoplasty (DSEK)
b: Descemet’s membrane endothelial keratoplasty (DMEK)
c: Cultured corneal endothelial cell sheet

The five layers of the cornea [84] and the types of corneal transplants
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Figure 2. Corneal pathologies that may be indications for keratoplasty
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(A) Iridocorneal endothelial syndrome (ICE). There is iris atrophy with displacement of the
pupil and polycoria (more than one pupil opening). The endothelium shows changes that
resemble the small outgrowths of Descemet’s membrane seen in Fuchs’ [181].

(B) Ectasia of cornea characteristic of keratoconus [182].

(C) Bacterial keratitis. Grayish-white abscesses, formed in response to inflammatory
response, are visible in the stroma [183].

(D) Fungal keratitis from Fusarium Solani [184].

(E) Trachoma. Blinding corneal opacification with entropion and trichiasis [26].

(F) Granular dystrophy - white granular stromal opacities [185].

(G) Type 1 lattice dystrophy - network of sub-epithelial thick linear opacities [186].

(H) Macular dystrophy showing opacities in the central stroma [187].

(1) Endothelial guttata of Fuchs’ dystrophy [188].
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Table 1

Major causes of blindness worldwide

Cause (approximate % of total)

Cataract (50%)

Corneal blindness (10%)
Infectious keratitis - bacterial, fungal, trachomal, viral (herpes simplex)
Dystrophies - granular, macular, lattice, Fuchs
Degenerations - ICE, keratoconus, pterygium

Glaucoma (8%)

Age-related macular degeneration (5%)

Diabetes (1%)

Other (>20%)
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Table 2

Major layers of the cornea (see also Figure 1)
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Corneal Layer

Structure/Function

Epithelium

Composed of about 6 layers of cells. Fast growing. Constantly replenished.

Bowman’s layer

Condensed collagenous layer under epithelial basement membrane..

Stroma

Constitutes 90% of corneal thickness. Consists of collagen fibers with scarce stromal cells.

Descemet’s membrane

Thin acellular collagenous layer. Basement membrane of corneal endothelium.

Endothelium

Simple monolayer of mitochondria-rich cells. Responsible for regulating fluid balance in cornea. Cells do not
regenerate.

Xenotransplantation. Author manuscript; available in PMC 2015 March 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuely Joyny vd-HIN

Lamm et al.

Table 3

Differences between the three main types of keratoplasty (PK, ALK, EK)
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Type of Keratoplasty

Penetrating (PK)

Anterior Lamellar (ALK)

Endothelial (EK)

Layers transplanted/ techniques

Full-thickness host corneal
tissue replaced with donor
corneal tissue.

Limited to anterior portions of
cornea.

Endothelium, Descemet’s
membrane +/- some stroma. Two
primary types:

. Descemet’s stripping
endothelial keratoplasty
(DSEK) - endothelium
+ Descemet’s
membrane + stroma.

. Descemet’s membrane
endothelial keratoplasty
(DMEK) — endothelium
+ Descemet’s
membrane. (Thinner
graft than DSEK) [131]

Advantages (ALK and EK each
compared to PK)

No lamellar interface.
Visual acuity better after
PK than with lamellar
grafts [132].

Compared to EK, lower
risk of graft dislocation.
Can treat conditions
affecting various corneal
layers.

Familiar procedure for
most corneal surgeons.

Longer graft survival, less need
for aftercare [58].

Less endothelial cell loss
[133,134].

For keratoconus, corneas that
have more resistance to
deformation [135].

Safer and provides faster visual
recovery [60,61].

Less astigmatism, better stability of
graft, fewer suture related problems
[60].

Ability to restore normal corneal
topography of recipient [136].

Less rejection.

Disadvantages

Prolonged visual
rehabilitation. High

astigmatism. Suture-related

complications. Higher
likelihood of graft
rejection [137].

Average visual acuity lower
[133].
Interface haze™™

Increased risk of graft dislocation
[60].

*
DSEK includes endothelium, some stromal layer, and Descemet’s membrane. DMEK includes endothelium and Descemet’s membrane.

*
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Table 4

Keratoplasty in the management/treatment of corneal diseases

PK | ALK | EK | Comment
Infectious Keratitis ++ | + - PK has a lower rate of reinfection of graft than ALK [138].
Bacterial
Funaal + + _ Control of fungal process demonstrated in patients who underwent PK [139-141]. ALK
9 is a viable option [32,142].
Trachoma ++ |+ - Good prognosis only in carefully selected cases [143].
Despite higher preoperative risk, graft outcomes may be similar in patients with
herpetic and non-herpetic keratitis [144].
Herpes simplex (HSV) + ++ - High risk for poor outcomes post PK [145].
DALK shows comparable visual outcome and better graft survival rate than PK [146—
148]. Though there is a high percentage of complications post DALK [149].
Dystrophies + ++ - ~ 85% of grafts after PK remain clear at 1 year [150].
Granular DALK also a viable option [151-154].
Macular + ++ - PK usually required earlier for macular dystrophy than for other stromal dystrophies
[150]. PK entails favorable outcomes [155,156].
DALK [157] shows poorer visual acuity, but more durable stability of ocular surface
and possibly fewer complications [158].
Lattice + ++ - PK has good prognosis, although patients show delayed epithelial healing [159,160].
DALK is a safe alternative [157].
Fuchs’ + - ++ More than 80% of corneas remain clear for 2 years or more after PK [161].
EK viable option with several advantages over PK in seemingly most [162-165], but
not all [166] studies.
Degenerations
Iridocorneal Endothelial + - + PK, DSEK followed by favorable outcomes [167,168].
Syndrome (ICE)
) — - ; - o
Keratoconus + - _ PK success rates >90% [169-172]. ALK is a safer technique with fewer complications

[133,173-180].
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