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Foreword

The Essentials in Ophthalmology series represents an
unique updating publication on the progress in all sub-
specialties of ophthalmology.

In a quarterly rhythm, eight issues are published cov-
ering clinically relevant achievements in the whole field
of ophthalmology. This timely transfer of advancements
for the best possible care of our eye patients has proven to
be effective. The initial working hypothesis of providing
new knowledge immediately following publication in the
peer-reviewed journal and not waiting for the textbook
appears to be highly workable.

We are now in the third cycle of the Essentials in
Ophthalmology series, having been encouraged by read-

ership acceptance of the first two series, each of eight
volumes. This is a success that was made possible predom-
inantly by the numerous opinion-leading authors and the
outstanding section editors, as well as with the construc-
tive support of the publisher. There are many good rea-
sons to continue and still improve the dissemination of
this didactic and clinically relevant information.

G.K. Krieglstein
R.N. Weinreb
Series Editors



Preface

This third Cornea and External Eye Disease volume com-
prises eleven reviews of moving points in corneal biology,
disease pathogenesis and management.

In this volume we have gathered a number of chapters
on and around the topic of cornea and limbus transplanta-
tion. Jerry Niederkorn reviews our increasing understand-
ing of the components of immune privilege enjoyed by
corneal transplants, a privilege unrivalled in the field of
transplantation. This privilege is relative and is neither uni-
versal nor immutable. Rejection remains the major threat
for corneal transplants, in the settings of conventional pen-
etrating keratoplasty, of newer lamellar surgical techniques
and of course especially in patients at high rejection risk.

Strategy on how to prevent immune rejection is con-
troversial; differing analyses being described in the chap-
ters by Douglas Coster and Alex Reis. Some benefit of
HLA matching has been found in high rejection risk cor-
neal transplantation, but transplantation antigen match-
ing is undertaken only in European centres. Is use of
systemic immunosuppressive drugs justified in corneal
graft recipients, among whom are some in whom blind-

ness would result from loss of donor corneal transpar-
ency? Risks of drug adverse effects vs. benefits of
maintaining a functioning transplant should be consid-
ered in any candidate for a corneal transplant at high
rejection risk. It is noteworthy that quality of life in blind
patients is significantly more compromised than in those
renal failure patients requiring dialysis [1, 2]. We hope
you enjoy reading this volume.

Thomas Reinhard
Frank Larkin

1. Brown MM, Brown GC, Sharma S, Kistler J, Brown H (2001)
Utility values associated with blindness in an adult popula-
tion. Br ] Ophthalmol 85:327-331

2. Liem YS, Bosch JL, Hunink MG (2008) Preference-based
quality oflife of patients on renal replacement therapy: a sys-
temic review and meta-analysis. Value Health 11:733-741
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Chapter 1

Immune Privilege of Corneal Allografts

Core Messages

®m Multiple anatomical, physiological, and immuno-
regulatory factors contribute to the immune
privilege of corneal allografts. These factors con-
spire to prevent the induction and expression of
immune responses to the histocompatibility anti-
gens on the corneal allograft.

m Corneal allografts also elicit a dynamic immuno-
regulatory process that deviates the immune
response from a destructive pathway to one of
tolerance. Together, these conditions create an
immune privileged environment and promote
corneal allograft survival.

m Corneal allografts enjoy immune privilege that
is unrivaled in the field of transplantation.
However, this immune privilege is neither uni-
versal nor immutable. This has led some to dis-
miss immune privilege of corneal allografts out
of hand. Moreover, the success of renal, cardiac,
and liver transplants has improved over the past
3 decades and has reached levels similar to cor-
neal allografts — an observation that has further
fueled protests that corneal allografts are no

different than other organ allografts, and that
immune privilege is a misnomer. However, com-
paring survival rates among these categories of
allografts is a bit like comparing an apple to an
orange. For the comparisons to be valid, we must
either compare the survival of corneal allografts
in patients treated with the same intense sys-
temic immunosuppressive agents that are used
in renal, cardiac, or liver transplant patients, or
compare all four categories of patients when the
only treatment is topical corticosteroids (i.e., the
standard prophylactic therapy in keratoplasty
patients). The latter proposition, of course, is
absurd, but does emphasize the importance of
including all of the parameters when making
comparisons relating to immune privilege.

m Prospective studies in animal models have
unequivocally shown that in the absence of anti-
rejection drugs, corneal allografts have dramati-
cally higher acceptance and long-term survival
rates than other categories of allografts such as
skin transplants.

[]

The notion that corneal tissues could be successfully
transplanted was proposed three centuries ago by Erasmus
Darwin, the grandfather of Charles Darwin. The first
reported attempt at experimental corneal transplantation
was performed in 1835 by Bigger, who transplanted a cor-
neal allograft to a pet gazelle [1]. In 1838, Kissam attempted
the first corneal transplant in a human subject and grafted
a pig cornea onto a patient’s eye using four interrupted
sutures and without the use of anesthesia [2]! Almost half
a century later corneal transplantation was once again
attempted on humans when May transplanted rabbit

corneal xenografts to humans and noted that the 24
attempts failed due to “imperfect technique and the inabil-
ity to keep the eyes properly bandaged” [3]. It took almost
seven decades before the first successful corneal trans-
plant was grafted from a human donor to a human recipi-
ent [4, 5]. Since then, corneal transplantation has emerged
as the most common form of solid tissue transplantation
in the United States and the United Kingdom [6, 7].

The concept that the cornea and the anterior segment
of the eye might be endowed with unusual immunologi-
cal properties can be traced to Sir Peter Medawar, who
noted the remarkable survival of orthotopic corneal
allografts transplanted to the ocular surface and hetero-
topic skin allografts placed into the anterior chamber



2 1 Immune Privilege of Corneal Allografts

Table 1.1 Immune rejection of corneal allografts and skin
allografts in rats

MHC + multiple minor 100 38 to >90
histocompatibility
antigens
MHC class I only 100 18-35
MHC class IT only 100 0-10

(AC) of the rabbit eye. Medawar recognized the signifi-
cance of the unusual properties of the corneal transplant
and the anterior chamber over which it was transplanted,
and coined the term “immune privilege” [8]. Clinical
observations in human keratoplasty patients and results
from experimental animal studies support the notion that
corneal allografts enjoy immune privilege [5, 6, 9]. In rou-
tine human keratoplasty, no HLA matching is performed
and topical corticosteroids are the only immunosuppres-
sive agents administered. This is in sharp contrast to all
other forms of solid tissue transplantation. Animal stud-
ies have provided perhaps the most compelling evidence
for the immune privilege of orthotopic corneal allografts
[5]. In rodent models of penetrating keratoplasty, the
incidence of immune rejection of corneal allografts dif-
fering from the hosts at all known histocompatibility gene
loci (i.e., MHC plus minor histocompatibility loci) can be
as low as 38%, with the average being approximately 50%,
even though immunosuppressive drugs are not used [5].
Corneal allograft survival is even more impressive when
histocompatibility matching is applied. Corneal allografts
mismatched with the host only at MHC class I loci enjoy
long-term survival in 65 and 72% of the rat and mouse
hosts, respectively [5]. Corneal allograft survival in
rodents mismatched with the corneal allograft donor
only at MHC class 1II loci display the most pronounced
example of immune privilege, with graft rejection occur-
ring in less than 10% of the hosts. In contrast, skin
allografts in each of these categories are invariably rejected
(Table 1.1). These remarkable findings have led to the
misconception that the immune privilege of corneal
transplants is universal and immutable.

Although it is commonly stated that corneal allografts
enjoy a first-year survival rate as high as 90%, the long-term

survival rate is considerably lower and drops to 74% at 5
years and 62% at 10 years [7]. Moreover, graft survival is
even worse in patients who are considered “high-risk”
based on the presence of preexisting corneal neovascular-
ization, ongoing ocular inflammation, or a history of pre-
vious corneal graft rejection. In these conditions, 10-year
graft survival plummets to 35% [10]. In recent years, the
success rate for renal, cardiac, and liver transplants has
improved and has reached a level similar to corneal trans-
plants, with approximately 75% of the grafts surviving at
5 years [7]. Unlike other categories of solid organ trans-
plants, which have demonstrated improved survival over
the past 10-15 years, the long-term survival of corneal
transplants has not changed [7]. The improved survival of
other organ transplants is largely a result of improved
immunosuppressive drugs. In contrast, topical steroids
continue to be the only immunosuppressive agents rou-
tinely used for preventing corneal allograft rejection and
have been the mainstay among prophylactic immunosup-
pressive agents for decades. Unlike the rejection of car-
diac, renal, and hepatic transplants, which pose a risk for
survival and justify more aggressive immunosuppressive
therapy, rejection of corneal allografts has far less serious
consequences, which explains the ophthalmologist’s
reluctance to use systemic immunosuppressive drugs,
which carry serious side effects and can significantly
affect the patient’s quality of life.

Summary for the Clinician:

Success of Corneal Allografts

= In the absence of risk factors, such as inflamma-
tion and neovascularization of the graft bed, cor-
neal allografts enjoy immune privilege.

= Corneal allografts survive in the absence of HLA
matching and without the use of systemic immu-
nosuppressive drugs, which is further evidence
of their immune privilege.

» Immune privilege of corneal allografts is not
universal or immutable. Factors associated with
corneal inflammation and neovascularization
rob the cornea of its immune privilege and
increase the risk for rejection.

m Topical application of corticosteroids is the main-
stay prophylactic antirejection treatment. Risk to
benefit ratio for keratoplasty patients precludes
the use of more aggressive immunosuppressive
protocols that have led to a steady improvement in
the survival rates for kidney, liver, and heart trans-
plants. In contrast, the success of corneal allografts
has not improved over the past 3 decades.




The beneficial effects of MHC matching in promoting the
acceptance of other categories of allografts has been dem-
onstrated, but remains controversial in corneal transplan-
tation [7, 11]. One study has shown no benefit from MHC
class I and class IT matching on corneal allograft survival
[6], while another study has reported a modest, albeit sig-
nificant benefit of MHC class I matching, but an increased
risk of rejection with MHC class II matching [12]. Studies
in both humans and animals have clearly demonstrated
that MHC class I antigens are expressed on all three layers
of the cornea, while MHC class II antigens are conspicu-
ously absent under nonpathological conditions. Minor
histocompatibility antigens are also expressed in the cor-
nea and can provoke corneal graft rejection [4, 5]. In fact,
studies in both rats and mice suggest that minor histo-
compatibility antigens pose a greater barrier than MHC
antigens for corneal allograft survival [13-15]. It has been
estimated that 90% of the MHC antigens are expressed on
the corneal epithelium, leading some to propose that
removal of this layer might reduce the immunogenicity of
corneal allografts and promote their survival. However,
removal of donor epithelium prior to corneal transplan-
tation did not enhance corneal allograft survival in 228
keratoplasty patients in one study [16]. Moreover, investi-
gations in mice suggest that the corneal epithelium plays
an active role in dampening inflammation, and that the
removal of the corneal epithelium jeopardizes corneal
allograft survival [9, 17].

Studies on the mechanisms of corneal graft rejection
in patients have been largely inferential, as they have
relied on in situ immunohistochemical phenotyping of
cell surface markers on immune cells and the identifica-
tion of cytokines in rejected corneal allografts. Animal
studies, especially those in rodents, have provided the
most useful insights into the mechanisms of immune
rejection of corneal allografts. Maumenee was the first to
unequivocally demonstrate that corneal allograft rejec-
tion was immune-mediated [18]. Using a rabbit model of
penetrating keratoplasty, Maumenee demonstrated that
rabbits that received skin grafts 2 weeks prior to the appli-
cation of orthotopic corneal allografts from the same
donor, rejected their corneal allografts at an accelerated
tempo, thereby demonstrating immunological memory,
and establishing the immunologic basis for corneal
allograft rejection. In the late 1960s and mid 1970s,
Khodadoust and Silverstein demonstrated that corneal
allograft rejection was a cell-mediated process that could
be adoptively transferred with lymphocytes that had been
specifically sensitized to the corneal allograft donor’s his-
tocompatibility antigens [19, 20].

1.3 Immune Rejection of Corneal Allografts 3

1.3.1 Role of CD4+ T Lymphocytes in Corneal

Allograft Rejection

The development of the rat and, subsequently, the
mouse model of penetrating keratoplasty paved the way
for a series of studies exploring the immune mecha-
nisms of corneal allograft rejection. Using these mod-
els, investigators have established that T cells, especially
CD4+ T helper cells, were capable of mediating corneal
allograft rejection [4]. Depletion of CD4+ T cells by in
vivo antibody treatment or by gene deletion results in a
steep reduction in the rejection of corneal allografts in
rats and mice [4]. Likewise, there is a close correlation
between corneal allograft survival and the down-regu-
lation of CD4+ T cell immune responses [5]. CD4+ T
cells can contribute to corneal allograft rejection in a
number of ways. Delayed-type hypersensitivity (DTH)
responses to alloantigens are mediated by CD4+ T cells
and are closely correlated with corneal allograft rejec-
tion in mice. CD4+ T cells, especially the Th1 popula-
tion, produce interferon- y (IFN-y) and tumor necrosis
factor-a. (TNF-a), which are known to induce apopto-
sis of corneal cells [4]. CD4+ T cells can also produce
cell-contact-dependent apoptosis of corneal cells [21].
Although CD4+ T cells have been widely proclaimed as
the sole mediators of corneal allograft rejection, it is
noteworthy that depletion of CD4+ T cells by in vivo
treatment with antibody or by deletion of the CD4 gene
in mice does not abolish corneal allograft rejection; in
fact, approximately 50% of the CD4+ T cell-deficient
mice and rats go on to reject their corneal allografts
[22-24]. In contrast, T cell-deficient mice do not reject
corneal allografts, indicating that in addition to CD4+
T cells, one or more other T cell subsets can contribute
to corneal allograft rejection.

1.3.2 Role of CD8+ T Lymphocytes in Corneal
Allograft Rejection

CD8+ T cells are the other major subset of T lympho-
cytes that has been implicated in organ graft rejection.
The notion that CD8+ cytotoxic T lymphocytes (CTL)
mediate graft rejection has been embraced by numerous
investigators. CD8+ CTL can kill allogeneic cells in vitro,
including corneal cells. Moreover, CD8+ lymphocytes
are among the mononuclear cells that are detected
in rejected corneal allografts. However, rodent studies
have shown that donor-specific CTL are not detected in
hosts that have rejected corneal allografts. Moreover,
corneal allograft rejection occurs unabatedly in CD8
knockout (KO) mice, perforin KO mice, or mice treated
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with anti-CD8 monoclonal antibody [4]. Unlike the
condition with other allografts, corneal allograft rejec-
tion does not culminate in the development of
donor-specific CTL. However, hosts with prevascular-
ized corneal graft beds have a dramatically increased
incidence and tempo of corneal allograft rejection. In
these hosts, corneal allograft rejection elicits robust
donor-specific CTL responses [25]. Moreover, CD8+
CTL collected from “high-risk” hosts that have rejected
corneal allografts can induce corneal allograft rejection
when adoptively transferred to severe combined immune
deficient (SCID) mice, indicating that under certain
conditions, CD8+ T cells can mediate corneal allograft
rejection [26].

1.3.3 Role of Antibodies in Corneal Allograft
Rejection

Although the weight of evidence suggests that corneal
allograft rejection is T cell-mediated, there are reports
suggesting a role for cytotoxic antibody. Antibodies
specific for the donor’s histocompatibility antigens can
be detected in the serum of keratoplasty patients. An
interesting correlation between ABO incompatibility
and corneal allograft rejection in high-risk patients has
been reported [6]. The incidence of rejection in patients
with ABO-incompatible corneal allografts was twice
that found in recipients who received ABO-compatible
corneal grafts. ABO hemagglutinins are IgM antibodies,
which are excellent complement-fixing immunoglobu-
lins with potent cytolytic activity. ABO blood group
antigens are expressed on human corneal epithelial and
endothelial cells [27], and in vitro studies have shown
that corneal endothelial cells are highly susceptible to
cytolysis by complement-fixing antibodies [4, 28]. This
is consistent with the notion that under certain condi-
tions, antibody might contribute to corneal allograft
rejection. Results from experiments in mice lend fur-
ther support for this hypothesis. Donor-specific alloan-
tibodies have been detected in the serum of mice at the
time of corneal allograft rejection [28]. Passive transfer
of alloantibodies to T cell-deficient mice, which nor-
mally do not reject corneal allografts, results in corneal
allograft rejection [29, 30]. In contrast, corneal allograft
rejection occurs in both B cell-deficient mice and com-
plement-deficient mice, indicating that complement-
fixing antibodies are not required for corneal allograft
rejection, and that other immune effector mechanisms
can also mediate graft failure in the absence of alloanti-
body [28, 31].

1.3.4 Role of Macrophages and NK Cells
in Corneal Allograft Rejection

The immune system is composed of two distinctly differ-
ent components: the adaptive and the innate immune
systems. The adaptive immune system is characterized by
exquisite antigen specificity and the participation of an
intact T cell repertoire. Adaptive immune responses
require several days to develop, but display long-term
memory, which is manifested by swift responses to subse-
quent encounters with the original antigen. T lympho-
cytes, B lymphocytes, and antibodies are the primary
elements of the adaptive immune system. The innate
immune system is comprised of granulocytes, mac-
rophages, natural killer (NK) cells, and the alternate path-
way of the complement system. In contrast to the adaptive
immune system, the innate immune system is character-
ized by its rapid activation by pathogens via recognition
of toll-like receptors and pathogen-associated molecular
patterns (PAMP) that are expressed on various microor-
ganisms. Although the innate immune responses are
swift, the responding cells lack antigen specificity and do
not display memory.

Animal studies have provided compelling evidence
that elements of the innate immune system indirectly
contribute to corneal allograft rejection. DTH reactivity
to donor histocompatibility antigens is closely correlated
with corneal allograft rejection [4]. Macrophages are a
major cell population in DTH lesions and are present in
rejected corneal allografts. Studies in both the mouse and
rat models of penetrating keratoplasty have shown that
elimination of periocular macrophages by subconjuncti-
val injection of liposomes containing the macrophagi-
cidal drug clodronate prevents corneal allograft rejection
[4]. However, further analysis has revealed that mac-
rophages do not act as effector cells by damaging the
donor corneal graft, but appear to be crucial antigen pre-
senting cells (APC) that activate CD4+ T cells, which
enter the graft and function as the end stage effector cells
that deliver the lethal hit to the corneal allograft [4].
Neutrophils are also present in the inflammatory infil-
trate of rejected corneal allografts, but there is little evi-
dence to support an important role for them in corneal
allograft rejection.

NK cells act as “first responders” to viral infections,
and are believed to play an important role in the immune
surveillance of neoplasms. Recent studies in the rat model
of penetrating keratoplasty suggest that NK cells might
also participate in corneal allograft rejection [32, 33].
Cells with surface markers that are characteristic of NK
cells have been detected in the corneal stroma and the
aqueous humor of hosts with rejected corneal allografts.
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Moreover, NK cells have been shown to kill allogeneic
corneal endothelial cells in vitro [34]. If NK cells partici-
pate in the destruction of corneal allografts, they most
likely collaborate with CD4+ T cells or alloantibodies,
which would provide the antigen specificity that is char-
acteristic of corneal allograft rejection.

1.3.5 What are the Effectors of Corneal
Allograft Rejection?

The weight of evidence indicates that multiple mecha-
nisms and immune elements can be invoked to produce
corneal allograft rejection. The use of various gene KO
mouse strains and the selective depletion of immune cell
populations have revealed an enormous redundancy in
the immune effector mechanisms that can be enlisted to
bring about corneal allograft rejection. B cell-deficient
and complement-depleted hosts reject corneal allografts,
indicating that complement-mediated cytolysis is not
required for rejection. Likewise, the prompt rejection of
corneal allografts transplanted to CD4 KO mice and CD8
KO mice demonstrates that neither of these two T lym-
phocyte populations is indispensable for the rejection of
corneal allografts. Perforin KO mice lack the cytolytic
protein that is utilized by CTL and NK cells, yet these
mice are also fully capable of rejecting corneal allografts.
Although depletion of ocular macrophages prevents cor-
neal allograft rejection, macrophages alone cannot medi-
ate rejection. These observations lead to the inescapable
conclusion that multiple pathways exist for corneal
allograft rejection, and that the immune privilege of cor-
neal allografts involves multiple mechanisms and mole-
cules that disable each of these effector pathways. Failure
to disarm each of these immune effector mechanisms
compromises immune privilege and leads to corneal
allograft rejection.

Anecdotal reports have suggested that atopic diseases,
especially allergic conjunctivitis, increase the risk for cor-
neal allograft rejection. Studies in the mouse model of
penetrating keratoplasty have confirmed this suspicion
and have shown that mice with either allergic conjuncti-
vitis or allergic asthma have a dramatic increase in the
incidence and tempo of corneal allograft rejection [35,
36]. Prospective studies in this model have demonstrated
that the increased rejection was due to a systemic, not
local, effect of the allergic diseases. That is, mice with

allergic conjunctivitis in only one eye experienced a dra-
matically higher rejection in either the allergen-chal-
lenged eye or the contralateral eye that had not been
exposed to allergens and did not display clinical or histo-
logical features of allergy. Moreover, mice with allergic
asthma also experience a dramatic increase in the inci-
dence of corneal allograft rejection, providing further
evidence that the untoward effects of allergic diseases are
systemic in nature and the increased rejection is not sim-
ply due to a “hot” inflamed graft bed. Interestingly, termi-
nating the host’s exposure to relevant allergens results in
the restoration in immune privilege. That is, allergic mice
that are isolated from the relevant allergen for 30 days
display the same incidence of corneal allograft rejection
asnonallergic mice. The underlying basis for the increased
incidence and tempo of corneal graft rejection in allergic
diseases remains a mystery. It is possible that atopic dis-
eases such as allergic conjunctivitis or allergic asthma have
an adjuvant effect and enhance the generation of CTL,
DTH, or alloantibody responses. Another possibility is
that allergic diseases disable one or more of the mecha-
nisms that are crucial for the establishment of immune
privilege (see below). In either case, atopy-associated exac-
erbation of corneal allograft rejection reminds us that
seemingly benign immunological perturbations can rob
the corneal allograft of its immune privilege.

Summary for the Clinician: Immune

Mechanisms of Corneal Allograft Rejection

m Corneal allograft rejection is a T cell-dependent
process.

= No single immune effector mechanism is solely
responsible for corneal allograft rejection.

= Antibodies, CTL, and DTH can independently
mediate corneal graft rejection

= Allergic diseases increase the risk of corneal
allograft rejection.

= The immune system displays remarkable redun-
dancy in the mechanisms that can mediate corneal
allograft rejection.

There are three distinct phases in the immune rejection of
an allograft. The first step is initiated when donor-derived
APC emigrate from the graft and enter a draining lymph
node. The MHC antigens on the APC are capable of
directly interacting with the T cell receptor (TCR) on the
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host T cells within the lymph node and eliciting robust
immune responses. This is referred to as the “direct path-
way” of alloactivation. The second, and perhaps more
important, pathway for eliciting an immune response to
corneal allografts is the “indirect pathway” in which the
host’s APC residing in the graft bed capture alloantigens
shed from the corneal allograft. The host APC process the
donor histocompatibility antigens and load alloantigenic
peptide fragments onto MHC class II molecules, which
engage the TCR on CD4+ T cells. The indirect pathway of
alloantigen stimulation via presentation of minor histo-
compatibility antigens is believed by many to be more
important than the direct pathway of alloantigenic stimu-
lation [13, 15]. Both the direct and indirect pathways cul-
minate in the activation and expansion of T lymphocyte
populations that specifically recognize the histocompati-
bility antigens on the corneal allograft. In low-risk eyes,
such as those in keratoconus patients, the corneal graft
bed is avascular and is typically free of inflammation.
Under these conditions, the corneal allografts and the
graft beds into which they are grafted possess unique
properties that delay, disrupt, or block the induction of the
immune response — a process termed “afferent blockade.”

The second phase of the immune response to foreign
histocompatibility antigens occurs in the regional lymph
nodes, which drain the corneal graft bed. In the mouse,
these are the submandibular and cervical lymph nodes
[37, 38]. Within the lymph nodes, either donor-derived
(direct pathway) or host-derived APC (indirect pathway)
present alloantigenic moieties to T cells, which undergo
clonal expansion and activation. This is termed the “cen-
tral processing” phase of the alloimmune response, and it
culminates in the production of prodigious numbers of
activated T cells that enter the bloodstream and migrate
to the graft/host interface. B cells are also activated in the
draining lymph node, and subsequently develop into
plasma cells, which secrete antibodies that recognize the
MHChistocompatibility antigens on the corneal allografts.
As a general rule, minor histocompatibility antigens elicit
little or no antibody response. Therefore, if alloantibodies
play a role in graft rejection, they are most likely directed
at the MHC or ABO antigens on the corneal allograft.

The third phase of the alloimmune response is the
“efferent phase” in which the activated T cells and anti-
bodies enter the bloodstream and are transported to the
host/graft interface. After migrating to the host/graft
interface, the immune effector elements can attack all
three cell layers of the cornea, but it is the destruction of
the corneal endothelium in particular that leads to the
loss of corneal clarity and thus, graft failure.

The immune rejection of corneal allografts occurs by
a three-step process that can be likened to a conven-
tional sensory neuron/motor neuron reflex arc. This
“immune reflex arc” includes an initial stimulus (anti-
gen-laden APC), which activates a central processing
region (regional lymph node). Within the central pro-
cessing region, an effector response is generated (acti-
vated T cells and antibodies) and is transmitted back to
the site of the original stimulus (corneal allograft). The
immune privilege of corneal allografts relies on the dis-
arming of each of these three components of the immune
reflex arc.

Afferent Blockade of the Immune
Response to Corneal Allografts

1.5.1

It is widely accepted that the avascular nature of the cor-
neal graft bed contributes to corneal allograft survival.
Studies in rodent models of penetrating keratoplasty
have shown that maneuvers that induce hemangiogene-
sis and lymphangiogenesis of the corneal graft bed create
a “high-risk” environment, which invariably leads to
100% graft rejection. It was originally believed that the
presence of blood vessels in the corneal graft bed facili-
tated the entry of alloantigens into the bloodstream,
thereby allowing them direct access to peripheral lym-
phoid tissues, such as the spleen and eventually the
lymph nodes, where they elicited an immune response to
the donor’s histocompatibility antigens (= alloantigens).
However, intravenous (IV) injection of alloantigens
results in the down-regulation of cell-mediated immune
responses to alloantigens and in fact, enhances rather
than jeopardizes allograft survival [39, 40]. A more plau-
sible explanation for the increased rejection of corneal
grafts transplanted into vascularized graft beds lies in the
induction of new lymph vessels. The same stimuli that
induce formation of new blood vessels in the corneal
graft bed coincidentally elicit lymphangiogenesis. In the
generation of a conventional immune response, APC
migrate to regional lymph nodes via afferent lymph ves-
sels. Emerging evidence suggests that the stimuli that
induce hemangiogenesis also induce the formation of
lymph vessels in the corneal graft bed. In addition, these
stimuli also recruit and activate host APC, which can
enter the newly formed lymph vessels. These events
enhance the afferent arm of the immune response and
culminate in corneal graft rejection [41, 42].

One of the earliest explanations offered to explain the
immune privilege of corneal allografts suggested that



corneal cells did not express histocompatibility antigens
and thus were invisible to the immune system. However,
numerous studies in experimental animals and human
subjects have unequivocally shown that all three cell lay-
ers of the cornea express MHC class I antigens, as well as
multiple minor histocompatibility antigens [4]. It is esti-
mated that the epithelium expresses over 90% of the
MHC antigens on the corneal allografts. However,
removal of the corneal epithelium does not enhance cor-
neal graft survival in humans and appears to exacerbate
corneal allograft rejection in mice [9, 16, 17]. Thus, cor-
neal allografts express multiple histocompatibility anti-
gens that can serve as targets for immune rejection.
However, expression of these antigens alone is insufficient
to provoke immune rejection, and other characteristics of
the corneal allograft and graft bed are pivotal in the
induction of the alloimmune response.

Epithelial tissues such as the skin contain a dense net-
work of APC, namely Langerhans cells (LC), which act as
sentinels sampling antigens such as pathogens that con-
front the epithelial surface. After capturing antigens, LC
migrate via lymph vessels to regional lymph nodes where
they process and present alloantigenic peptides to T cells.
LC are also potent stimulators of alloimmune responses.
As few as ten cutaneous allogeneic LC can prime mice for
the generation of CTL against alloantigens (i.e., histocom-
patibility antigens)[43]. The central region of the corneal
epithelium is normally devoid of mature LC that constitu-
tively express MHC class II molecules. However, various
stimuli that are associated with the development of “high-
risk” conditions for corneal allograft survival (e.g., corneal
neovascularization and inflammation) induce the swift
appearance of MHC class II positive LC in the central cor-
neal epithelium. These corneas contain MHC class II posi-
tive LC of donor origin and are highly immunogenic, and
also experience an increased incidence and tempo of
immune rejection (Table 1.2). Thus, the presence of donor-
derived “passenger” MHC class II positive LC abolishes
immune privilege by restoring the afferent arm of the

immune reflex arc. This in turn promotes the generation
of a robust alloimmune response that culminates in cor-
neal allograft rejection. However, afferent blockade of the
immune reflex arc can be reestablished by removing the
MHC class II positive LC. Since LC are vulnerable to
hyperbaric oxygen and ultraviolet B (UVB) irradiation,
treating LC-containing corneal allografts in vitro with
either hyperbaric oxygen or low dose UVB irradiation
prior to orthotopic transplantation reduces their immu-
nogenicity and restores their immune privilege.

Host LC reside in the limbus and are also an impor-
tant consideration in the afferent arm of the immune
response. Conditions that are closely associated with
high-risk corneal grafts (e.g., inflammation and neovas-
cularization) are also known to activate limbal LC and
induce their centripetal migration into the corneal graft.
Interleukin-1 (IL-1) is one of the stimuli that is upregu-
lated in inflamed or vascularized eyes that beckons LC to
enter the corneal allograft. Blocking IL-1 function by
topical administration of IL-1 receptor antagonist inhib-
its LC migration into the corneal allograft and produces a
dramatic reduction in the incidence of corneal allograft
rejection [5].

As stated earlier, the induction or afferent arm of the
immune response requires that antigen-laden APC migrate
from the corneal allograft to the regional lymph node.
Conceptually, the simplest method for preventing this
inductive step is to either ligate the lymph vessels that drain
the ocular surface or remove the regional lymph nodes that
they serve. This has been proven in mouse experiments in
which surgical removal of the ipsilateral cervical or sub-
mandibular lymph nodes prior to transplantation prevents
the immune rejection of corneal allografts [37, 38].

Thus, blocking the afferent arm of the immune
response by inhibiting the transmission of alloantigens
from the corneal allograft to the regional lymph node
pharmaceutically, surgically, or immunologically pro-
motes immune privilege and ensures corneal allograft
survival.

Table 1.2 Effect of MHC class II positive donor-specific Langerhans cells on corneal allograft rejection in rodents

MHC + multiple minor histocompatibility antigens 50
Minor histocompatibility antigens only 40
MHC class I only 18
MHC class IT only <10

>90
80
20
<10
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Summary for the Clinician: Afferent Blockade

of the Immune Response

All three layers of the corneal allograft display MHC
class I and minor histocompatibility antigens that
can be targeted for immunologic attack.

©» Removing the corneal epithelium does not
enhance corneal graft survival, and may in fact
increase the risk for rejection.

= In normal corneas, the central corneal epithe-
lium lacks mature MHC class II positive APC.

© Corneas from inflamed or vascularized eyes
contain large numbers of activated APC that
elicit intense immune responses that culminate
in graft rejection. In vitro treatment with UVB or
oxygen can rid these corneas of “passenger APC”
and enhance corneal allograft survival.

= The absence of lymphatic vessels in the corneal
graft bed prevents the induction of immune
responses to the corneal allograft

= Factors that are associated with increased risk of
corneal graft rejection invariably enhance the
afferent arm of the immune response.

© Simple removal of the draining lymph node
blocks the afferent arm of the immune response,
promotes immune privilege, and ensures corneal
allograft survival.

1.5.2 Immune Deviation in the Central
Processing Component of the Immune

Reflex Arc

The orthotopic corneal allograft lies over the AC of the
eye and is in direct contact with the aqueous humor. It
has been recognized for over 100 years that the AC of
the eye possesses immune privilege. Various categories
of tumor and tissue allografts experience prolonged and
sometimes, permanent survival when transplanted into
the AC, yet are promptly rejected if transplanted to
other body sites [44, 45]. Since the orthotopic corneal
allograft is in direct juxtaposition to the AC, it benefits
from its immune privilege. Numerous factors contrib-
ute to the immune privilege of the AC. The aqueous
humor contains a myriad of immunosuppressive and
antiinflammatory molecules. The cells lining the inside
of the eye are decorated with cell membrane-bound
molecules such as FasL (CD95L), tumor necrosis fac-
tor-related apoptosis-inducing ligand (TRAIL), and
programmed death ligand-1 (PD-L1), which inhibit T
cell proliferation, down-regulate the production of

proinflammatory cytokines, and induce apoptosis of T
cells that enter the AC.

Allogeneic cells that are either injected into the AC or
that reside in tissue allografts that are transplanted into the
AC elicit a unique form of immune regulation that deviates
the systemic immune response from a destructive pathway
to one of tolerance. That is, allogeneic cells and allografts
placed subcutaneously or intraperitoneally elicit the pro-
duction of complement-fixing antibodies, CTL, and DTH
responses against the alien histocompatibility antigens. In
contrast, allogeneic cells and allografts placed into the AC
of the eye, do not elicit the development of DTH, and in
fact induce T regulatory cells that actively suppress DTH
responses to the alloantigens that were introduced into the
AC. Moreover, AC injection of antigen results in the pref-
erential production of noncomplement-fixing antibodies
and the absence of complement-fixing antibodies. This
immunoregulatory phenomenon has been termed anterior
chamber-associated immune deviation (ACAID) and is
believed to be crucial for the maintenance of immune priv-
ilege in the eye. ACAID culminates in the generation of T
regulatory cells that down-regulate both Thl- and Th2-
based and DTH
responses to alloantigens. The antigen-specific suppression

immune-mediated inflammation
of DTH has important implications for corneal allograft
survival, as the appearance of DTH responses to the alloan-
tigens on corneal allografts is closely correlated with cor-
neal allograft rejection [4]. Likewise, hosts with long-term
clear corneal allografts do not display DTH responses to
the alloantigens expressed on the corneal allografts, and in
fact develop T regulatory cells that actively suppress DTH
responses to these alloantigens. Significant numbers of
corneal cells are sloughed into the AC during orthotopic
corneal transplantation, and since the corneal allograft is
in direct contact with the AC, it is reasonable to propose
that events surrounding orthotopic corneal transplanta-
tion are conducive for the induction of ACAID. Moreover,
studies in both the rat and mouse models of penetrating
keratoplasty have shown that AC injection of donor-spe-
cific cells prior to corneal transplantation enhances corneal
allograft survival. In addition, the selective silencing of
complement-fixing antibody production reduces the risk
for antibody-mediated rejection of corneal allografts.

The induction of ACAID is a complex process that
involves the participation of three organs and one organ
system: (a) eye, (b) thymus, (c) spleen, and (d) sympathetic
nervous system. The generation of ACAID is initiated
when ocular macrophages capture antigens that enter the
AC. The F4/80+ ocular macrophages emigrate from the
eye to the thymus and spleen. Within the thymus, they
induce the generation of NK1.1+ T cells (NKT cells), which
then emerge from the thymus and enter the bloodstream
where they migrate to the spleen. Other F4/80+ ocular
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macrophages are believed to migrate directly from the eye
to the spleen. In the spleen, the F4/80+ ocular macrophages
engage in a complex series of cellular interactions with B
lymphocytes, y3 T lymphocytes, NKT cells, CD4+ T lym-
phocytes, CD8+ lymphocytes, and the third component of
complement (C3). These interactions culminate in the
generation of CD8+ T regulatory cells that suppress both
Thl and Th2 immune-mediated inflammation, as well as
DTH to the antigens that entered the AC. Importantly, the
suppression of immune-mediated inflammation and DTH
is antigen-specific. If ACAID is crucial for corneal allograft
survival, then it stands to reason that disruption of the cell
populations that are needed for the induction of ACAID
should jeopardize corneal allograft survival. Studies in
rodent models of penetrating keratoplasty have confirmed
this suspicion and shown that corneal allograft rejection is
dramatically increased in the hosts treated by: (a) splenec-
tomy; (b) depletion of yd T cells; (c) depletion of IL-10; or
(d) depletion of B cells [46].

Data from rodent models of penetrating keratoplasty
strongly support the notion that the immune privilege of
corneal allografts relies on the generation of ACAID or
an ACAID-like immunoregulatory process that sup-
presses T cell-mediated immune responses (especially
DTH) to the donor’s histocompatibility antigens [46].

Summary for the Clinician: Immune Deviation

and Corneal Allograft Survival

= Orthotopic corneal allografts induce a deviation
in the immune response that inhibits T cell-
mediated immunity to the corneal alloantigens,
and favors graft survival.

= This immune deviation is termed ACAID, and
can be induced by AC injection of donor cells
or by orthotopic transplantation of corneal
allografts.

= ACAID produces antigen-specific suppression of
T cell-mediated immunity and a deviation of the
antibody response from complement-fixing anti-
bodies to noncomplement-fixing antibodies.
Complement-fixing antibodies can kill corneal
cells. Therefore, the selective silencing of comple-
ment-fixing antibodies eliminates this form of
graft rejection and provides the corneal allograft
an additional level of immune privilege.

= An intact spleen is necessary for the induction of
ACAID and the survival of corneal allografts in
rodents. Do patients with a history of a previous
splenectomy have an increased risk for corneal
allograft rejection?

1.5.3 Efferent Blockade of the Immune
Response to Corneal Allografts

One of the original explanations for the immune privilege
of corneal allografts proposed that the absence of blood
and lymph vessels in the corneal graft bed isolated the
corneal graft from immune effector elements (T lympho-
cytes and antibodies) that were present in the blood.
Although this sequestration hypothesis has been unequiv-
ocally disproven, the notion that the corneal allograft is
shielded from immune effector elements does have merit.
Corneal endothelial and epithelial cells express an inter-
esting array of cell membrane molecules that disarm acti-
vated T lymphocytes and disable the complement system.
FasL (CD95L) is expressed on both corneal endothelial
and epithelial cells and induces apoptosis of neutrophils
and activated T cells, which express its receptor (Fas,
CD95). The importance of FasL-induced apoptosis in
corneal allograft survival was demonstrated in two inde-
pendent studies, which showed that corneal allografts
prepared from mutant mice that failed to express func-
tional FasL invariably underwent immune rejection [47,
48]. The cornea also expresses another apoptosis-induc-
ing cell membrane molecule called programmed death
domain ligand-1 (PD-L1). When PD-L1 engages its
receptor (PD-1) on T lymphocytes, it induces T lympho-
cyte apoptosis, inhibits T lymphocyte proliferation, and
prevents the production of the proinflammatory cytokine
interferon-y (IFN-y). Corneal allografts prepared from
gene KO mice that fail to express PD-L1 have twice the
incidence of rejection as corneal grafts that express func-
tional PD-L1 [49, 50]. Moreover, in vivo administration
of anti- PD-L1 antibody into normal mice results in a
sharp increase in the incidence of corneal allograft rejec-
tion [49, 50].

Although there is some evidence that cytotoxic anti-
bodies can produce corneal allograft rejection in mice,
their role in the rejection of corneal allografts in humans
remains unresolved and controversial. The capacity of
antibodies to produce complement-mediated cytolysis
of corneal allografts is severely limited by the expres-
sion of complement regulatory proteins (CRP) that are
expressed on the cell membranes of corneal epithelial
cells and are present in the aqueous humor. Corneal
epithelial cells express CRP and are impervious to
in vitro cytolysis by complement-fixing antibodies [28].
In contrast, corneal endothelial cells do not express
CRP and are vulnerable to cytolysis by complement-
fixing alloantibodies in vitro. However, the aqueous
humor contains soluble CRP, which disable the comple-
ment system and protect corneal endothelial cells from
complement-mediated injury. Thus, antibody-mediated
corneal allograft rejection is severely limited by CRP
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that are present in the aqueous humor and expressed on
the corneal epithelium.

The aqueous humor also contains a myriad of soluble
factors that suppress immune-mediated inflammation
(Table 1.3). NK cells have been implicated in corneal
allograft rejection in the rat. However, the aqueous humor
contains at least two soluble factors that affect the func-
tion of NK cells and may restrict the capacity of NK cells
to contribute to corneal allograft rejection. Macrophage
migration inhibitory factor (MIF) and TGF-f3 are present
in the AH at concentrations that inhibit NK cell cytolytic
activity in vitro and in vivo. MIF produces an immediate
inhibition of the cytolytic machinery of NK cells, while
TGEF- produces inhibition of NK cell-mediated cytolysis
that is equally strong, but is delayed until 18 h after expo-
sure to NK cells.

Table 1.3 Immunosuppressive and immunoregulatory molecules
in the aqueous humor

TGF-B Suppresses activation of T cells;
promotes immune deviation;
down-regulates MHC class I
expression on corneal cells;
suppresses NK cells

VIP Inhibits T cell activation and
proliferation; inhibits DTH

CGRP Inhibits production of proinflamma-
tory factors by macrophages

MIF Inhibits NK cells

FasL Suppresses neutrophil recruitment
and activation

CRP Disables complement cascade

IDO Depletes tryptophan and “starves”
T lymphocytes

o-MSH Inhibits DTH and production of
proinflammatory factors by
macrophages

SOM Suppresses IFN-y production by

activated T cells; induces
production of a-MSH

TGF-f transforming growth factor beta; VIP vasoactive intesti-
nal peptide; CGRP calcitonin gene-related peptide; MIF mac-
rophage migration inhibitory factor; FasL Fas ligand; CRP
complement regulatory proteins; IDO indoleamine dioxygenase
(this is a cytoplasmic enzyme that is not present in the aqueous
humor, but depletes tryptophan within the eye); a-MSH alpha-
melanocyte stimulating hormone; SOM somatostatin

Summary for the Clinician: Efferent Blockade

of Corneal Allograft Rejection

n The corneal allograft and aqueous humor
expresses molecules that block the expression of
immune effector elements at the graft/host
interface.

i Cells on the corneal allograft express cell mem-
brane-bound molecules, FasL and PD-L1, which
disable and delete T lymphocytes that enter the
corneal transplant.

= CRP are also expressed on the cell membranes of
corneal cells and are present in the aqueous
humor, and act as buffers to reduce the risk for
complement-mediated graft rejection.
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Chapter 2

Mechanisms of Corneal Allograft

Rejection and the Development

of New Therapies

Core Messages

m Effective suppression of corneal inflammation
provides some insurance against subsequent graft
rejection. Postoperative inflammation must be
diagnosed promptly and treated energetically.

m Avoid high-risk corneal transplants if at all pos-
sible. A failed graft may create more problems
than the original disease.

m There is an increasing evidence of a small benefit
of tissue matching in corneal transplantation.

HLA matching is recommended if logistics
allow.

m Patients with severe visual disability and who
understand the risks involved may benefit from
systemic immunosuppression.

® Whensystemicimmunosuppression isemployed,
management of the patient should be shared
with a transplant physician experienced in the
field.

[]

Corneal transplantation is a paradox. For some patients —
those with keratoconus and some dystrophies — the proce-
dure is remarkably successful. For others - those with
poor vision, following inflammatory diseases of the cor-
nea — the procedure is remarkably unsuccessful. The trag-
edy is that inflammatory diseases of the cornea are the
second largest cause of blindness world-wide [1]. For
those with this problem who receive a corneal graft, fail-
ure is common and allograft rejection is the usual cause of
failure. For millions of others, the poor prognosis pre-
cludes surgery - they are never offered a transplant.
Patients who have had inflammatory eye disease and
who receive a corneal transplant are considered to be at
“high risk” - attention must be paid to lowering their risk
of rejection. This is not readily achieved, and improve-
ments in graft survival have not been seen in corneal
transplantation in recent years. On the other hand, the
outcome of transplantation of vascularised solid organs
has improved steadily over the last 40 years. This improve-
ment has been due to the development of more effective
ways of preventing and treating allograft rejection. For the
most part, the strategies that have been so important in

organ transplantation are not applicable to corneal trans-
plantation. New approaches are needed to reduce the
impact of corneal allograft rejection - strategies that take
into account the unique biology of the cornea and the clin-
ical context in which corneal transplantation is practiced.

The survival of corneal grafts is 86% at 1 year and 73% at
5 years (Fig. 2.1a) [2]. This compares unfavorably with
the results of vascularised solid organ grafts such as
kidney allografts (Fig. 2.1b) [3, 4]. A number of factors
have contributed to the improvement in outcomes of
solid organ transplantation. Tissue matching has become
more accurate with the development of molecular tech-
niques, and systemic immunosuppression is increasingly
effective. An increasing proportion of patients receive
transplants from living-related donors, and this too con-
tributes to the improved survival rates. None of these
approaches is readily applicable to corneal transplanta-
tion. Tissue matching is not as effective for corneal trans-
plantation because of the relative importance of minor
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Fig. 2.1 Kaplan-Meier graft survival plots. (a) Survival of
penetrating and lamellar corneal grafts over 24 years, from
1985 to 2009; n represents the number of eyes initially at risk.
Data from the Australian Corneal Graft Registry, with per-
mission. (b) Survival of first renal allografts from deceased
unrelated donors, stratified by year of transplantation from
2001 to 2007 (“modern era” grafts). Data from the 31st report
of the Australia and New Zealand dialysis and transplant
registry 2008 [4], with permission. Disclaimer: these data
reported have been supplied by the Australia and New Zealand
Dialysis and transplant registry, but the interpretation and
reporting of these data in no way should be seen as an official
policy or interpretation by the Australia and New Zealand
dialysis and transplant registry

histocompatibility antigens. Corneal transplantation is
performed for visual disability, and because blindness is
not a potentially fatal condition (unlike heart or liver fail-
ure), the risks of systemic immunosuppression can sel-
dom be justified. For this reason, regional (ocular)
immunosuppression rather than systemic immunosup-
pression is required. The advantage derived from using
living related donors for renal transplantation is not
available for corneal transplantation. It is not possible
to use living-related donors in corneal transplantation
because this cannot be done without damaging the sight
of the donor.

The cornea has long been recognized as an immunologi-
cally privileged site. Perhaps this privilege has evolved as
a consequence of its conflicting, dual roles. It is both an
optical element of the eye, for which it must remain
transparent and of an appropriate shape, and it is exposed
to the environment, and thus has a protective function.
Challenges to the cornea resulting in a brisk inflamma-
tory response with scarring sequelae might alter corneal
structure, which depends on an undisturbed ultrastruc-
ture for good optical function. Immunological privilege
may act to minimize the impact of inflammation. Corneal
privilege is eroded in diseased corneas in which inflam-
mation has occurred, and grafts placed in such recipient
corneas are rejected promptly. In between the “virgin”
cornea and the situation described above, there is a spec-
trum: corneal privilege is relative. It varies in extent
across species. For example, the normal rabbit cornea is
similar to the normal human cornea, with a weak ten-
dency to spontaneous rejection of allografts. On the
other hand, the normal sheep spontaneously rejects
allografts after 3 weeks, probably because it is naturally
somewhat vascularised.

Various factors contribute to corneal privilege in
humans. The normal cornea has no blood vessels or
lymphatics. Furthermore, the vessels in the eye have
tight junctions, which form the basis of the blood-eye
barrier [5]. As a consequence of the avascularity and the
blood-eye barrier, the cornea is somewhat sequestrated
from systemic immune responses. It is also relatively
acellular, particularly with respect to cells capable of
processing and presenting antigen, crucial to the initia-
tion of an allograft response. The normal cornea has
some Langerhans cells in the epithelium, and a small
population of interstitial dendritic cells and mac-
rophages in the peripheral stroma [6, 7]. Some species,
notably mice, have a larger population of antigen pre-
senting cells (APCs) in the stroma. Mice also have a ten-
dency to spontaneous rejection of allografts. There is
limited expression of major histocompatibility complex
(MHC) determinants on the surface of corneal cells.
Class I antigens are present on epithelial cells, stromal
keratocytes, and endothelium. Class II expression is
limited primarily to bone-marrow derived cells [8].
Corneas along with other privileged sites such as testes
do, however, constitutively express Fas ligand, which
provides a mechanism for eliminating immunocompe-
tent cells that find their way into the cornea. In addi-
tion, the anterior chamber fluid is relatively rich in
immunomodulatory cytokines [9].



Acute inflammation results in breakdown of the
blood-eye barrier, providing access for cells and large
molecules [10]. With chronic inflammation, new blood
vessels and lymphatics are formed, forever connecting
the cornea to the vascular and lymphatic circulations [3]
Inflammation also increases histocompatibility antigen
expression [11]. Through wound healing and postopera-
tive inflammatory events such as inflammation around a
loose stitch, or intercurrent conjunctivitis or uveitis, the
cornea acquires a population of bone marrow-derived
cells capable of processing and presenting antigen. This
population persists for years after the initial inflamma-
tion has subsided, and the number of these cells in a
recipient cornea correlates well with allograft rejection
and graft failure - the larger the number of cells in the
recipient bed, the greater the risk of graft failure [12].
These cells are capable of processing foreign donor anti-
gen, thereby initiating an allograft response.

A detailed knowledge of the corneal allograft response is
required if alternative approaches to suppressing the cor-
neal allograft response are to be developed and the
outcome of corneal transplants improved. Important ele-
ments are the erosion of privilege, a necessary precedent
to the establishment of an allograft response, the prepon-
derance of indirect over direct presentation of antigen,
and the importance of the corneal endothelium, which
has little capacity for repair, as the primary target of the
effector arm of the immune response. There are several
steps of the activation cascade during corneal allograft
rejection that may be amenable to therapy including (1)
antigen uptake, (2) antigen processing, (3) antigen pre-
sentation, (4) T cell expansion and (5) effector cell influx
into the eye (Fig. 2.2). The first two are likely to occur, at
least to some extent, locally in the ocular environs, and
may be particularly in useful targets for topically applied
therapeutics or gene therapy.

For antigens to be “seen” by T cells, they must be taken up
and presented by APCs. Graft-derived antigen can be
phagocytosed by many cells within the eye, including
macrophages and dendritic cells. Proteins shed from the
graft or remnants of dead donor cells may be engulfed in
this way. In addition, dendritic cells are able to sample
small amounts of live cell membranes (termed “nib-
bling”). While there is evidence that soluble protein
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Fig. 2.2 The antigen uptake, processing and presentation path-
way leading to clonal expansion of T cells. In the context of sen-
sitization to cornea-derived antigen, the precise location of
processing and presentation remain unclear

antigens in the anterior chamber may disseminate as
widely as the spleen [13] and mesenchymal lymph node
[14], the relevance of this to responses against trans-
planted corneal tissue is yet to be determined.

There are numerous populations of potential APC
within the eye that may capture alloantigen. Macrophages
and dendritic cells are resident not only in the iris, but
also throughout the trabecular meshwork, choroid, and
episclera [10]. Langerhans cells have long been recog-
nized as important ocular dendritic cells that reside in the
peripheral cornea and migrate into the graft upon trans-
plantation. More recently, a heterogeneous population of
bone marrow-derived cells including immature dendritic
cells and macrophages has been described in the central
cornea. These cells upregulate MHC Class II following
transplantation, but do not traffic to the regional lymph
nodes [15]. Instead, resident host APC that take up graft-
derived antigen and traffic to the nodes within hours of
transplant are probably most important for sensitisation
[15]. Intravital microscopy techniques have provided
direct evidence that resident ocular APC take up antigen
effectively, but many of these cells are observed to remain
in situ. Thus, sensitisation that occurs in the lymph node
may be facilitated by the escape of a small number of
potent antigen-bearing dendritic cells. Alternatively, ocu-
lar APC may “communicate” via newly described
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nanotubes [16], passing antigen to more mobile dendritic
cells that can then migrate to lymph nodes.

Despite the identification of various populations of
ocular cells that can engulf antigen, the population that is
the most important for mediating corneal allograft rejec-
tion remains unknown. While dendritic cells are very
effective at initiating immune responses, the population
of resident macrophages may be important as a local anti-
gen “bank,” recruiting and interacting with effector cells,
as well as enhancing the development of corneal vessels
and lymphatics for effector cell delivery.

Therapeutically, ocular antigen uptake can be most
effectively achieved by depleting the cornea of APC. In
rodent models, depletion of resident macrophages by
subconjunctival injection of clodronate-containing lipo-
somes early in the post-transplant period delays onset of
rejection [17]. However, cells such as macrophages are
very important for ocular antiviral responses, and their
large-scale removal would likely incur a severe infection
risk. Also, since only a small number of antigen-laden
dendritic cells would be required to migrate to the
regional lymph node to cause sensitisation, therapeutic
benefit via this approach may be difficult to achieve.

For an exogenous antigen to be presented on the surface of
an APC, it must first be processed within the cell. The pre-
ponderance of the indirect pathway of antigen presenta-
tion during corneal allograft rejection means that proteins
involved in MHC Class II processing may be ideal thera-
peutic targets. APCs, such as B cells, macrophages, and
dendritic cells contain all the machinery to process and
present antigen on MHC Class II molecules on their sur-
face. Phagocytosed graft-derived antigen is degraded by
proteases in intracellular endosomes within the first hour
after uptake. In the endoplasmic reticulum, the peptide
cleft of the MHC Class II dimer is occupied by an invariant
chain protein, which later degrades to form a minimal
CLIP protein. The late endosome then fuses with a MHC
Class II-containing vesicle, and a degraded antigen frag-
ment is loaded into the peptide-binding cleft in place of the
CLIP protein. This substitution requires another molecule,
DM. The stable MHC II-antigen complex is then trans-
ported to the cell surface, where it can interact with a host
CD4 T cell bearing the cognate T cell receptor (TCR).

A number of opportunities exist for therapeutic
manipulation of antigen processing. While APC matura-
tion and antigen processing are likely to occur during
transit to the lymph node, local therapies applied to the
eye prior to or during surgery may have an effect on ocu-
lar resident APC. Cathepsin S is an enzyme that causes

the degradation of the invariant chain for subsequent
removal of CLIP from the peptide-binding cleft of MHC
Class II. Inhibitors of cathepsin, such as the cysteine pro-
tease inhibitor family of cystatins, halt the processing of
antigen. In the context of corneal transplantation, a delay
in sensitisation, due to inefficient antigen processing, may
be sufficient to prevent acute rejection events and improve
corneal graft survival.

Antigen presentation is the process in which the pro-
cessed alloantigen/MHC complex is presented in associa-
tion with MHC molecules to the TCR on a T cell. It is the
first allospecific step in the allograft response. This occurs
along with many other interactions between the APC and
T cell, which influence the impact of antigen presenta-
tion, including co-receptor and co-stimulatory interac-
tions that may enhance or impede the impact of
presentation (Fig. 2.3). It remains unclear how the inter-
action of the TCR with its cognate peptide/MHC results
in the appropriate response for the T cell. Even though
the cell surface molecule interactions are well defined, a
number of models exist for TCR triggering, and the real
situation is probably a combination of these. Whatever
the mechanism of receptor triggering, it is likely that the
final outcome of T cell-APC interactions is impacted by
(1) the temporal expression and density of co-stimulatory
molecules, (2) the phosphorylation state of immunore-
ceptor intracellular tails, (3) the spatial organization of
phosphatases (e.g., CD45) and kinases (e.g., Lck), and (4)
the cytokine milieu at the time of presentation [18].
Despite the complexity of the process, the interaction
between APCs and host immunocytes offers the prospect
of allospecific therapeutic intervention, but this has not yet
been achieved in clinical transplantation. Antibodies to
key elements of antigen presentation, for example, anti-
CD4 and anti-CD3 antibodies and CTLA4-Ig fusion pro-
tein, have been used clinically with some success, but these
agents work in a nonspecific rather than an alllospecific
way to suppress immune responses [19-21]. Because they
are administered systemically and result in systemic immu-
nosuppression, this approach has not been widely employed
in corneal transplantation. Biologics of the molecular size
of whole antibody molecules are too large to cross into the
cornea, and therefore cannot be delivered topically.
Because antigen presentation following corneal trans-
plantation occurs distally in the regional lymph nodes,
most locally applied ocular therapies targeting this process
are unlikely to have a significant effect. However, one
promising approach to prevention of presentation of
cornea-derived alloantigen is to interrupt cell-chemokine



Fig. 2.3 Interactions between an antigen presenting cell (APC)
and a CD4+ T cell. The overall outcome of the MHC-bound
peptide/T cell receptor (TCR) interaction (red) is impacted by
coreceptors (orange), co-stimulatory molecules (cyan blue), the
phosphorylation state and density of immunoreceptor tyrosine
motifs in intracellular tails (yellow circles), and the organization
of protein tyrosine phosphatases (e.g., CD45) and kinases (e.g.,
Lck). Activatory (+) or inhibitory (-) signals delivered by co-
stimulatory molecules are shown

interactions involved in trafficking the antigen-loaded
APCoutoftheeyeandintothelymphnode. Experimentally,
blockade of the CCR7-CCL21 pathway decreases the
number of ocular-derived APC in the node [22]. Other
approaches, such as the local expression of interleukin 10
(IL-10), probably work by inhibiting the maturation and/
or trafficking of ocular APC. IL10 promotes the develop-
ment of monocytes with high phagocytic ability but poor
antigen presentation capabilities [23].

T cell activation, proliferation, and clonal expansion are
consequences of antigen presentation. Clonal expansion
occurs in draining lymph nodes and other related lym-
phoid tissues, and is driven by interleukin 2 (IL2). The most

potent effect of calcineurin blockers such as cyclosporin A
and FK 506 is on IL2-controlled clonal expansion in lymph
nodes and other lymphoid tissue, beyond the reach of eye-
drop therapy. Hence, systemic administration of calcineu-
rin blockers is required to prolong corneal graft survival.
Neither cyclosporin A nor FK506 has been shown to extend
graft survival when delivered topically.

The effector arm of the immune response brings destruc-
tive cells and proteins into the donor cornea. Damage is
mediated primarily through cellular mechanisms.
Antibody plays little if any part in corneal graft rejection.
CD4+ cells play a central role in the recruitment of a wide
range of cells with destructive capability. These include
macrophages, polymorphonuclear granulocytes, and NK
cells via a range of cytokines, including tumor necrosis
factor-alpha (TNFa), and interferon gamma. CD8+ T
lymphocytes, although present in rejecting grafts, are not
necessary for the rejection process, and CD8-deficient
animals reject corneal grafts in the normal way.

The effector arm is directed at all cellular components
of the cornea, but the endothelium is the crucial target.
This important cellular monolayer has no capacity for
repair, and remains of donor origin as long as the graft
survives. In contrast, donor corneal epithelium and
stromal keratocytes are eventually replaced with cells of
recipient origin.

The clinical management of patients with corneal trans-
plants is somewhat arbitrary - like much of clinical medi-
cine. This is because of a paucity of high-level evidence, and
a wide range of clinical entities and circumstances. Despite
this, there is general agreement on many aspects of man-
agement. Topical corticosteroids, the mainstay of contem-
porary treatment of corneal allograft rejection, discourage
the movement of the effector cells into the graft. This non-
specific treatment is very effective, and is unlikely to be sup-
planted by more specific antibody-based therapies because
so many different cells play a role in graft destruction.

Not all cases requiring a corneal allograft are at high risk of
rejection. Patients in whom there has been no previous
corneal inflammation - those with keratoconus and some



corneal dystrophies — have a low risk of rejection. No spe-
cial measures need to be taken for these patients, and topi-
cal glucocorticosteroids remain the mainstay of prophylaxis
for rejection. On the other hand, patients who have had
previous corneal inflammation, particularly if the host bed
is vascularised, or have had previous grafts in the same eye
are at high risk of rejection and graft failure. Clinicians
need to evaluate the risk of allograft rejection prior to sur-
gery so that the risks are minimized - particularly if the
patient is monocular. Patients with a high risk of rejecting
their grafts may be candidates for therapeutic interven-
tions that cannot be justified for low-risk cases.

There are good grounds for avoiding high-risk corneal
transplantation in cases where the contralateral eye is nor-
mal. In such cases, there may be little to gain. Visual dis-
ability is limited by the quality of vision in the better eye,
not how poor it is in the worse eye. Unless the vision
achieved in the grafted eye exceeds the vision in the con-
tralateral eye, which is difficult to achieve when the con-
tralateral eye is normal, there is little functional benefit to
be had. Furthermore, should the graft fail, the inconve-
nience and disruption from the failed graft may exceed the
problems which brought the patient to surgery. In addi-
tion to this problem, when it is decided to offer someone a
corneal allograft, the degree of risk needs to be assessed.
Survival tables exist to assist with this assignment [2].

Erosion of corneal immune privilege is a consequence of
inflammation, and so the control of inflammation is a key
element of any antirejection strategy. Two aspects of cor-
neal immune privilege can be managed clinically, at least
to some degree: the accumulation of bone marrow-
derived APCs in the graft and the maintenance of avascu-
larity. Effective management of keratitis early in the
disease process may limit the recruitment of inflamma-
tory cells and prevent vascularization, a consequence of
chronic inflammation. Use of topical corticosteroid is the
only therapy likely to be effective in this regard.

Debate continues about the role of tissue matching in
corneal transplantation. HLA matching has little support

in the United States but has majority support in Europe. It
is generally conceded that the effect of current tissue
matching strategies is not as effective for corneal trans-
plants as for renal transplantation, because of the impor-
tance of minor histocompatibility antigens in the former.
Nevertheless, enough studies demonstrate a modest
improvement with Class I and IT matching to warrant this
approach if it is available - or at least to keep an open
mind on the subject [11, 12, 24].

Systemic immunosuppression is not widely employed in
corneal transplantation, even for patients who are at high
risk of rejecting their graft. The well-recognized risks
associated with systemic immunosuppression can seldom
be justified. The exceptions are patients who are blind for
the want of a functioning corneal transplant, who are able
to understand the risks of long-term systemic immuno-
suppression, and who are so affected by their blindness
that they are prepared to accept the likely morbidities.

Another factor dissuading the use of systemic immu-
nosuppression is the limited evidence supporting its use.
Some investigators report a beneficial effect [25, 26], oth-
ers do not [27-29]. For those who qualify for systemic
immunosuppression, the choice of regimen is somewhat
arbitrary, and there is no evidence that any one regimen is
any better than any other. Under these circumstances, it is
reasonable to extrapolate from what has proven to be
effective in other clinical situations. Currently, the most
widely employed regimens in organ transplantation
employ use of a calcineurin blocker, either cyclosporin A
or FK506, and an antiproliferative agent such azathio-
prine or mycophenolate. It can only be assumed that the
same dose and length of administration needs to be
adhered to in patients with corneal grafts. Over the years,
we have found it preferable to manage patients with cor-
neal transplants needing immunosuppression with the
help of transplant physicians who treat patients with
organ transplants, and to manage them similarly.

Surgical approaches that reduce inflammation as far as
possible should be employed. Inflammation is often the
immediate precedent of a rejection episode. The nylon
sutures used to secure the graft can be the cause of postsur-
gical inflammation. At the time of surgery, some consider-
ation needs to be given to the suture pattern to be employed.



If there is, or has been, focal inflammatory disease, it may
be preferable to use interrupted rather than a continuous
suture. Areas of the host cornea that have been inflamed
tend to have a low threshold for subsequent inflammation.
The presence of a suture may be enough to induce an
inflammatory response, which may lead to vascularization.
When this occurs, it can be managed by removing a single
stitch, something, which cannot be done if a continuous
suture has been employed. For the same reason, it is impor-
tant to remove loose sutures. Sutures tend to loosen as a
consequence of inflammation. An “inflammatory canal”
around a suture shortens the intracorneal path of the suture
and results in loosening of the suture, which further irri-
tates the epithelium resulting in more inflammation. The
consequences are revealed in graft survival statistics.
Corneal grafts from which the sutures are removed very
early — within 6 months - often fail [2]. This is because early
suture removal in these cases is usually forced by suture
loosening occurring as a consequence of inflammation.

Management of wound healing and inflammation in
the postoperative period has much to do with ultimate
outcomes. A feature of corneal transplantation is the cen-
tre effect — the marked differences in graft survival between
centers that cannot be explained by differences in case
mix. It is likely that an important factor is the way inter-
current inflammation is managed. Patients with better
access to experienced clinicians are likely to be treated
more promptly and effectively.

Any intercurrent inflammation occurring in the post-
operative phase demands early diagnosis and treatment.
Upveitis, blepharitis, conjunctivitis, or similar conditions
should be managed effectively and promptly. This
amounts to identifying and negating any stimulus to
inflammation, for example, removing a loose stitch or
treating bacterial conjunctivitis with antibiotics. It may
also be necessary to suppress the inflammatory process
with topical corticosteroids.

Rejection episodes occur frequently in patients with cor-
neal transplants. They may be so minor that patients do
not report them, and they settle spontaneously, or if they
are apparent clinically, they may respond to corticoster-
oids with the graft regaining normal function. At worst,
they result in irreparable damage to the graft endothe-
lium and graft failure. Intense treatment with topical ste-
roids is employed by the majority of surgeons. However,
current treatments are inadequate; too many grafts fail.
New approaches specifically developed for the cornea
that are appropriate for the clinical context are required.

For the reasons set out above, it is desirable to find a way
of providing loco-regional immunosuppression for cor-
neal transplantation. Two approaches could be antibody-
based therapy delivered as eye-drops, and, alternatively,
utilizing gene therapy.

Antibody-based treatments are used extensively in organ
transplantation. Virtually all the steps in the allograft
response are amenable to manipulation with antibodies.
T cells and their products are central elements in the
allograft response. As described previously, antigen pre-
sentation involves two associated molecular events, the
interaction of the TCR and adjacent CD3 and CD4 mol-
ecules with the foreign antigen (signal 1), and the reac-
tion of CD80 and CD86 on APCs with the corresponding
receptors CD28 and CTLA4 on T cells (signal 2).
Anti-CD3, anti-CD4, and anti-CD52 antibodies are fre-
quently used in organ transplantation. CD52 is a receptor
on T cells, B cells, monocytes, and natural killer cells. Its
function is unknown. Activated T cells produce IL2,
which functions as an autostimulant, driving T cell acti-
vation and clonal expansion through its interaction with
the IL2 receptor (IL2R). Antibodies directed at the recep-
tor prolong graft survival, and are used in clinical organ
transplantation. The efferent arm of the allograft response
involves a range of cellular and noncellular destructive
processes. TNFo seems to have a central role in these
processes. It is being used to treat uveitis, and may find a
role in the treatment of allograft rejection.

Although used extensively in organ transplantation, anti-
body-based therapies have not so far found a place in clini-
cal corneal transplantation [30]. Currently, the antibodies
used in clinical organ transplantation are systemically
administered and produce systemic immunosuppression.
Further, whole antibodies are too large to be absorbed
across the cornea, so local administration as eye drops is
not likely to be effective — even if the target of the antibody
were in the eye.

Until recently, therapeutic polyclonal or monoclonal
antibodies were produced by immunizing animals or
culturing murine hybridoma cell lines, respectively.

Developments in molecular biology mean that



customized chimeric human or fully human antibodies
can now be produced from synthetic DNA libraries.
Antibody engineering allows for the creation of small
antibody fragments much smaller than the whole anti-
body, so small that they can pass across the cornea easily
and enter the eye in therapeutic doses [31, 32]. A mouse
anti-rat CD4 single chain variable region (scFv) frag-
ment and a mouse anti-rat CTLA4 construct have both
been shown to prolong cornel graft survival in experi-
mental animals, but only when administered systemi-
cally, despite there being high levels of the antibody
fragment in the aqueous and vitreous compartments of
the eye [33-35]. This highlights a limitation of the con-
cept of topically administered regional immunosuppres-
sion. The target molecule must have a role early in the
allograft response — prior to antigen presentation - as it
would appear to occur primarily outside the eye and the
reach of topical therapy. An antibody fragment against
TNFa is currently undergoing clinical trials. This shows
promise, in that it is likely to suppress some elements of
the complex effector phase of graft rejection.

Another possible way to thwart the corneal allograft
response is by gene therapy. The cornea is an attractive
prospect for gene therapy. Prior to corneal transplanta-
tion, the donor cornea is stored for days or even weeks
ex vivo, during which time transduction with a vector can
be achieved without any urgency. In addition, the ante-
rior segment of the eye is somewhat sequestrated from
the general circulation and immune system, which less-
ens the risk of systemic complications arising from the
transgene or the vector. The endothelium is an ideal cel-
lular monolayer for gene therapy vectors. It is easily acces-
sible and can be examined clinically without difficulty.
Two important considerations in gene therapy are the
vector and the transgene.

An extensive range of viral and nonviral vectors has been
used in experimental corneal transplantation studies, but
there is no consensus as to the usage of the optimal vec-
tor. However, viral vectors are being increasingly pre-
ferred by researchers in the field [36]. The most widely
used include recombinant adenoviral, lentiviral, and
adeno-associated viral vectors. Our preference is for an
HIV-1-based lentiviral vector, which integrates into
genomic DNA and can rapidly produce stable transgene

expression within the eye [37-40]. Safety concerns around
the possibility of recipients developing AIDS can be dis-
missed: the viruses used for gene therapy have been
stripped of the genes responsible for replication of the
virus. There is a theoretical risk of insertional mutagene-
sis, but there are no reports to date of oncogene activation
or any other serious adverse events with any lentiviral
vector.

At this stage, gene therapy approaches for corneal trans-
plantation have been restricted to laboratory studies using
animal models. No clinical studies have been undertaken.
Most of the work has been done in inbred rodents, and
some in larger outbred animals such as sheep. Species dif-
ferences have considerable influences on outcomes. A
variety of transgenes has been shown to prolong corneal
allograft survival significantly (Table 2.1) [41-52]. For the
most part, gene therapy in rats and mice has produced
rather modest prolongation of corneal graft survival, but
the results are sufficiently encouraging to suggest that ex
vivo transduction of corneas prior to transplantation is
worthy of exploration in pre-clinical models. In this
regard, studies in sheep are particularly encouraging
because the extension of graft survival with ovine IL-10 or
p40-IL12 transgenes was considerable [41,42]. Presumably,
the products of these genes operate in the earliest (most
proximal) phase of the allograft response, which occurs in
the eye. Genes that produce proteins acting later in the
allograft response cannot be expected to have a signifi-
cant effect on graft survival when the genes are delivered
to the eye because the processes they are directed at occur
outside the eye.

The need to improve the outcome of corneal transplanta-
tion is obvious to all those involved in the field. As the
mechanisms of corneal transplantation have been better
defined, so too have been the opportunities for therapeu-
tic intervention. Regional immunosuppression targeting
those phases of the corneal allograft response that occur
most proximally (antigen uptake and APC maturation
and migration) or most distally (graft destruction) may
be the key. This may be achieved through topical admin-
istration of therapeutic agents or by gene therapy. Both
options offer prospects for an overdue improvement in
corneal transplantation outcomes.
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Table 2.1 Transgenes demonstrated to prolong corneal allograft survival significantly in animal models

Cellular interleukin-10 Adenovirus
(IL10)

Cytotoxic lymphocyte Adenovirus
antigen 4-Ig fusion
protein (CTLA4-Ig)

Interleukin-4 MIDGE
(IL4) and CTLA4

IL4 with CTLA4 MIDGE

Endostatin-kringle 5 HIV-based
fusion protein (EK5) lentivirus

p40 subunit of interleu- Adenovirus

kin 12 (p40-1L12)

CTLA4-Ig and viral IL1I0  Adenovirus
(VIL10)

Indoleamine 2,3-dioxy- EIAV-based
genase (IDO) lentivirus

Viral IL10 Adenovirus

Nerve growth factor Adenovirus

(NGF), CTLA4-Ig

Sheep

Rat

Mouse

Mouse

Rabbit

Sheep

Rat

Mouse

Rat

Rat

Median survival extended from
20 days (controls) to 55 days
(treated)

Ex vivo transduction of cornea
extended median graft
survival from 9 to 10 days;
systemic injection extended
survival from 9 to 18 days

Treatment of recipient cornea
extended survival from
27+19 to 64 +28 days

Survival extended from 27+ 6 to
62 +26 days

Controls failed at 14-18 days;
none of EK5-treated grafts
failed by 39 days

Median survival extended from
20 days (controls) to 45 days
(treated)

Ex vivo transduction of cornea
extended mean survival from

13 to 16 days (Ad-CTLA4-Ig)

or to 15 days (Ad-CTLA4-Ig
and Ad-vIL10); intraperito-
neal injection Ad-CTLA4-Ig
extended survival to 23 days
(low dose) or 40 days (high
dose)

Median survival extended from
11 to 21 days

Ex vivo transduction of cornea
did not extend survival;
intraperitoneal injection
extended mean survival from

11 to 15 days

Ex vivo transduction of cornea

with Ad-NGF extended mean

survival from 13 to 17 days;
intraperitoneal injection of
Ad-NGF did not prolong

survival; ex vivo transduction

of cornea with Ad-NGF plus

intraperitoneal Ad-CTLA4-Ig

extended survival to 70 days
in 6 of 7 animals

41

43

44

45

46

42

47

48

49

50

21

(continued)



Table 2.1 (continued)

Bcl-xL HIV-based Mouse
lentivirus
Viral macrophage Liposomes plus Mouse
inflammatory protein transferrin
II (vMIP II)

90% survival rate at 8 weeks in 51
LV-Bcl-xL-treated corneas,
compared with 40% in
unmodified controls and 30%
in LV-controls

Median graft survival prolonged 52
to 21 days compared with
untransfected or control-
transfected donor corneas

Ad adenovirus; MIDGE minimalistic immunologically defined gene expression plasmid vector; HIV human immunodeficiency
virus; LV lentivirus; EIAV equine infectious anemia virus
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Chapter 3

New Developments in Topical

and Systemic Immunomodulation
Following Penetrating Keratoplasty

Core Messages

= Immunologic rejection is the main cause of cor-
neal graft failure.

m Acute rejection is mainly mediated by T cells,
and can be prevented with steroids, IL-2 inhibi-
tors (cyclosporine, tacrolimus), mycopheno-
late mofetil, and TOR-inhibitors (everolimus,
rapamycin).

m Based on their risk of immunologic rejection,
corneal transplants are rated as either normal-
risk or high-risk transplants.

® In a normal-risk situation, the postoperative
application of topical steroids accompanied by a
short course of systemic steroids is sufficient to
prevent acute graft rejection in most cases.

m In high-risk keratoplasty, systemic immuno-
suppression with mycophenolate mofetil or
cyclosporine has to be used to maintain clear
graft survival.

m Topical immunosuppression with either cyclo-
sporine A or tacrolimus might present an attrac-
tive therapeutic approach to reduce drug-specific
systemic side effects.

m More specific approaches using monoclonal anti-
bodies, which target only selected aspects of the
host’s immune response, have failed to safely and
sufficiently prolong graft survival in experimental
settings, and have therefore not gained clinical
relevance. .

Immunologic graft rejection is the single most important
reason for graft failure following corneal transplantation.

In a normal-risk-situation (e.g., keratokonus, Fuchs
endothelial dystrophy), the risk for corneal graft failure
due to rejection is less than 10% within the first 5 years
after transplantation. This makes penetrating keratoplasty
the most successful transplantation when compared with
transplantation of solid organs. Nevertheless, we do lose
almost 10% of the transplants within the first 5 years.
Several strategies might enhance graft survival in this
setting.

The most promising approach is matching for the
donor-host immune-relevant antigens: if the graft does
not generate any immune response, there is no need to
interfere with the host immune system.

Another approach might be a topical one: by using
immunomodulatory drugs, antibodies or gene therapy,
graft survival might be enhanced without systemic side
effects.

A completely different scenario is corneal transplanta-
tion in a high-risk situation: without the use of systemic
immunosuppression, corneal graft failure has to be
expected in as many as 50% or more patients within the
first 5 postoperative years.

Despite the privilege that the transplanted organ can
directly (and not via the vascular system) be reached
with topical steroids in extremely high concentrations,
thereby interfering with the host’s immune system right
at the “battlefield” of graft rejection, this strategy is only
sufficient to prevent graft rejection in a normal-risk
situation.

Especially in a high-risk situation with a vascularized
host cornea, the clonal expansion of alloreactive T cells
happens in lymphoid organs (ie., lymph nodes and
spleen): after the recognition of the foreign tissues by
T cells, these specific T cells start to proliferate and gener-
ate an immunological army against the graft. It is therefore
crucial not only to work with topical immunomodulatory
strategies, but to employ immunosuppressive substances
systemically in a high-risk situation.
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To understand the possible targets of immunosup-
pression and immunomodulation we have to take a look
at the underlying immunology.

Immunological responses against the transplanted cor-
nea remain the major cause of allograft injury and loss.
The innate and adaptive immune systems are variously
involved in rejection. Several factors determine the
strength and nature of the immune response: (1) the
nature of the grafted cornea (i.e., whether it is a clear
corneal button or a limbo-corneal transplant); and (2)
the nature of the recipients graft bed (i.e., whether it is
clear, vascularized, or has a limbal stem cell insuffi-
ciency). Additionally, inflammatory responses (and graft
rejection is a form of an inflammatory response) are
physiologically suppressed in the anterior chamber: on
the one hand, antigens injected intraocularly elicit devi-
ant systemic immune responses that are devoid of immu-
nogenic inflammation (a phenomenon called anterior
chamber-associated immune deviation, ACAID). On
the other hand, the ocular microenvironment (aqueous
humor, secreted by cells that surround this chamber)
suppresses intraocular expression of immunogenic
inflammation [1].

These special anatomical features are responsible for
the excellent results in normal-risk corneal transplanta-
tion when compared to solid organ transplantation or
high-risk corneal transplantation.

The nature of the hosts immune response can be
determined by its histopathology and time course as
acute or chronic rejection.

3.2.1 Acute Rejection

Acute rejection, which may occur weeks to years after
transplantation, involves both humoral and cell-mediated
immune reactions. T cells play a central role in acute
rejection by responding to alloantigens, predominantly
MHC molecules, presented on endothelial, epithelial,
or stromal cells. Both CD4+ and CD8+ T cells contrib-
ute to acute rejection. CD4+ T cells mediate acute
rejection by secreting cytokines and inducing delayed-
type of hypersensitivity-like reactions in the graft.
Recognition and lyses of foreign cells by cytotoxic
CD8+ T cells is an important mechanism of acute rejec-
tion. T cells may be activated by two distinct mecha-
nisms: the direct and the indirect pathway.

Based on the target, immune reactions against the
transplanted cornea may be divided into endothelial,
stromal of epithelial rejection. The most frequent and
most severe form of an immune response is against the
endothelium. The reason is that the immunogenic epi-
thelial cells are replaced within approximately 1 year by
the host’s epithelium, and the stroma mostly consists of
intracellular substance and only a small number of
cells.

3.2.2 Major Histocompatibility Complex (MHC)

3.2.2.1 Direct Pathway of Allorecognition

Direct recognition of foreign MHC antigens by T cells
might be a cause of acute rejection: donor antigen-presenting
cells (which are transplanted with the graft) present donor
MHC class I and class IT molecules to recipient T cells,
resulting in the generation and clonal proliferation of
helper and cytotoxic T cells.

3.2.2.2 Indirect Pathway of Allorecognition

This is the primary cause of graft rejection. It occurs when
the MHC molecules of the donor tissues are taken up and
processed by the host’s antigen-presenting cells, which
present the foreign peptides to T cells.

Since. MHC molecules are highly polymorphic in
nature, they are mainly responsible for allograft rejection.
But transplantation between individuals with identical
MHC molecules may also fail in the late phase because at
this time the so-called minor-histocompatibility antigens
come into play.

3.2.3 Chronic Rejection

This term is not widely used in corneal transplantation
and it is not clearly defined. The pathogenesis of chronic
rejection is not clear. Chronic rejection is up to now only
characterized by accelerated endothelial cell loss; how-
ever, this question is still not answered sufficiently [2, 3].
Chronic rejection cannot be prevented sufficiently with
current immunosuppressive drugs (which mainly work
through their interference with T cells), so the present
strategy is to limit the number of acute rejection episodes.
Many risk factors may possibly increase the incidence of
chronic rejection, e.g., the number and severity of acute
rejection episodes and recurrence of herpetic ocular
disease.



Based on their risk of graft rejection, corneal trans-
plants can be divided into normal-risk or high-risk
transplants.

3.3.1 Normal-risk Transplantation

In a normal-risk situation (e.g., first transplant in kera-
tokonus or Fuchs' endothelial dystrophy) a 5-month
course of topical steroids (e.g., prednisolone acetate 1%) 5
times a day, reduced by one drop every month) accompa-
nied by systemic steroids (prednisolon 1 mg/kg tapered
within 3 weeks) is sufficient to maintain a 5-year clear
graft survival of more than 90%. Up to 20% of normal-
risk corneal transplants experience an acute rejection epi-
sode, which can be converted in about 50% of cases with
topical and systemic steroids.

3.3.2 High-risk Transplantation

Postoperative systemic immunosuppression is widely
accepted as the treatment of choice in immunologic high-
risk groups. The definition of high-risk corneal transplan-
tation includes the following:

m History of previous graft rejections

m Deep vascularization of the recipient cornea in more
than three quadrants

m Limbal stem cell deficiency, which requires a corneo-
limbal graft

m Severe atopic dermatitis

In addition to topical and systemic application of steroids
as mentioned earlier, systemic immunosuppression
should be used for at least 6 months following trans-
plantation.

3.3.3 Rationale for Systemic
Immunosuppression

The first goal of a timely limited systemic immunomodu-
lation is the prevention of acute rejection episodes. The
second goal is the interference with the initial graft-host
interaction in a way that graft-protective cells and cytok-
ines are promoted, hence enabling a clear graft survival
without any further medication. We have already shown
clinically that we can reach the first goal in most patients
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when using cyclosporine or mycophenolate mofetil
(MMF) systemically.

3.3.4 Why Is Immunomodulation with
Topical Steroids Not Sufficient to Prevent
Immunologic Graft Rejection in High-Risk
Patients?

The cornea is a privileged place for transplantation, both
for its anatomical features (see above) and the possibility
to bring a medication directly to the transplanted organ,
thereby reducing systemic side effects. In a high-risk situ-
ation, the immunological privilege is diminished and
there is over 50% risk of graft loss within 1 year without
the use of systemic immunosuppression.

Why Are Topical Steroids Not Enough?

The activation of the recipients immune system
against the transplanted cornea (i.e., the priming of naive
T cells) occurs in lymphoid tissues. This hypothesis is
supported by experiments in which T cell activation, and
therefore graft rejection, did not occur when secondary
lymphoid organs were absent [4]. These experimental
data indicate that leucocytes participate in host T cell
priming by migrating from the graft to the host’s lymph
node and/or spleen, where they activate alloreactive host
T cells in the direct and indirect pathway. Such primed
T cells circulate and target MHC molecules expressed by
cells of the graft.

As topical steroids do not reach the secondary lym-
phoid organs, and even systemic steroids do not interfere
sufficiently with the clonal expansion of activated T cells,
it is essential to administer systemic immunosuppressives
in order to achieve clear graft survival.

3.3.5 Rationale for Topical Immunomodulation

The cornea is a privileged tissue to transplant: its accessi-
bility makes it particularly suitable for topical therapeutic
strategies. Two strategies might be employed:

a. Immunomodulatory strategies which interfere either
with allograft recognition (afferent part of the immune
response) or

b. Strategies which interfere with allograft rejection
(efferent part of the immune system).

These strategies have until today been realized in experi-
mental settings in three different ways by using either
drugs, monoclonal antibodies, or gene therapy, and are
described in the following chapters.
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Summary for the Clinician

m If corneal transplantation is performed in a
high-risk situation without the use of systemic
immunosuppression, corneal graft failure can be
expected in as many as 50% cases within the first
postoperative year.
© Definition of High-risk Corneal
Transplantation:
© History of previous graft rejections
© Deep vascularization of the recipient cornea
in more than three quadrants

© Limbal stem cell deficiency, which requires a
corneo-limbal graft

@ Severe atopic dermatitis

= In a high-risk situation, it is crucial not only
to work with topical or systemic steroids but to
employ immunosuppressive substances system-
ically.

= T cells play a central role in rejection by respond-
ing to alloantigens, predominantly MHC mole-
cules, presented on endothelial, epithelial, or
stromal cells.

= The activation of the recipient’s immune system
against the transplanted cornea i.e., the priming
of naive T cells occurs in lymphoid tissues.

I As topical steroids do not reach the secondary
lymphoid organs, and even systemic steroids do
not interfere sufficiently with the clonal expan-
sion of activated T cells, it is essential to admin-
ister systemic immunosuppressives in order to
achieve clear graft survival.

= The first goal of a timely limited systemic immu-
nomodulation is the prevention of acute rejec-
tion episodes.

= The second goal is the interference with the ini-
tial graft-host interaction in a way that graft-
protective cells and cytokines are promoted,
hence enabling a clear graft survival without any
further medication.

3.4.1

History

Along with the increase in the number of solid organ
transplants our therapeutic armamentarium and knowl-
edge of immunosuppressive drugs in corneal transplanta-
tion has been improved.

In the 1950s, the selection of immunosuppressive drugs
was limited to corticosteroids and azathioprine. In the 1960s,

polyclonal antilymphocyte (ALG) and antithymocyte (ATG)
globulins supplemented the repertoire. In the late 1970s,
cyclosporine A (CSA) lead to a real breakthrough in clinical
solid organ transplantation. Motivated by the encouraging
results in graft survival, the research in this immunological
field led us now to a wide range of potent immunosuppres-
sive agents with highly specific sites of action.

According to their mode of action, these new drugs can
be divided up into agents that selectively inhibit cytokine
gene transcription/expression (cyclosporine, tacrolimus),
antiproliferative agents (MMF), and agents that interfere
with intracellular signal transduction (rapamycin, everoli-
mus). Immunosuppressives might also be classified as bio-
logics, which are defined as naturally occurring or genetically
engineered mammalian proteins (thymoglobulin, basilix-
imab, and daclizumab) or xenobiotics (drugs produced
from micro-organisms, e.g., cyclosporine, tacrolimus).

Despite the tremendous breath of the discipline of
immunosuppressive molecules only a small number of
drugs have gained access to experimental or clinical cor-
neal transplantation. We have decided to focus only on
these agents.

Corticosteroids

CSA

Tacrolimus (FK506)

MMF

RAD (Everolimus)

Rapamycin (Sirolimus)

FTY720

FK778

Pimecrolimus

Biological agents

3.4.2 Corticosteroids

Corticosteroids prevent interleukin (IL)-1 and IL-6 pro-
duction by macrophages and inhibit all stages of T cell
activation. Adverse effects of systemic steroids include
Cushing disease, bone disease (e.g., osteoporosis, avas-
cular necrosis), cataracts, glucose intolerance, infections,
hyperlipidemia, and growth retardation. Adverse effects
of topically applied steroids include cataract, glaucoma,
and in the case of epithelial defects - steroid ulcers.

3.4.3 Cyclosporine A

The fermentation product from the fungi Tolypocladium
inflatum gams was first isolated in 1970 by Thiele and Kis.
Its immunosuppressive properties were discovered in
1972 by Borel.

CSA binds to the intracellular immunophilin cyclo-
philin (immunophilins are proteins, which bind to



immunosuppressive drugs). The CSA-cyclophilin complex
blocks calcineurin-calmodulin-induced phosphorylation
of NFAT (nuclear factor of activated T cells) transcription
factor for IL-2 and other early T-cell-specific genes, and
hence is highly T-cell-specific.

Clinical efficacy and safety data have mostly been
acquired in solid organ transplantation, and it is still the
golden standard in all forms of solid organ transplanta-
tion (except liver transplantation), mainly in combina-
tion with steroids, azathioprine, or MMFE.

3.4.3.1 CSAin Corneal Transplantation

The first documented experiences in corneal trans-
plantation date back to the mid 1980s with exceptional
efforts undertaken by Hill and colleagues [5, 6] in South
Africa. These initial positive clinical experiences with sys-
temic CSA to prevent corneal allograft rejection in high-
risk keratoplasty have been confirmed by Sundmacher
and Reinhard [7-9].

Despite the significant improvement of outcome in
high-risk keratoplasty, the use of CSA is limited due to
its considerable toxicity and the need for costly drug
monitoring. The toxicity is mostly caused by the CSA-
cyclophilin-calcineurin-calmodulin ~ complex, which
interferes with tubular and endothelial cell functions:
nephro- and hepatotoxicity, alterations in glucose metab-
olism, hypertension, and gingival hyperplasia. To avoid
the systemic toxicity, attempts have been undertaken to
apply CSA in topical formulations [10-14]. The encour-
aging results of these mostly experimental studies in pre-
venting corneal graft rejection did not hold true clinically
till date. However, we have shown that topical CSA is effi-
cient in the treatment of distinct immunological disor-
ders of the cornea (e.g., M. Thygeson, persistent nummuli
following adenovirus infections) [15, 16].

A new approach to apply CSA topically is the LX201
(LUCIDA) subconjunctival implant. A multicenter trial
has started in 2007 and will end in 2009 to evaluate its
efficacy in preventing corneal graft rejection in a high-risk
setting. LX201 is a sustained release silicone implant con-
taining 30% CSA by weight. The LX201 implant releases
the cyclosporine at steady doses over the course of a year.

3.4.4 Tacrolimus (fk506)

Tacrolimus has been proven clinically superior to CSA
following solid organ transplantation [17, 18]. Tacrolimus,
like CSA, is a macrolide antibiotic (structurally related to
erythromycin and rapamycin) derived from a fungus,
Streptomyces tsukubaensis [19]. Its immunosuppressive
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properties were discovered by Ochai in 1985. In vitro
studies have shown that, even in concentrations 40-200
times lower than CSA, Tacrolimus possesses extremely
powerful immunosuppressive effectiveness [20, 21].
Although the final step in modulating the immune system
is the same for CSA and Tacrolimus, i.e., interfering with
the intracytoplasmatic calcineurin system, and hence the
interleukin IL-2 production, both drugs manage this in a
different manner. Tacrolimus binds to the intracellular
FKBP-12 (FK binding protein)-12. The Tacrolimus-
FKBP-12 complexblocks calcineurin-calmodulin-induced
phosphorylation of the cytoplasmic component of NFAT
transcription factor for IL-2 and other “early” genes. Like
CSA, tacrolimus is a highly specific inhibitor of lympho-
cyte activation. Its toxicities are similar to CSA (probably
due to its calcineurin mediated interference with tubular
and endothelial cells) i.e., nephro-, neurotoxicity, arterial
hypertension, diabetogenicity.

3.4.4.1 Tacrolimus in Corneal Transplantation

Up to now, there are only limited clinical data avail-
able about the efficacy of tacrolimus in corneal transplan-
tation [22, 23]. This might partially be explained by its
relatively narrow safety margins. While CSA might be
given in a body weight-adjusted dose (a sub-optimal
therapeutic approach), Tacrolimus has to be closely mon-
itored because there is a greater risk of over-immunosup-
pression . This is also the reason for the initial, rather
unjustified, bad reputation of this drug: initially, blood
levels of 20-30 ng/ml have been targeted (with corre-
sponding adverse events), whereas today blood levels of
5-10 ng/ml are considered as the optimal range.

The potency of this drug to inhibit experimental cor-
neal allograft rejection has been proven [24-26]. As the
corneal penetration of FK506 is better than that of CSA,
there is much hope in finding an efficient topical admin-
istration to prevent systemic side effects. Experimentally,
the efficacy of topical Tacrolimus has yet been proven
[27-31] and clinical studies of topical Tacrolimus in
atopic conjunctivitis are under way.

We have tested FK506 eyedrops in a clinical trial with
normal-risk patients. Although we found this therapeutic
approach to be eflicient, the galenic formulation we used
resulted in local side effects (itching and burning) [32, 33].

3.4.5 Mycophenolate Mofetil (MMF)

MMEF is the bioavailability-enhanced morpholinoethyl-
ester of mycophenolic acid (MPA), which was originally
isolated from Penicillium spp. MMF is rapidly converted
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to MPA, its active compound. Its safety and effectiveness
in combination with CSA following kidney transplanta-
tion has been proven in several clinical studies [34-37].
Unlike CSA or Tacrolimus, MMF does not interfere with
IL-2 pathways. MPA reversibly inhibits the de novo for-
mation of guanosine nucleotides [38] by inhibiting the
enzyme inosine monophosphate dehydrogenase (with
high affinity to the isoform II, which is expressed in acti-
vated lymphocytes). As T and B cells are predominantly
dependent on the de novo synthesis of guanosine nucle-
otides, the purine biosynthesis of these cells is selectively
inhibited [39]. As MMF is not an antimetabolite and does
not lead to genetic miscoding, it is not carcinogenic (in
contrast to antimetabolites like azathioprine).

MMF in Corneal Transplantation

We have been able to prove the potency of this drug,
and its synergistic effect to CSA and FK506 in delaying
corneal allograft rejection in the rat keratoplasty model
[40]. Following these initial positive experiences, we con-
ducted a prospective clinical trial with MMF and CSA in
high-risk keratoplasty patients. The data of this study
show a similar efficacy of MMF and CSA in preventing
allograft rejection [41]. But due to the large therapeutic
margin and favorable safety profile of MME, costly drug
monitoring is not indicated [42, 43]. Additionally, we
used this substance in immunological disorders of the
eye, again with favorable results [44].

There are no published data about the topical applica-
tion of MMF in corneal transplantation.

3.4.6 Rapamycin (Sirolimus)

Sirolimus is an immunosuppressive agent previously
known as rapamycin. It has been under development for
more than 20 years before it gained FDA approval in 1999.
Sirolimusisamacrocycliclactone produced by Streptomyces
hygroscopicus found in the soil of Easter Island. Structurally,
sirolimus resembles tacrolimus, and binds to the same
intracellular binding protein or immunophilin known as
FKBP-12. However, sirolimus has a novel mechanism of
action. While tacrolimus and cyclosporine block lym-
phokine (e.g., IL2) gene transcription, sirolimus acts later
to block IL2-dependent T lymphocyte proliferation and the
stimulation caused by cross-linkage of CD28, possibly by
blocking activation of a kinase, referred to as mammalian
target of rapamycin or “mTOR”, a serine-threonine kinase
that is important for cell cycle progression. Therefore,
sirolimus is believed to act in synergy with cyclosporine
(or tacrolimus) to suppress the immune system.

Rapamycin has been shown to be highly efficient in
preventing experimental solid organ [45, 46] and clinical
renal transplantation [47, 48]. It is noteworthy to mention
that rapamycin is not nephrotoxic, which makes this drug
especially interesting for renal transplant recipients.

Rapamycin in Corneal Transplantation

A couple of experimental studies have shown the effi-
cacy of sirolimus in inhibiting murine corneal allograft
rejection [49-52]. We have conducted a small clinical
study with sirolimus in high-risk corneal transplantation.
We have started Rapamune” at the day of transplantation
in a dose of 2 mg/day. The dose was adjusted to reach
plasma levels of 4-10 ng/ml on the following days, trying
to keep plasma levels close to 4 ng/ml. We have seen that
the efficacy of Rapamune’ in preventing corneal allograft
rejection is comparable to cyclosporine and MMF. But it
is noteworthy to mention that we have seen a high inci-
dence of side effects in this small group of patients.

There are no published data about the topical admin-
istration of rapamycin in corneal transplantation.

3.4.7 RAD (Everolimus)

Everolimus is an oral Rapamycin derivative. It is chemi-
cally derived from rapamycin, which has been obtained
by fermentation of an actinomycetes strain. It has been
found that everolimus (40-0-[2-hydroxyethyl])-RPM is
stable in oral formulations, and that its efficacy after oral
dosing is at least equivalent to that of rapamycin [53, 54].
The mode of action is equivalent to rapamycin i.e., bind-
ing to FKBP, inhibiting TOR1 and 2, and hence inhibiting
cell cycle progression of activated t cells.

Everolimus and sirolimus are also called proliferation
signal inhibitors (PSI), because they prevent proliferation
of T cells.

Everolimus may have a special role in solid organ
transplantation as it has been shown to reduce chronic
allograft vasculopathy in such transplants [55].

Everolimus in Corneal Transplantation

Everolimus has been tested in the rat model of corneal
transplantation, both as a single therapy and in combina-
tion with CSA and MMEF. It appears that the potency of
everolimus to prevent corneal allograft rejection is com-
parable to CSA. Additionally, a synergistic effect of
everolimus has been found in a double-drug regimen
with CSA as well as with MMF [56-58].

Everolimus might also be used in a topical formula-
tion to prevent corneal allograft rejection [59].

There are up to now no clinical data on the efficacy
and safety of everolimus in clinical corneal trans-
plantation.



3.4.8 FTY720

The chemical 2-amino-2[2-(4-octylphenyl)ethyl]-1,3, pro-
pane diol is one of a class of small-molecule immunosup-
pressive agents. This compound was chemically synthesized
in an effort to minimize the toxic in vivo properties of a
structurally related and highly potent immunosuppressive
agent, myriocin. FTY 720’ mechanism of action, although
not fully characterized, appears to be unique among immu-
nosuppressants. In vivo, FTY 720 induces a significant
reduction in the number of circulating lymphocytes. It is
thought to act by altering lymphocyte trafficking/homing
patterns through modulation of cell surface adhesion
receptors. Although much research has yet to be done to
unravel the nature of the mechanism of action of FTY
720, its efficacy has been sufficiently proven in numerous
animal models, especially when administered in combi-
nation with cyclosporine. It has been shown that FTY
720 is efficacious in a variety of transplant and autoim-
mune models without inducing a generalized immuno-
suppressed state, and is effective in human kidney
transplantation.

FTY 720 in Corneal Transplantation

We have been able to show the efficacy of FTY 720 in
inhibiting murine corneal allograft rejection [60]. There
are up to now no data of FTY 720 in clinical corneal
transplantation.

349 FK788

The immunosuppressive drug FK778, a malononitril-
amide, is a derivative of the active metabolite of lefluno-
mide A77 1726. Its main mechanism of action is the
inhibition of the dehydroorotate dehydrogenase. The
resulting reduced capacity of the de novo pyrimidine syn-
thesis leads to inhibition of T and B cell proliferation.

FTY 778/FK778 in Corneal Transplantation

Systemic immunosuppression with FK778 prolongs
graft survival in the rat keratoplasty model. FK778’s effi-
cacy is comparable with that of MMF in preventing
immunologic graft rejection [61].

There are no published data about the topical admin-
istration of FK778 in corneal transplantation.

The ascomycin macrolactam derivative pimecrolimus
(SDZ ASM 981) is a cell-selective inhibitor of inflamma-
tory cytokines specifically developed for the treatment of
inflammatory skin diseases, such as atopic dermatitis.

3.5 Pimecrolimus 31

Pimecrolimus is an immunophilin ligand, which binds
specifically to the cytosolic receptor, immunophilin mac-
rophilin-12. This pimecrolimus-macrophilin complex
effectively inhibits the protein phosphatase calcineurin
by preventing calcineurin from dephosphorylating the
nuclear factor of activated T cells. This results in the
blockage of signal transduction pathways in T cells and
the inhibition of the synthesis of inflammatory cytok-
ines [62].

3.5.1 Pimecrolimus in Corneal Transplantation

We have tested pimecrolimus in a murine model of cor-
neal transplantation. Pimecrolimus did not prolong cor-
neal allograft survival when applied topically [63].

3.5.2 Biologic Agents

Reports about the clinical use of biological agents in cor-
neal transplantation are very rare. To complete this over-
view, their mode of action is outlined shortly. To prevent
corneal allograft rejection in experimental settings, vari-
ous strategies have been used:

m Anti-T-cell receptor and T cell depletion therapy
[64, 65]

®m Manipulation of costimulatory membrane-receptors
by down-regulation of stimulatory molecules and/or
upregulation of inhibitory molecules [66, 67]

m Overproduction of tumor necrosis factor-related,
apoptosis-induced ligand [68]

m Interference with proinflammatory cytokines or
chemoattractants (tumor necrosis factor alpha, IL-1,
IL-12, CXCL9/Mig, and CXCL10/IP10) [69]

m Increasing graft-protective cytokines (nerve growth
factor, IL-4, IL-10) [70]

® Macrophage depletion [71]

3.5.2.1 Basiliximab and Daclizumab

Basiliximab is the only biologic agent that has been tested
in a clinical setting of corneal transplantation.

Basiliximab and daclizumab are humanized monoclo-
nal antibodies that target the IL-2 receptor. Clinically,
both agents are very similar, and both are used for induc-
tion therapy in solid organ transplantation.

These agents have a very low prevalence of adverse
effects, although hypersensitivity reactions have been
reported with basiliximab, albeit rarely.
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Perioperative basiliximab has been tested in combina-
tion with CSA postoperatively, in a small clinical study
with favorable results [72]. In 2008, a prospectively ran-
domized clinical trial of basiliximab as monotherapy
compared to cyclosporine was completed. These data
suggest that basiliximab has a lower efficacy in preventing
immune reactions after risk keratoplasty than CSA.
However, the side effect profile of basiliximab is more
favorable than that of CSA [73].

Summary for the Clinician

= Until today, the efficacy to prevent corneal graft
rejection has only been proven for cyclosporine,
MME, and rapamycin in prospective clinical
trials.

m The efficacy and safety of tacrolimus in high-risk
corneal transplantation has been described in a
retrospective manner.

m It is important to weigh the pros and cons of any
immunosuppressive regimen, especially in high-
risk corneal transplantation, as it is not a life-
saving procedure.

= With respect to the profile of side effects, we pre-
fer MMF and cyclosporine over rapamycin, tac-
rolimus, and basiliximab.

© Tacrolimus is the only immunosuppressive
agent, which has been shown to efficiently pre-
vent corneal allograft survival when applied
topically in a clinical setting.

3.6.1 Systemic Immunosuppression with Drugs
with Proven Efficacy in Corneal
Transplantation

3.6.1.1 Preoperative Evaluation

As systemic immunosuppression might promote tumor
growth or reactivation of a chronic infection, patients have
to be checked by their internists to rule out neoplasms and
infections (blood chemistry, abdominal ultrasound, chest
X-ray) before immunosuppression is started. Additionally,
due to possible drug-specific side effects of immunosuppres-
sive agents, renal and hepatic functions have to be controlled.
The patients should undergo these examinations at the time
of entering the waiting list for transplantation. If any con-
traindications against systemic immunosuppression are
found, these conditions have to be cleared before transplan-
tation. If the conditions cannot be cleared, the indication for

high-risk corneal transplantation has to be reconsidered. In
this situation, the use of an optimally matched graft might be
an interesting alternative to systemic immunosuppression.
In the case of drug-specific contraindications, alternative
drugs should be used (e.g., in the case of renal impairment,
MMEF should be used instead of CSA).

3.6.1.2 How to Use Cyclosporine in High-risk
Corneal Transplantation

Additionally to perioperative topical and systemic ste-
roids, CSA is started at the day of operation in a dosage of
100 mg twice daily. Within the first postoperative week,
full blood levels of CSA have to be checked daily, and the
dose adjusted to reach serum levels of 120-150 ng/ml. We
adjust the dose by using increasing or decreasing steps of
25 mg. If serum levels appear to be stable, we reduce drug
monitoring to once a week in the first few months, and
afterwards once a month. Additionally, we check for liver
and kidney functions. Depending on the risk situation,
we continue the therapy for at least 6 or 12 months, and
taper therapy by reducing CSA in 25 mg steps daily.

CSA is especially helpful in high-risk patients who
suffer additionally from atopic dermatitis. CSA should
only be used with great caution in patients with renal
impairment, diabetes, and arterial hypertension.

3.6.1.3 How to Use MMF in High-risk Corneal
Transplantation

The application of MMF following high-risk corneal trans-
plantation is easier than the use of CSA. Additionally to peri-
operative topical and systemic steroids, MMF is started at the
day of operation in a dosage of 1 g twice daily. Drug monitor-
ing is not mandatory as it has broad safety margins. We per-
form blood chemistry once a month as MMF might be
myelosuppressive and might lead to a rise in liver-enzymes.
If side effects occur, we reduce MMF to 0.5 g twice daily. In
the case of drug-specific side effects or graft rejection, drug
monitoring is indicated to rule out inadequate dosing.

MMEF is especially valuable in herpetic ocular disease
when combined with Acyclovir due to its synergistic anti-
herpetic effect [74].

In cases of

Arterial hypertension
Diabetes

Chronic renal disease
Low compliance

MMF is preferred to CSA or tacrolimus because of its
safety margins and the profile of possible side effects.



After at least 6 or 12 months following transplantation,
MMEF is tapered and discontinued within 1 week. In case
of drug-specific side effects, we monitor blood levels.

3.6.2 Topical Immunosuppression

After steroids, FK506 is the only drug with proven clini-
cal efficacy in preventing corneal allograft rejection when
administered topically. However, topical FK506 is still not
commercially available for ophthalmic use.

CSA has until now not proven its efficacy when applied
topically. A multicenter trial with a subconjunctival
implant (LUCIDA) will end in 2009.

CSA, which has long been the golden standard in organ
and high-risk corneal transplantation, is now accompa-
nied by MME

The first decade of the new millenium has been disap-
pointing for transplant therapeutics: no new immuno-
suppressive agents have been approved for clinical use.
Several high-profile drugs and biologics failed the rigors
of clinical trials or had disappointing preclinical results
(FTY720, FK778, anti-CDI54, anti-IL15, anti-CD28).
Several challenges face the industry and clinical investi-
gators in bringing novel drugs to the clinic, including the
difficulty in targeting new endpoints for toxicities or
chronic allograft disease since acute rejection has been
reduced to below 15% in solid organ and high-risk cor-
neal transplantation [75].

As this is the case for systemic immunosuppression, it
is also true for topical immunosuppression. Until now,
the only immunosuppressive agent, which has been
approved for clinical use in ophthalmology is CSA 0.05%
eye drops. But this formulation has no beneficial effect on
corneal allograft survival.

Some ophthalmologists still neglect the importance of
systemic immunosuppression to enhance graft survival
in a high-risk setting by arguing that “it is not justified to
risk potentially life-threatening complications that go
with shutting down the immune system for a prolonged
period?”

This is a very important aspect. What is justified? Is it
more justified to oppose a patient with renal deficiency and
well-established therapy (dialysis) to a kidney transplant
with a life-long immunosuppressive therapy than a patient
with blindness to a timely limited immunosuppression?

Since we started routinely using systemic immuno-
suppression in our high-risk patients nearly 20 years ago,
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no patient ever died during the timely limited course of
immunosuppression following corneal transplantation.

Today’s systemic immunosuppression does not shut
down the immune system, as it did 50 years ago. Even in
solid organ transplantation with high-dose triple-drug
immunosuppression, the risk of death from drug-related
side effects is low.

We think it is very important that the transplant sur-
geon explains the pros and cons of any therapeutic regi-
men to the patient. He also has to outline the faith of a
high-risk graft with or without systemic immunosuppres-
sion. It is the patient who has to judge whether he wants
to have a high-risk transplant done with or without sys-
temic immunosuppression. And it is for the surgeon to
decide whether it is justified for the society to perform a
high-risk transplantation without proper treatment, and
thereby losing a precious corneal graft donated from a
deceased member of the society.

It is extremely important to understand the necessity
of systemic immunosuppression in high-risk keratoplasty
with the armamentarium we have at hand today.

Nevertheless, innovations in topical immunomodu-
lation might be a very useful strategy for supporting
systemic therapy in high-risk keratoplasty, and it might
lead to even better graft survival in normal-risk
keratoplasty.
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Chapter 4

Cytokine Analysis of the Aqueous

Humor in the Context of Penetrating

Keratoplasty

Core Messages

m The immune privilege of the eye manifests with

an anti-inflammatory and immunosuppressive
microenvironment, with an extended survival of
allogeneic allografts, and with the induction of
tolerance to eye-derived antigens. In this context,
TGF-B2 is the most important factor for the
maintenance of the anterior chamber-associated
immune deviation (ACAID).

The determination of cytokines in the aqueous
humor raises many pitfalls regarding puncture of
the anterior chamber and handling of the samples
prior to analysis.

Corneal graft rejection leads not only to a change
of the local cytokine profile in the anterior cham-
ber but also to a systemic cytokine response.
Until now, there have been very rare investiga-
tions on cytokine profiles in human aqueous
humor showing heterogeneous results. Therefore,
further studies are necessary to find out whether
cytokine profiles in the aqueous humor might
allow us in the future to predict the risk of
endothelial immune reactions following pene-
trating keratoplasty (PK).

From animal models, we know that Interleukin 1b is
able to prevent the ACAID. Its role in human corneal
transplantation remains unclear. Its natural antago-
nist, Interleukin 1 receptor antagonist, is able to
antagonize the effects of IL-1a and IL-1b. Therefore,
the balance between these two factors may be impor-
tant for the development of immune reactions.

The potent pro-inflammatoryeffects of Interleukin
2 known from in vitro experiments may be lower
in vivo as Interleukin 2 levels do not seem to be
increased in human aqueous humor during
endothelial immune reactions following PK.
Levels of pro-inflammatory Interleukin 6 seem to
be increased in human aqueous humor during
endothelial immune reactions following PK.

IL-10 is able to limit and terminate inflammatory
responses. However, it seems to be increased in
human aqueous humor following PK in cases of
accepted grafts, as well as in cases showing signs
of graft rejection. This could be a result of an
“activation of the ocular immune privilege” to
avoid corneal tissue damage following PK.

IFN-y antagonizes many effects of TGF-f2.
Furthermore, IFN-y seems to be increased
whereas TGF-B2 seems to be decreased in human
aqueous humor during graft rejection. This fur-
ther emphasizes their importance in the develop-
ment and maintenance of endothelial immune
reactions following PK.

TNF-a seems to be increased in human aqueous
humor during graft rejection following PK, rein-
forcing its function in initiating and maintaining
immune responses.

sFasL is up-regulated in some patients following
PK, particularly in the scenario of corneal graft
rejection. It seems to play a role in transplant
immunology; the exact function, however,
remains unclear.

It is only from in vitro experiments and animal
models of organ transplantation that we
know that IL-4 as well as IL-5 may have graft
protective effects. However, their importance in
human corneal transplantation needs further
investigation.

IL-12 favors the differentiation of Th1 cells; how-
ever, its function regarding transplant immunol-
ogy is not fully understood.

Thrombospondin, somatostatin,a-MSH or CGRP
are further important regulators regarding the
immune privilege of the anterior ocular segment,
but more investigations are needed regarding
their importance in the context of corneal
transplantation. .
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The remainder of the chapter will focus on the func-
tion of pro- and anti-inflammatory factors in the context
of corneal transplantation. At first, we give a short over-
view on the immune privilege of the anterior ocular
segment and discuss various pitfalls regarding the deter-
mination of cytokine levels in the aqueous humor.
Following that, we describe general effects of various
important cytokines known from in vitro experiments,
and we discuss results from animal models of corneal
transplantation. Finally, we present results regarding the
relevance of cytokines in human corneas and human
aqueous humor regarding penetrating keratoplasty (PK).
One major goal of the determination of cytokines levels
in the aqueous humor of patients prior to PK may be that
a distinct cytokine pattern in the aqueous humor might
allow us to predict the risk for immune reactions follow-
ing PK.

In the eye, a precise microanatomy and clear media are
mandatory to maintain sufficient visual acuity; therefore,
the ocular immune privilege allows for protection of the
eye by avoiding tissue damage due to immunogenic
inflammation. There are three different manifestations of
the immune privilege with an anti-inflammatory and
immunosuppressive microenvironment, with an extended
survival of allogeneic allografts, and with the induction of
tolerance to eye-derived antigens.

The whole concept is presented and discussed in chap-
ter 1 by Jerry Niederkorn.

Anterior Chamber-Associated
Immune Deviation (ACAID)

4.1.1

The anterior chamber-associated immune deviation
(ACAID), which is one important part of the ocular
immune privilege, is characterized by a typical, systemic
immune response to antigens in the anterior chamber
where the delayed-type hypersensitivity (Th1 response) is
suppressed [1]. In normal aqueous humor, a specific pat-
tern of cytokines, growth factors, and neuropeptides is
found that contributes to the maintenance of the ocular
immune privilege [2-5]. Transforming growth factor beta
2 (TGF-B2) has been identified as the most important
factor in the aqueous humor for the maintenance of
ACAID [2, 4], whereas interleukin 1(IL-1), interferon
gamma (INF-y),and tumor necrosis factor alpha (TNF-a)

are able to destroy the ocular immune privilege and pre-
vent ACAID induction when injected into the anterior
chamber [6].

4.1.2 TheTh1/Th2 Paradigm

The differentiation between the Th1 phenotype, which is
strongly associated with cell-mediated immunity, and the
Th2 phenotype, which is associated with humoral immu-
nity, is called the Th1/Th2 paradigm. Th1/Th2 cell func-
tion is mainly regulated by individual cytokines where
Th1 cytokines can inhibit Th2 responses and vice versa.
Th1 responses represent cell-mediated immunity includ-
ing activation of B cells, macrophages, NK-cells, cell-
mediated cytotoxicity, and delayed-type hypersensitivity,
leading to severe tissue damage. Th2 responses represent
humoral immunity including B-cell activation, mast-cell
activation, eosinophil cytoxicity, IgE production, and IgG
production, leading to less tissue damage (Fig.4.1). Acute
allograft rejection is supposed to be a Th1 cell-dependent
process.

Summary for the Clinician

= The immune privilege of the eye manifests with
an anti-inflammatory and immunosuppressive
microenvironment, with an extended survival of
allogeneic allografts, and with the induction of
tolerance to eye-derived antigens.

= Acute allograft rejection is supposed to be a Th1
cell-dependent process.

m TGEF-B2 is one of the most important factors
for the maintenance of the ocular immune
privilege.

Regarding the relevance of specific cytokines in the con-

text of corneal transplantation, most conclusions are
drawn from in vitro experiments or animal models where
cytokine levels are determined in corneal tissue. However,
it is rarely possible to conclude from such results on the
human situation in aqueous humor. The determination of
cytokine levels in the human aqueous humor, however,
has even more pitfalls than cytokine determination in
serum [7]. At first, only very small sample volumes of
human aqueous humor can be drawn out of the anterior
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Fig. 4.1 The Th1/Th2 paradigm resulting in different cytokine production by T cells. Antigen stimulation may lead to the produc-
tion of a wide range of cytokines in naive T cells. A variety of mechanisms and signals (including cytokines) start a more restricted
T cell differentiation resulting in a cytokine production pattern by distinct cells, the Thl and Th2 cells. This differentiation finally
modifies the effector mechanisms of Thl and Th2 cells further influencing the expression of each other through regulatory cytokines

that they produce

chamber at the beginning of intraocular surgery. The
problem of small sample volumes is one reason why it is
very difficult to isolate inflammatory cells in the aqueous
humor. In an attempt to find these cells in human aque-
ous humor, we found an increased amount of immune
cells with increasing severity of endothelial immune reac-
tions. Mainly macrophages and monocytes followed by
lymphocytes were identified. However, we could not find
any immune cells in the aqueous humor of patients with
cataract, with a corneal graft without signs for immune
reaction, and in patients with a corneal graft following
complete resolution of an endothelial immune reaction
[8]. Therefore, we concluded that cellular analysis of
human aqueous humor might not be helpful in finding
prognostic parameters regarding the occurrence of
immune reactions following PK. Furthermore, during
the puncture of the anterior chamber, contacts of the
syringe with the iris or bleedings from limbal vessels may
falsify the cytokine analysis and must, therefore, be
avoided. Otherwise, the sample has to be discarded.
Moreover, the kind of instruments and materials used for
anterior chamber puncture or for storage of the samples
is important, e.g., specific cytokine levels may be increased
or decreased by the usage of either glass or plastic cups or
syringes. The storage method may also influence cytokine
levels. For example, partial activation of TGF-B2 takes
place in vitro when samples are frozen and thawed. We
found that TGF-f2 levels determined in fresh samples of

aqueous humor are lower compared to the ones in sam-
ples that have been frozen and thawed [9]. Therefore,
active TGF-P2 levels should always be determined from
fresh samples to receive correct values. As the sample vol-
umes are very small, it is possible to determine only one
single cytokine in the aqueous humor by conventional
ELISA techniques, limiting the possible predictive power
of each sample. However, newly developed technologies,
namely microparticle-based flow cytometric analysis
[10], allow the simultaneous determination of various
cytokines from only a few microliters of human aqueous
humor. In this context, new 3D biochips based on
microstructured surface-attached polymer networks
may enhance the sensitivity compared to multiparamet-
ric immunoassays by a noncompetitive ELISA on-chip
technology.

Summary for the Clinician

© Many different parameters such as the technique
of puncture of the anterior chamber and the
materials used for this procedure, as well as han-
dling of the samples prior to the analysis, have to
be considered for the determination of cytokines
in human aqueous humor.
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4.3.1 Interleukin 1b

General Functions from In Vitro
Experiments

4.3.1.1

Interleukin 1b (IL-1b) is a pro-inflammatory cytokine
that can activate dendritic cells (DCs) and macrophages
[11]. In the cornea, IL-1 initiates the inflammatory
cascade and the immunological response [12], and even-
tually induces corneal tissue damage. Although IL-1 is a
key player in the inflammatory response in the cornea, it
seems also to contribute to tissue repair processes [13].

4.3.1.2 Effects in Animal Models
of Corneal Transplantation

Following IL-1b treatment, cells reveal an enhanced
capacity to present antigens to T cells that secrete other
pro-inflammatory cytokines such as INF-y or TNF-a.
The injection of IL-1b into the anterior chamber has been
shown to prevent the ACAID in an animal model. This
demonstrates the capacity of IL-1b to stimulate the activ-
ity of antigen-presenting cells (APC) and to activate
T cells [6].%*

Interleukin 1b Levels in Human
Aqueous Humor

4.3.1.3

The results of investigations on Interleukin 1b levels in
human aqueous humor are heterogeneous. One study
showed an increase of IL-1b levels in human aqueous
humor during endothelial immune reactions following
PKP compared to control patients [14]. However, in a
multiplex analysis of human aqueous humor, we found
comparable IL-1b levels in patients prior to PK, in patients
with an accepted graft, and in patients during an endothe-
lial immune reaction (see Sect. 4.4)

Summary for the Clinician

= IL-1b has the capacity to stimulate the activity of
APC and T cells, initiating an immunological
response in the cornea. Its role in corneal trans-
plantation is not fully understood.

4.3.2 Interleukin 2

General Functions from
In Vitro Experiments

4.3.2.1

Interleukin 2 (IL-2) is a potent pro-inflammatory cytokine
that is secreted following antigen-binding to T cells. It
stimulates growth, differentiation, and survival of antigen-
specific T cells [15]. Moreover, corneal endothelial cells
were shown to inhibit T-cell proliferation by blocking IL-2
production in vitro [16].

4.3.2.2 Effects in Animal Models of Corneal
Transplantation

In organ transplantation, IL-2 is thought to be a barrier
towards tolerance, and thus one factor leading to immune
reactions [17]. However, it has been shown that IL-2 is not
necessary for allograft rejection, as IL-2 knockout mice
revealed only modestly reduced survival times of islet
cells [18].

Interleukin 2 Levels in Human
Aqueous Humor

4.3.2.3

As IL-2 is believed to induce immune reactions [17], one
would anticipate higher IL-2 levels during an endothelial
immune reaction, and an anti IL-2 treatment to be effec-
tive. However, we did not find higher, but rather some-
what lower levels of the pro-inflammatory, Th1-related
cytokine IL-2 in the aqueous humor of patients with
endothelial immune reaction compared to controls.
Furthermore, we found that antagonizing IL-2 by basilix-
imab in a pilot study was less effective in preventing
endothelial immune reactions than the treatment with
cyclosporin A [19]. Thus, the potential immune reaction-
inducing effect of IL-2 may be strong in vitro, but some-
what less profound in vivo, following PK. However, IL-2
levels may also have been influenced by the time point of
gaining aqueous humor for analysis in our studies, as
increased IL-2 levels might be responsible for the induc-
tion and the beginning of immune reactions, but not for
their maintenance when they are clinically visible.

Summary for the Clinician

= IL-2 is one of the most potent pro-inflammatory
cytokines. Its immune response inducing effects
found in vitro might be lower in vivo.
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4.3.3 Interleukin 6

General Functions from
In Vitro Experiments

4.3.3.1

Interleukin 6 (IL-6) is a multifunctional cytokine with
pro- and anti-inflammatory activities [20]. It is pro-
duced by T cells, macrophages, fibroblasts, and endothe-
lial cells [21].

4.3.3.2 Effects in Animal Models of Corneal
Transplantatoin

King et al. found increased mRNA expression of IL-6 in
corneas during allograft rejection in rats [22].

Interleukin 6 Levels in Human
Aqueous Humor

4.3.3.3

Interleukin 6 (IL-6) levels have been reported to rise dur-
ing corneal endothelial immune reactions [23, 24].
However, we did not find elevated levels of pro-inflam-
matory IL-6 in the aqueous humor during an endothelial
immune reaction. This is in contrast to the findings by
Funding et al. [23], who demonstrated, that increased lev-
els of IL-6 during an endothelial immune reaction are a
result of IL-6 production by the intraocular environment
as a reaction to the rejection process, and not a result of
plasma influx. The reason for this incongruency is most
likely the lack of statistical power from multiple compari-
sons in our experiments (see Sect. 4.4). Although Funding
et al. [14] did not correct their statistical analysis for mul-
tiple comparisons, their results would not be altered by so
doing, due to the very low p-values. It seems unlikely that
the use of different multiplex array kits by us and Funding
et al. [14] is responsible for the different results, as the
underlying testing technique was the same. However, we
noted overall higher IL-6 levels in our control patients
than Funding et al. did in their patients, which might
partially explain the different statistical results.

Summary for the Clinician

i IL-6 levels have been reported to rise during cor-
neal endothelial immune reaction.

4.3.4 Interleukin 10

General Functions from
In Vitro Experiments

4.3.4.1

Interleukin 10 (IL-10) is a multifunctional cytokine with
diverse effects on most hemopoietic cell types. The prin-
cipal function of IL-10 appears to be the limitation and
ultimate termination of inflammatory responses. It also
plays a key role in the differentiation and function of
T-regulatory cells, which may figure prominently in the
control of immune responses and tolerance in vivo [25].
In addition to these anti-inflammatory effects, IL-10 can
up-regulate CD-163 expression [26] in monocytes and
macrophages that represent a significant portion of the
immune cell population in rejected grafts [8, 27].

4.3.4.2 Effects in Animal Models of Corneal
Transplantation

Although IL-10 is considered one of the most promising
immunosuppressive cytokine candidates, exogenous IL-10
administration did not prolong corneal graft survival in a
rat model of allotransplantation [28]. Animals that were
injected subconjunctivally with IL-10 even showed a trend
towards earlier rejection when compared to controls [28].
As it is known that cytokines can show paradoxical effects
[29], further investigation is required in order to deter-
mine a role for IL-10 in corneal graft acceptance. It has
been shown that the gene transfer of IL-10 can lead to pro-
longed graft survival in different animal transplantation
models including corneal transplantation [30, 31]. Gong
etal. [32] demonstrated that only systemic, but not topical
application of IL-10 gene vectors, prolonged corneal graft
survival in a rat keratoplasty model. They concluded that
IL-10 modulates cytokine expression in the draining
lymph nodes, leading to graft-protecting effects. However,
the mechanism of IL-10 gene transfer, promoting increased
corneal graft survival, is not yet fully understood. In con-
trary to the graft protecting effects, IL-10 is able to pro-
mote cytotoxic cell activity in vitro [33], and prolonged
administration of IL-10 apparantly has a detrimental effect
on graft survival in mice [34].

4.3.4.3 Interleukin10 Levels in Human

Aqueous Humor

We found increased levels of IL-10 in the aqueous humor
of patients with and without signs of immune reactions
following PK. This seems to stand in contrast to the func-
tions of IL-10, in that it has primarily immunosuppressive
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effects by inhibiting the production of pro-inflammatory
cytokines such as IL-1, IL-2, or TNF-a. Increased IL-10
levels during an endothelial immune reaction might be a
consequence of IL-10 production by the local environ-
ment in the anterior chamber, so as to restrict the inflam-
matory process by maintaining “some” immunological
privilege in the presence of an acute inflammation.

Summary for the Clinician

m IL-10 is able to limit and terminate the inflam-
matory responses. However, its effects regarding
corneal allograft rejection are still not fully
understood.

4.3.5 Interferon Gamma (IFN-y)

General Functions from
In Vitro Experiments

4.3.5.1

IFN-y is secreted by activated T cells and natural killer
cells. It activates APC and promotes Th1 differentiation.
By antagonizing many TGF-fB2 effects, it can destroy the
eye’simmune privilege [6], and might therefore be respon-
sible for the induction of immune reactions following PK.

4.3.5.2 Effects in Animal Models of Corneal
Transplantation

Nicholls et al. found no INF-y producing cells on corneal
endothelium during immune reactions in animal experi-
ments [35]. King et al. found an increased expression of
INF-y mRNA in rejected corneal allografts in a rat model
of PK [22]

4.3.5.3 INF-yLevels in Human Aqueous Humor

We found increased levels of INF-y in the aqueous humor
of patients with clinical signs of endothelial immune
reactions following PK. As INF-v is a strong pro-inflam-
matory cytokine, strengthening the Th-1 immune
response, increased levels during the acute phase of an
endothelial immune reaction do not seem surprising.
This reinforces our findings that TGF-[32, the counterpart
of INF-y, is statistically significantly decreased during
immune reactions following PK [36]. However, the source
of increased INF-y levels in the aqueous during endothe-
lial immune reactions remains unclear.

Summary for the Clinician

m IFN-y activates APC, promotes Th1 differentiation,
and antagonizes many effects of TGF-B2. It seems
to be increased in human aqueous humor during
endothelial immune reactions following PK.

4.3.6 Tumor Necrosis Factor Alpha (TNF-a)

General Functions from
In Vitro Experiments

4.3.6.1

Regarding inflammatory processes leading to graft rejec-
tion, TNF-a is supposed to be important for the initia-
tion, maintenance, and resolution? of inflammation. Upon
stimulation by infectious agents, IL-1, INF-y, or endotox-
ins TNF-o may be produced by macrophages,
T and B cells, as well as by keratinocytes. The effects of
TNF-a are analogous to T-cell-derived cytokines in the
Th1 subset, and may lead to the activation of T cells, mac-
rophages and neutrophils, MHC expression, as well as
IL-1 and IL-6 production.

4.3.6.2 Effects in Animal Models
of Corneal Transplantation

Up-regulation of TNF-a has been demonstrated in sev-
eral allograft rejection models. Rayner et al. demonstrated
that bioactive TNF can be found in aqueous humor fol-
lowing rabbit corneal allotransplantation. However, TNF
levels did not correlate directly with endothelial rejection
onset, but showed pulsatile peak levels that preceded and
followed the observed onset of endothelial rejection.
Blockade of TNF activity was able to prolong corneal
allograft survival in some animals [37, 38]. In a mouse
model of corneal transplantation, Zhu et al. showed that
TNEF-o. expression generally decreases during the first
postoperative week, and remains significantly elevated in
allogeneic but not in syngeneic grafts, implicating TNF-o
as a mediator of the alloimmune response in corneal
transplantation.

4.3.6.3 TNF-cLevelsin Human Aqueous Humor

Funding et al. showed increased TNF-a levels in human
aqueous humor during endothelial immune reactions
following PKP, compared to control patients in a multi-
plex analysis of human aqueous [14]. However, we found
comparable TNF-a levels in the aqueous humor of
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patients prior to PK, of patients with an accepted graft,
and of patients during an endothelial immune reaction.
This difference might be because of a lack of statistical
power due to multiple comparisons in our study. This is
discussed in Sect. 4.4.

Summary for the Clinician

m TNF-a triggers the release of pro-inflammatory
cytokines such as IL1, IL-6, IL-8, and INF-y.
Therefore, it might be responsible for the induction
and maintenance of immune reactions.

4.3.7 Transforming Growth Factor Beta (TGF-B)

4.3.7.1 General Functions from

In Vitro Experiment

Transforming growth factor-p2 (TGF-f2) is an approxi-
mately 25 kDa polypeptide encoded by a unique gene
located on chromosome 1q41 [39]. This dimeric peptide

is ubiquitously distributed in human tissues and synthe-
sized by many different human cells. In the eye, it has
been detected in tear fluid, in the vitreous, and in aque-
ous humor [2, 40, 41]. It is secreted as an inactive pre-
cursor (latent TGF-B2 complex, L-TGF-f2) by cell types
such as corneal endothelial cells, cells of the trabecular
meshwork, and the ciliary body [16, 42-48]. This pre-
cursor (200 kDa) is complexed with latency-associated
peptide (LAP) and bound to latent TGF-f binding pro-
tein (LTBP). L-TGF-B2 is not able to bind to its receptor
until LAP and LTBP are removed extracellularly via
proteolytic cleavage. The exact mechanisms by which
latent TGF-B2 is physiologically activated are not com-
pletely understood. One model of activation has been
proposed in which latent TGF-f is released from the
extracellular matrix (ECM) by proteases localized to
cell surfaces, and activated, for example, by thrombos-
pondin-1 [49] or specific integrins [50]. Following acti-
vation, TGF-B2 exerts its biological functions via
binding to a membrane-bound heteromeric receptor
(see Fig.4.2) [42]. In addition to TGF-B2, two further
isoforms of TGF- have been identified in mammals,
TGEF-B1, and TGF-3, which play an only minor role in
immunomodulation of the anterior ocular segment

! / @ TGF-B2 production

TGF-B2 function

*

Intracellular pathways

Fig. 4.2 TGF-P2 activation. TGF-[32 is produced as an inactive precursor consisting of a heterodimer with latency-associated protein
(LAP). This latent TGF-p2 heterodimer can additionally build a complex with latent TGF-B2-binding protein (LTBP) resulting in a
deposition to the extracellular matrix (ECM). TGF-P2 is activated by a TGF-f32 activator (TA) that induces LAP degradation or changes
latent TGF-PB2’s conformation. Following activation TGF-B2 binds to a complex consisting of TGF-f receptor II (TGF-BRII) and TGF-f3
receptor I (TGF-B2RI) leading to the initiation of intracellular signaling pathways depending on the kinase activity of the receptors
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[51]. TGF-B2 is known to play an important role in
wound healing and the production of the ECM. It inhib-
its cell proliferation, and exerts various immunosup-
pressive effects.

4.3.7.2 Effects in Animal Models
of Corneal Transplantation

In the anterior chamber, TGF-[32 is relevant for the main-
tenance of an immunosuppressive climate, as it alters the
activities of APC, and suppresses T-cell proliferation,
IFN-y production, and the inflammatory activity of mac-
rophages [2,3,52]. Antisera to TGF-f32 have been demon-
strated to reverse the inhibitory activity of aqueous humor
[2]. King et al. [22] found, in a rat model of keratoplasty,
total TGF-B2 levels to be increased in eyes that had
immune reactions. In their study, however, only TGF-f32
levels of the graft, but not of the aqueous humor, were
determined. Moreover, animal experiments in endotoxin-
induced uveitis revealed a regulation of active but not of
total TGF-P2 levels in the aqueous humor [53, 54].

4.3.7.3 TGF-p2 Levels in Human Aqueous Humor

We found that total TGF-f2 could be detected in cataract
patients, in patients following PK, with or without signs of
endothelial immune reactions, irrespective of the underly-
ing condition. However, there was no difference in total
TGF-B2 levels between the different groups [55]. In
patients, with newly diagnosed endothelial immune reac-
tions following PK, lower TGF-32 levels might have been
expected if graft rejection was caused by a failure of the
immunological privilege. In case of a longstanding
immune reaction, on the other hand, an up-regulation of
total TGF-B2 would have been conceivable, to restrain
immunological graft destruction. The high steady-state
levels of total TGF-B2 in the aqueous humor are compati-
ble with its proposed role in the maintenance of the immu-
nological privilege [56]. However, the anterior chamber
appears to be unable to regulate total TGF-f2 levels to
react to immunological challenges, as it was found in an
animal model of endotoxin-induced uveitis [53, 54].
Therefore, we determined active TGF-f2 in fresh samples
of aqueous humor to avoid activation of TGF-[32 by freez-
ing and thawing [9]. We found that active TGF-P2 levels
were decreased in the aqueous humor of patients follow-
ing PK, newly diagnosed as having endothelial immune
reactions [57]. As an endothelial immune reaction is usu-
ally accompanied by mild anterior uveitis, reduced levels
of active TGF-32 might be explained by dilution due to
influx into the anterior chamber as part of the breakdown

4 Cytokine Analysis of the Aqueous Humor in the Context of Penetrating Keratoplasty

of the blood-aqueous barrier. If this was the case, total
protein levels and total TGF-[2 levels were supposed to be
decreased as well. However, we could show that total
TGEF-B2 levels [55] as well as total protein levels (unpub-
lished data) are comparable in the aqueous humor of
patients with and without immune reactions. In corneal
transplantation, immune reactions mostly occur within
the first 24 months following PK [58, 59]. Afterwards,
endothelial immune reactions are rarely observed.
Therefore, during this time, an immunosuppressive envi-
ronment in the anterior chamber, maintained by high lev-
els of active TGF-f32, seems to be exceptionally important.
One could speculate that levels of active TGF-2 decrease
with time following PK, as the host might develop some
kind of graft-induced tolerance to the donor tissue. If this
assumption was correct, higher levels of active TGF-B2
prior to PK would lead to better clear graft survival. This is
furthermore supported by the fact that we found highest
levels of active TGF-B2 in keratoconus patients, who have
the best prognosis following PK [36]. These findings might
be interpreted as a hint towards a primarily altered immu-
nological privilege in eyes that develop immune reactions
following PK. The question thus arises whether only eyes
with decreased TGF-[2 levels develop endothelial immune
reactions following PK. If that was the case, active TGF-B2
might serve as a predictive parameter if determined prior
to PK. Then, decreased TGF-B2 levels should force the
surgeon to use HLA matched grafts, or to administer effec-
tive (topical and/or systemic) immunomodulative mea-
sures in the long run.

Summary for the Clinician

m TGEF-B2 is the most important factor for the
immunosuppressive climate in the anterior
chamber, where it alters the activities of APC,
and suppresses T-cell proliferation, IFN-y pro-
duction, and the inflammatory activity of mac-
rophages. It exerts its effects only in its activated
form. Active, but not total TGF-B2 levels are
decreased in human aqueous humor during
endothelial immune reactions following PK.

4.3.8 Fas, Fas Ligand and Soluble Fas Ligand

General Functions from
In Vitro Experiments

4.3.8.1

Fas and its ligand (FasL) are transmembrane proteins that
are responsible for peripheral lymphocyte homeostasis
during immune responses [60]. Interaction between
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Fas+ cells and FasL+ cells leads to apoptosis of Fas+ cells
[60, 61]. Abundant amounts of FasL are found in the ret-
ina, the uvea, and the cornea of mice and humans [61].
Fas is expressed on the surface of several types of immu-
nocompetent and nonimmunocompetent cells, while
FasL is the natural ligand for Fas. Fas+ T cells can, for
instance, undergo apoptosis when they bind to a cell
expressing FasL. A soluble form of Fas ligand (sFasL) is
released by the shedding of membrane-bound FasL.
Soluble FasL has been demonstrated to be released by
activated lymphocytes [61, 62], and it is most probably
incapable of inducing apoptosis [63]. On the contrary, it
may even interfere with induction of apoptosis by mem-
brane-bound FasL [63]. In the cornea, FasL is constitu-
tively expressed in the epithelium and endothelium.
Apoptotic cell death of T lymphocytes entering the ante-
rior chamber (and reacting with corneal endothelial
FasL) is thought to result in the release of IL-10, which
may play a role in the ACAID phenomenon [64]. It also
confers protection to the cornea against inflammatory
cells entering through the conjunctiva, limbal vessels, or
via the anterior chamber. Whether T cells invading the
corneal stroma also undergo apoptosis is not clear, since
this layer of corneal cells has not been shown to express
FasL. Taken together, corneal FasL is thought to play a
role in immune privilege induction and in corneal
allograft acceptance [65].

4.3.8.2 Effects in Animal Models
of Corneal Transplantation

In the cornea, FasL, expressed on endothelial and epithe-
lial cells, was demonstrated to be capable of killing Fas+
lymphoid cells. In a mouse keratoplasty model, FasL+
orthografts were accepted at a rate of 45%, whereas FasL-
grafts were all rejected [65].

4.3.8.3 sFaslL Levels in Human Aqueous Humor

The corneal endothelium has been suggested to be capa-
ble of releasing sFasL [66]. We determined soluble Fas
ligand in the aqueous humor of patients undergoing
sole cataract extraction (control group), of patients fol-
lowing PK, who did not have immune reactions, and of
patients following PK, who were newly diagnosed as
having endothelial immune reactions. None of the
patients with cataract, 35% of patients without immune
reaction, and 67% of patients with endothelial immune
reaction had detectable sFasL concentrations. In con-
trast to our findings, Sugita et al. [66] reported detect-
able concentrations of sFasL in 11 out of 20 healthy

controls. The discrepancy between the study by Sugita
et al. and ours may have been caused by the circum-
stances of anterior chamber puncture, or by the assay
used for sFasL determination. In patients, with endothe-
lial immune reactions, sFasL concentrations were higher
than in those without immune reactions. It thus seems
that the concentration of sFasL is up-regulated in some
patients following PK, particularly in the scenario of
corneal graft rejection. As sFasL blocks Fas without
inducing apoptosis, Fas mediated apoptosis of T cells is
inhibited. Therefore, overexpression of sFasL in patients
with immune reactions following PK might not sup-
press but even reinforce inflammatory processes. While
it is tempting to believe that sFasL may play a role in the
immunological privilege and its failure, just what this
role might be remains a matter of speculation.

Summary for the Clinician

= FasL is thought to play a role in immune privi-
lege induction and in corneal allograft accep-
tance. sFasL concentrations in human aqueous
humor were higher during endothelial immune
reactions. However, its function in this context is
not fully understood.

4.3.9 Further Cytokines and
Immunomodulative Factors

The functions and effects of the following immunmodu-
lative factors were primarily analyzed in vitro and in
animal models. Only a few studies addressed the analy-
sis of those factors in human aqueous humor, regarding
PK by multiplex analysis, so this aspect is discussed in
Sect. 4.4.

4.3.9.1 Interleukin 1 Receptor Antagonist

Interleukin-1 receptor antagonist (IL-1RA) competes
with IL-1a, as well as IL-1b for the binding sites to IL-1
receptors, and therefore, it is a natural antagonist of IL-1.
As corneal epithelial cells produce IL-1RA, the effects
mediated by IL-1 are weakened [67]. Therefore, in case of
immunological stress, the balance between IL-1 and
IL-1RA in the cornea is responsible for the kind of either
proinflammatory or immunosuppressive responses [21].
In an animal model of corneal transplantation, IL-1Ra
had significantly positive effects in promoting corneal
allograft survival [68].
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4.3.9.2 Interleukin 4

Interleukin 4 (IL-4) is an anti-inflammatory cytokine
secreted by activated T cells, and has various effects,
such as the stimulation of activated B- and T-cell prolif-
eration, and the differentiation of CD4+ T cells into
Th2-cells. On one hand, this may exert a graft protect-
ing effect, and on the other hand, it may exert an
immune reaction-promoting effect in organ transplan-
tation [17]. Furthermore, IL-4 is able to block the induc-
tion of corneal angiogenesis, induced by basic fibroblast
growth factor [69]. In vivo administration of IL-4 has
been successfully used in experimental models of solid
organ transplantation to prolong graft survival [70].
However, in a gene therapy approach, it could be shown
that overexpression of IL-4 is not sufficient to reduce
the rejection rate of corneal allografts in a rat kerato-
plasty model [71].

4.3.9.3 Interleukin 5

Interleukin 5 is produced by Th2- and mast cells. Its func-
tions are to stimulate B-cell growth and to increase immu-
noglobulin secretion. Itis also a key mediator in eosinophil
activation. In an animal model of heart transplantation, it
could be shown that IL-5 might prolong allograft survival
by down-regulating IL-2 and INF-y production [72].

4.3.9.4 Interleukin 8

Interleukin-8 (IL-8) is a chemoattractant cytokine pro-
duced by a variety of tissue and blood cells. It attracts and
activates neutrophils in inflammatory regions, but it has
only weak effects on all other immunological cells.
Though IL-8 plays a role in the cytokine network, its
major pathophysiological role lies in affecting neutrophils
[73]. It is unknown whether IL-8 influences the immuno-
logical privilege of the anterior ocular segment.

4.3.9.5 |Interleukin 12

DCs and phagocytes produce Interleukin 12 (IL-12) in
response to pathogens [74]. IL-12 is a pro-inflammatory
cytokine that induces the production of IFN-y, and favors
the differentiation of Thl cells. In rejected corneal
allografts of rats, mRNA production of IL-12 was signifi-
cantly increased [22]. However, in a rat keratoplasty
model, anti IL-12 gene therapy could not prolong allograft
survival [75].

4.3.9.6 Alpha-Melanocyte-Stimulating Hormone/
Calcitonin Gene-Realted Peptide/
Thrombospondin/Somatostatin

Furthermore, various other factors are involved in the
regulation of the immunological privilege of the anterior
chamber beyond the cytokines mentioned above. They
might also play important roles in the occurrence and
maintenance of endothelial immune reactions. Alpha-
melanocyte stimulating hormone (o-MSH) and calci-
(CGRP) are able to
downregulate innate immunity [76, 77]. These two fac-

tonin gene-related peptide

tors suppress activated macrophages and DCs, and,
therefore, also suppress activation of APC, which pro-
mote the delayed-type hypersensitivity (DTH)-
mediating T cells [78, 79]. Thrombospondin is a potent
physiologic regulator of TGF-beta activation [80], and
somatostatin [79] has been identified as an important
regulator of the ACAID. Thus, all these factors must be
taken into consideration for further cytokine analyses of
aqueous humor.

Summary for the Clinician

= Interleukin 1 receptor antagonist is able to antag-
onize the effects of IL-1a and IL-1b. Therefore,
the balance between IL1 and IL1 receptor antag-
onist may be responsible for the serverity of
immune reactions.

m IL-4 may have graft protective effects following
PK.

m IL-5 might prolong allograft survival by down-
regulating IL-2 and INF-y.

= The role of IL-8 in the context of the ocular
immune privilege is unknown.

m IL-12 favors the differentiation of Thl cells.
However, anti IL-12 gene therapy did not pro-
long allograft survival in animal models of cor-
neal transplantation.

= a-MSH and CGRP suppress activation of APC,
thrombospondin is a regulator of TGEF-b2,
and somatostatin is important for the mainte-
nance of the ACAID. However, their functions
regarding corneal transplantation are still
unclear.

The general characteristics of important cytokines
influencing immunological processes in the cornea are
described in Table 4.1
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Besides the function of individual cytokines, the interac-
tion within the complex cytokine network in the aqueous
humor plays an important role in corneal transplantation
by influencing the immunosuppressive climate and the
inflammatory response towards acceptance or rejection
of corneal allografts.

4.4.1 Cytokine Profiles in Animal Models

In a rat model of allotransplantation, it has been shown
that corneal graft rejection is associated with the expres-
sion of the Th-1 cytokines IL-2 and INF-y. The sole surgi-
cal trauma induced by PK leads to the expression of IL-1,
IL-6, IL-10, as well as the chemokines MCP-1 and MIP-2
[81]. The important effect of IL-1 on corneal allograft
rejection has been explained by its effect on Langerhans
cell migration in a mouse model [82]. King et al. reported
an early cytokine and chemokine response in corneal tis-
sue to the transplantation process in animal experiments
(evident in syngeneic and allogeneic grafts) that probably
drives angiogenesis, leukocyte recruitment, and affects
leukocyte functions. In syngeneic recipients, cytokine lev-
els reduced to pretransplant levels within 2 weeks follow-
ing corneal grafting. Once an immune response had been
generated, allogeneic rejection resulted in the expression
of Th-1 cytokines (IL-2, IL-12 p40, IFN-y), Th2 cytokines
(IL-4, IL-6, IL-10, and IL-13), and anti-inflammatory Th3
cytokines (TGF-betal/2 and IL-1RA) [22].

4.4.2 Cytokine Profiles in Humans

4.4.2.1 Cytokines in the Serum

of Patients Following PK

Corneal graft rejection does not only lead to a change of the
local cytokine profile in the anterior chamber but also to a
systemic cytokine response, as it has been observed that in
the serum of patients with a corneal immune reaction, lev-
els of IL-2 receptor [83] and TNF-o. [84] are increased.

4.4.2.2 Cytokines in Human Corneas

In human corneal explants from recipients following
PK showing inflammatory signs, levels of IL-1 and IL-6
were increased compared to noninflamed corneas from
patients with scars, corneal dystrophies, or keratoconus
[85].

4.4.2.3 Cytokines in Human Aqueous Humor

When Funding et al. [14] determined 17 different cytokines
(IL-1b, IL-2, IL-4, IL-5, IL-6, IL-7, IL-10, IL-12p70, IL-13,
IL-17, TNF-a, INF-y), growth factors (granulocyte-mono-
cyte colony stimulating factor (GM-CSF) and granulocyte
colony stimulating factor (G-CSF)) and chemokines (CXCL-
8, monocyte chemoattractant protein-1, and macrophage
inflammatory protein-1beta) in the aqueous humor of
patients with endothelial immune reactions, they found that
all these factors were statistically significantly increased com-
pared to patients with cataract or Fuchs  endothelial dystro-
phy. This contrasts in part with our results of a multiplex
bead array analysis of human aqueous humor, as we found
only statistically significant differences for IL-10 and INF-y,
but not for IL-1b, IL-2, IL-4, IL-5, IL-8, IL-12, and TNF-a
between patients with and without immune reactions and
control patients. Concurring with our results, Funding et al.
[14] found IL-6 levels to be a thousand times higher in
patients with endothelial immune reaction than in control
patients. However, we did not observe such statistically sig-
nificant difference because we noted higher IL-6 levels in our
control patients than Funding et al. did in their patients [14].
Another possible reason for the overall differences between
our results and the results from Funding et al. might proba-
bly be a lack of statistical power from multiple comparisons
in our experiments. Although Funding et al. [14] did not cor-
rect their statistical analysis for multiple comparisons, their
results would not be altered by so doing, due to the very low
p-values. It seems unlikely that the use of different multiplex
array kits by us and Funding et al. [14] is responsible for the
different results, as the underlying analyzing technique was
the same. However, another explanation for different cytok-
ineslevels might be the way the samples were gained. Funding
et al. describe that punctures of the anterior chamber have
been performed by different surgeons. In this context, it is
not clear whether bleeding occurred or whether the syringe
had contact to the iris during the puncture. This could falsify
the following cytokine analysis.

Summary for the Clinician

m Corneal graft rejection does not only lead to a
change of the local cytokine profile in the anterior
chamber but also to a systemic cytokine response.

= Until now, there are very rare investigations on
cytokine profiles in human aqueous humor in the
context of PK showing heterogeneous results.
Therefore, further studies are necessary to find out
whether cytokine profiles in the aqueous humor
might allow us to predict the risk of developing
endothelial immune reactions following PK.
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Chapter 5

Limbal Stem Cell Transplantation:

Surgical Techniques and Results

Core Messages

m The ocular surface is composed of two function-
ally specialized epithelia that are both essential to
maintain the surface integrity of the eye and the
optical transparency of the cornea.

m Ocular surface failure is thought to result from
destruction of limbal epithelial stem cells (LESCs).

m Penetrating keratoplasty (PKP) is seldom a suc-
cessful treatment for surface failure because the
limbal stem cells are not replaced, and thus the
epithelial surface over the PKP will again ulti-
mately fail.

® Ocular surface reconstruction (OSR) is the resto-
ration of the normal function of the ocular sur-
face by surgical transplantation of limbal epithelial
stem cells.

® Available options for limbal stem cell transplanta-
tion include conjunctival limbal autograft trans-
plantation (CLAU), living-related conjunctival
limbal allograft transplantation (Ir-CLAL), kera-
tolimbal allograft transplantation (KLAL), and ex
vivo expansion and transplantation of cultured
limbal stem cells. .

5.1.1 The Corneal Epithelium

The ocular surface is covered by the corneal and conjunc-
tival epithelia. Both epithelia are structurally distinct, and
numerous specializations in the corneal epithelium are
essential for maintaining structural integrity and optical
transparency. For example, the glycocalyx of the microvilli
and microplicae of the apical surface is formed by the
transmembrane mucins (MUC) type 1, 2, and 4 that
interact with the secreted mucins in the tear film to
anchor the tear film to the corneal surface. This com-
plex arrangement lowers the surface tension of the tear
film and facilitates tear film spreading and wetting of
the corneal surface. The corneal epithelium is transpar-
ent because it contains sparse numbers of cytoplasmic
organelles such as mitochondria, Golgi apparatus, and
endoplasmic reticulum [1, 2]. The numerous basal hemi-
desmosomes anchor the multilayered epithelial sheet to
the stroma, which allows it to resist shearing forces from
the eyelids or trauma [3, 4]. Tight junctions (zona
occludens) between the superficial epithelial cells obliter-
ate the intercellular space, and this forms a barrier to the
passage of fluid or solutes through the epithelium, which

prevents fluid entry and stromal oedema, as well as pro-
viding a barrier to the entry of pathogens [5]. Corneal
epithelial cells also play a crucial role in maintaining the
avascularity of the cornea as a whole by secreting soluble
VEGEF receptor-1 (sVEGFR-1; also known as sflt-1) that
binds and inactivates VEGF-A, and thus inhibits the
growth of vessels in to the cornea [6].

5.1.2 The Limbus and Corneal Epithelial
Homeostasis

The corneal limbus is the transitional region between the
cornea and sclera. Although this zone anatomically
includes both Schlemm’s canal and the trabecular mesh-
work on its inner aspect, the term usually refers only to
the superficial portion composed of the epithelium,
underlying connective tissue, and the deeper corneo-
scleral collagen lamellae (Fig. 5.1).

Like all stratified squamous epithelia, the corneal epi-
thelium is continuously regenerated. Cells are shed from
the corneal surface into the tear film, and cells moving
upwards from the basal layers of the epithelium and cen-
trally from the limbus replace these cells. Thoft and
Friend proposed the “XYZ hypothesis” to explain how



Fig.5.1 The corneal limbus. Photomicrograph of a radially orientated cross section through the human limbus stained with haema-
toxylin and eosin. The locations of the cornea, limbus and conjunctiva are indicated. The conjunctiva is elevated above the plane of

the cornea by artifact (magnification *40)

proliferation of basal corneal epithelial cells (X) and cen-
tripetal migration of cells (Y) offsets the loss of squames
into the tear film (Z) (Fig. 5.2) [7].

However, Thoft and Friend’s original XYZ hypothesis
only partially explains corneal epithelial renewal over the
lifetime of the cornea. The basal corneal epithelial cells are
incapable of continuous replication and enter senescence
after several cell divisions [8]. It has long been thought
that the basal corneal epithelial cells themselves are con-
stantly replenished by the daughter cells of slowly divid-
ing LESCs located more peripherally in the basal layer of
the epithelium of the limbus [9-15]. Interestingly, a recent
report has suggested the presence of stem cells in the cen-
tral corneal epithelium of the mouse; however, the results
have yet to be verified in the adult human cornea [16].

The prevailing view of LESC proliferation is that one
division of each LESC generates a daughter TAC that
migrates centrally across the cornea while the original
stem cell remains within its niche in the basal epithelium
of the limbus. The TACs then divide rapidly in the basal
corneal epithelial layer and move anteriorly as they dif-
ferentiate into post mitotic cells (PMCs) that form the
wing-cell layer of the corneal epithelium. The wing cells
then become terminally differentiated cells (TDCs) that
form the flattened superficial squamous external layer of
the corneal epithelium [17]. The result of this migration
and differentiation is that the corneal epithelium is
renewed every 7-10 days in this manner [18, 19]. Despite

Fig. 5.2 The XZY hypothesis. The turnover of the corneal
epithelial cell mass is the result of three independent phenom-
ena. X represents a combination of proliferation and centripe-
tal migration of the basal epithelial cells. Xs represents the
asymmetric division of limbal epithelial stem cells to generate
one daughter cell that remains in the limbus as a stem cell and
a second daughter cell which migrates out of the limbus into
the basal corneal epithelium and becomes a transient amplify-
ing cell (TAC) (X™). The X™ vector arises through a combina-
tion of proliferation and centripetal migration of the basal
TACs. As the basal epithelial cells divide they give rise to supra-
basal cells that form the stratified layers of the cornea giving
rise to the Y vector. Z represents the shedding of squamous epi-
thelial cells from the surface of cornea into the tear film.
Corneal epithelial maintenance can thus be defined by the
equation X+Y =Z, which simply states that if corneal epithe-
lium is to be maintained, cell loss must be balanced by cell
replacement [7]



the abundant evidence that LESCs are located at the cor-
neal limbus, the key structural features and the functional
mechanisms that operate within the LESC niche are
unknown.

Summary for the Clinician

= The ocular surface is composed of two structur-
ally distinct epithelia, both of which have fea-
tures essential for maintaining the integrity and
optical transparency of the cornea.

= The corneal epithelium is continually regener-
ated from LESCs that are located in the basal
layer of the corneal limbus.

The LESCs appear to represent a finite body of cells that
cannot be replaced naturally. A state of corneal limbal
stem cell deficiency (LSCD) occurs if the number of
LESCs is depleted below a critical threshold by trauma or
disease. The LSCD can be sectorial or total. It is charac-
terized by conjunctivalization of the cornea, a pathologi-
cal process whereby conjunctival epithelial cells from the
peripheral to the limbus migrate onto the corneal surface

to replace the normal corneal epithelium [20, 21].

This pathologic state can be reproduced in rabbits by
surgically excising the limbal epithelium [17]. In the
experimental and clinical situations, corneas with LSCD
show poor epithelialization (persistent epithelial defects
or recurrent erosions), chronic stromal inflammation
(keratitis), corneal vascularization, and conjunctival epi-
thelial overgrowth of the stroma (Fig. 5.3). As a result
patients with LSCD can experience pain or irritation,
photophobia, and decreased vision from opacity and
irregular astigmatism [22]. Clinically, the presence of
LSCD may be accompanied by the loss of the limbal pali-
sades (of Vogt) on slit-lamp examination [23], and by late
fluorescein staining as a result of poor epithelial barrier
function [18, 24].

5.2.1 Diagnosis and Classification

of Corneal LESC Deficiency

The presence of a conjunctival phenotype on the cornea
(conjunctival overgrowth, conjunctivalization) is central
to the diagnosis of LSCD [9, 15, 20, 22]. Clinical signs that
support this diagnosis are epithelial haze, superficial and
subepithelial vascularization, late fluorescein staining,
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Fig. 5.3 Clinical photographs of a human cornea with limbal
stem cell deficiency (LSCD). (a) Diffuse illumination. (b) Slit
beam illumination. The clinical features are of stromal scarring
secondary to chronic stromal inflammation, corneal vascular-
ization, and conjunctival epithelial overgrowth of the cornea

epithelial breakdown and persistent epithelial defects,
stromal inflammation, and loss of the limbal palisades of
Vogt [9, 18, 21-24]. The clinical diagnosis should be con-
firmed using Impression cytology. Specimens can be
stained with periodic acid Schiff stain to identify goblet
cells, or monoclonal antibodies to cytokeratin 3 (CK3)
and cytokeratin19 (CK19) to confirm a conjunctival phe-
notype (CK3—-/CK19+) [20, 23, 25, 26]. Identification of
goblet cells on the surface of the cornea is useful in mak-
ing the diagnosis of LSCD. In advanced disease, especially
those where keratinisation of the epithelium occurs
(Steven’s Johnson, ocular pemphigoid, Lyell syndrome),
conjunctival goblet cells may be completely absent and,
therefore, will not be detectable on impression cytology.
Therefore, the presence of goblet cells on the surface of the
cornea is not mandatory for making a diagnosis of LSCD.
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LSCD may be classified as partial or total [9]. In par-
tial deficiency, there is localized deficiency of LESCs in a
region of limbus but an intact population of LESCs in
other areas. This results in sectoral ingrowth of con-
junctival epithelium from focal areas of SC deficiency
(columnar keratopathy) and a mosaic pattern of stain
with impression cytology [20, 27, 28]. In total stem cell
deficiency there is functional loss of the entire LESC
population and conjunctivalization of the entire cornea
(20, 22, 27, 28].

Patients with LSCD can also be classified according to
the presumed principal etiology of their disease with the
primary site of injury at the LESCs themselves, their sup-
porting niche, or a combination of both (Table 5.1). In
some patients there is an identifiable event that has caused
ocular surface injury with direct damage to the LESCs
such as chemical or thermal burn, Stevens-Johnson syn-
drome/toxic epidermal necrolysis, multiple surgeries or
cryotherapy, medications (iatrogenic), contact lens wear,
severe microbial infection, radiation, and antimetabolites
including 5-fluorouracil and mitomycin C [10, 27-34]. A
second category is characterized by a gradual loss of the
LESC population without a known or identifiable precipi-
tating factor, and in this group a loss of the limbal stromal

niche may be the primary disease mechanism. This group
contains conditions such as aniridia, neoplasia, autoim-
mune polyglandular syndrome (APS1), peripheral ulcer-
ative corneal disease, neurotrophic keratopathy, as well as
idiopathic limbal deficiency [20, 23, 35-37].

Summary for the Clinician

= Corneal LSCD is characterized by “conjunctival-
ization” of the cornea, with epithelial haze, late
fluorescein staining, subepithelial vasculariza-
tion, persistent or recurrent epithelial defects,
stromal inflammation and loss of the limbal pali-
sades of Vogt.

m The clinical diagnosis may be confirmed by
impression cytology. There are typically goblet
cells and a conjunctival phenotype with negative
expression for monoclonal antibodies to cytok-
eratin 3 (CK3-) but positive expression for
cytokeratinl9 (CK19+).

= LSCD may be the result of congenital or acquired
disease, and corneal involvement may be partial
or total.

Table 5.1 Classification of the etiology of limbal epithelial stem cell deficiency based on presumed site of damage to the LECSs or

their niche

Hereditary

Anirida

Autoimmune polyglandular syndrome (APS1)
Ectrodactyly-ectodermal dysplasia clefting (EEC syndrome)
Acquired

Chemical or thermal burn

Stevens-Johnson syndrome, toxic epidermal necrolysis,
ocular cicatricial pemphigoid (OCP)

Multiple surgeries or cryotherapies to limbus
Contact lens-induced keratopathy
Severe microbial infection extending to limbus
Antimetabolite uses (5-FU or mitomycin C)
Radiation
Chronic limbitis (vernal, atopy, phlyctenular)
Peripheral ulcerative keratitis (Mooren’s ulcer)
Neurotrophic keratopathy
Chronic bullous keratopathy
Pterygium
Idiopathic

LESC limbal epithelial stem cell; 5-FU 5-fluorouracil

4 Ve
v
v
v v
v
v v
v
v v
v v
v v
v
v
v
v
v
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5.3.1 Conservative Options

The conservative options for managing patients with
LSCD are the use of intensive nonpreserved lubrication,
bandage contact lenses, and autologous serum eye drops.
Only the latter is supported by evidence in the literature
[38-40]. Conservative treatment usually provides tempo-
rary remission but the condition tends to deteriorate over
time.

5.3.2 Surgical Options for Partial Limbal
Stem Cell Deficiency

For partial LSCD, it has been demonstrated that in
the acute phase following injury repeated debridement
of migrating conjunctival epithelium, known as sequen-
tial sector conjunctival epitheliectomy (SSCE), can
reduce or prevent conjunctival ingrowth [41]. The use
of an amniotic membrane graft as an inlay to promote
corneal epithelial migration over the area of LSCD
has also been reported to be successful [33, 42-44]
(reviewed by Fernandes et al. [45], Tosi et al. [46] and
Dua et al. [47]).

5.3.3 Surgical Options for Total Limbal
Stem Cell Deficiency

For total LSCD, one of a group of surgical procedures
collectively called ocular surface reconstruction (OSR)
is required to restore a corneal phenotype. The need for
such procedures is most obvious in patients with bilat-
eral blinding ocular surface diseases such as Stevens
Johnson syndrome (S]S), ocular cicatricial pemphigoid
(OCP), and severe chemical/ thermal burns. The shared
pathway to disease in these patients is dysfunction and
destruction of the LESCs. A standard penetrating ker-
atoplasty (PKP), which does not transfer stem cells, is
unlikely to restore a stable ocular surface in such
patients, and a systematic approach is needed. The pro-
cess draws on a wide range of medical and surgical
options that aim to improve the quality and quantity of
tears, remove the abnormal corneal and conjunctival
epithelium and associated fibrovascular tissue, and then
replace it with either transplanted autologous or alloge-
neic cells. Clinically, the process involves a sequential
three-step approach.

Correct any dry eye disease and lid abnormality that is
contributing to ocular surface failure

This includes correction of meibomian gland dysfunc-
tion, punctal occlusion, and the frequent application
of preservative-free artificial tears or autologous serum.
Corneal exposure, trichiasis, and entropion should be
corrected. Symblepharon and restriction of eye move-
ment should also be repaired by fornix reconstruction
using amniotic or buccal mucous membrane, and this
should be completed before corneal surface reconstruc-
tion is attempted.

Remove the conjunctival epithelium from the cornea
and restore a normal stromal environment

Abnormal conjunctival epithelium and subepithe-
lial fibrous tissue must be debrided. This can be done
mechanically and the combined tissue can often be
peeled off the cornea. For total LSCD, it is also usual
to perform a peritomy and resection of the conjuncti-
val epithelium for up to 4 mm from the surgical lim-
bus. Hemostasis is essential and mitomicin C may be
applied over the exposed sclera to reduce recurrence of
scarring and subepithelial fibroblastic proliferation.
Lamellar or PKP may also be performed at this stage
if it is thought there is visually significant stromal
opacity.

Transplant corneal LESCs to reestablish an intact and
transparent epithelium

When LSCD is total, a population of autologous or
allogeneic LESCs must be transplanted if a stable cor-
neal epithelial phenotype is to be regained [9-12, 15, 22,
27, 28, 48-54]. A variety of techniques have been devel-
oped to transplant limbal stem cells. The terminology
and nomenclature used are those proposed by Holland
et al. [28], and the procedures that will be discussed
are: conjunctival limbal autograft (CLAU), living-related
conjunctival limbal allograft (Ir-CLAL), keratolimbal
allograft (KLAL), and ex vivo expansion and transplan-
tation of cultured LESCs. The first to be introduced, and
the most widely employed, are techniques in which
blocks of tissue containing stroma and overlying epithe-
lium were transferred such as (KLAL) [49, 55-57],
(CLAU), and (Ir-CLAL) [27, 32, 58, 59]. An oversized
and eccentric PKP that includes part of the limbus have
also been employed [60-62].
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Summary for the Clinician

= Conservative treatment of LSCD may provide
temporary relief but can eventually fail as the
natural history of LSCD has tended toward grad-
ual deterioration over time.

m Partial LSCD may be treated surgically with
SSCE or an amniotic membrane graft inlay.

= Total LSCD requires OSR, which is a multistep pro-
cess of treating dry eye disease and correcting lid
abnormalities to restore a normal stromal envi-
ronment. This is followed by removal of the abnor-
mal conjunctival epithelial covering of the cornea
and transplantation of corneal LESCs.

5.4.1 Conjunctival Limbal Autograft (CLAU)

First reported by Kenyon and Tseng in 1989 [63], CLAU
rapidly became popular for the treatment of unilateral
limbal deficiency. CLAU involves the transfer of autolo-
gous limbal tissue from the unaffected fellow eye to the
stem cell deficient eye. For total unilateral LSCD it still
may be the procedure of choice [34, 63]. The surgical pro-
cedure is shown in Fig. 5.4.

After chemical burns, severe inflammation and isch-
emia drastically reduces the chance of success of CLAU in
the acute stage [63, 64]. A more appropriate initial
approach in this setting is the use of a temporary amni-
otic membrane overlay patch to suppress inflammation,
encourage epithelial wound healing, and prevent adhe-
sions and symblepharon [45-47].

A significant percentage of the limbus is transferred
for an autograft, and partial stem cell deficiency in a pre-
viously normal eye has been described following limbal
biopsy for CLAU [22, 25]. The use of an amniotic mem-
brane graft to cover the defect in the donor eye may pro-
mote proliferation of the remaining LESCs and reduce
this risk.

5.4.2 Living-Related Conjunctival Limbal
Allograft Transplant (Ir-CLAL)

When there is bilateral total LSCD, allogeneic limbus is
the only potential source of LESCs. When a conjuncti-
val-limbal graft is taken from a living related donor and
transplanted to the recipient’s stem cell deficient eye

a

Fig. 5.4 Surgical procedure for performing a conjunctival-limbal
autograft: (a) The eye on the left hand side of the image is normal.
The eye on the right has total limbal epithelial stem cell deficiency.
(b) The conjunctival pannus is removed from the corneal surface
of the right eye by performing a peritomy followed by superficial
keratectomy with blunt dissection. (¢) Two conjunctival-limbal
grafts are dissected from the healthy eye by superficial lamellar
keratectomy at the 6 and 12 o’clock positions. (d) Each spans
6-7 mm limbal arc length and consists of 5 mm of conjunctiva
and limbus with 1 mm of clear cornea. (e) These two free grafts
are transferred and secured to the recipient eye at the correspond-
ing anatomic sites using interrupted 10-0 nylon or Vicryl sutures
to the limbus and 8-0 Vicryl sutures to the sclera

it is called living-related conjuctival-limbal allograft
transplantation (Ir-CLAL). The surgical technique of Ir-
CLAL is otherwise identical to CLAU. Amniotic mem-
brane can be used similarly to eliminate the concern of
removing LESCs from the healthy donor eye and to
augment the effect of CLAU in the recipient eye.
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Nevertheless, unless the donor and the recipient are
perfectly matched, there is a risk of rejection of a Ir-
CLAL and systemic immunosuppressionis required
[59, 65].

5.4.2.1 Clinical Outcomes of CLAU and Ir-CLAL

Reports of these procedures have generally been favor-
able. Kenyon and Tseng [63] reported a successful out-
come in 95% of CLAU procedures with a mean follow up
of 24 months (range 6-45 months, n>26). Jenkins et al.
[66] reported a 60% success rate for CLAU at a mean
follow-up of 24 months (range 12-36 months, n>5).
Santos et al. [32] reported a combination of CLAU and
Ir-CIAL, with an overall combined survival rate of 40%
after 1 year and 33% after 2 years, with a cumulative sur-
vival of 33% after a mean follow-up interval of 33 months
(n>33). Kwitko et al. [67] reported 91.6% survival in
their series of lr-CLAL at a mean follow-up of 17.2
months (range 5-29 months, n>12). Rao et al. [65]
reported a survival for Ir-CLAL of 77.8% with a mean
follow-up of 17.2 months (range 3-33 months, n>9),
and Daya et al. [59] reported a Ir-CLAL survival of 80%
with mean follow-up of 26.2 months (range 17-43
months, n>10).

5.4.3 Keratolimbal Allograft Transplant

The third option for transplanting LESCs is to perform a
KLAL using tissue from cadaveric donors. This surgical
technique may restore the corneal phenotype in patients
with bilateral LSCD or, less commonly, in patients with
unilateral LSCD who do not wish to jeopardize the
healthy eye with any surgery. The surgical procedure of
KLAL is schematically depicted in Fig. 5.5. It should be
noted that if the stroma is clear a PKP or lamellar kerato-
plasty (LK) is unnecessary. Some authors recommend
that a PKP, if it is necessary, is best delayed for 3 or 4
months when the eye is less inflamed because there is less
chance of rejection and the graft survival rate improves
[44, 49, 57].

Because the tissue transplanted in KLAL is allogeneic,
systemic immunosuppression is required in the same
regimen as after lr-CLAL. Despite continuous oral
administration of cyclosporin A (CSA) for 5 years,
Tsubota et al. [68] reported the long-term success rate of
KLAL as 51% at 3 years (n>43), Solomon et al. [56]
reported a 44.6% success rate at 5 years (n>39), while
Ilari and Daya [57] reported a 21.2% success rate at 5
years of follow-up (n>23). Therefore, despite systemic

Fig.5.5 Surgical procedure of keratolimbal allograft (KLAL). A
peritomy is performed on the recipient eye and the fibrovascular
pannus is removed. The residual corneal stromal bed may be
clear. A piece of amniotic membrane is placed over the cornea
with the basement membrane side external and secured around
the limbus with interrupted 8-0 vicryl sutures to the scleral tis-
sue. The central corneal button of the donor cornea is removed
by trephine, the residual corneo-limbal rim is trimmed, and the
underlying stroma is thinned to create a smooth and thin cor-
neal-scleral limbal rim. This rim of tissue that contains the lim-
bus is then laid onto the recipient cornea and secured with
interrupted 10-0 nylon sutures. In order to promote corneal epi-
thelial healing, another amniotic membrane is placed over the
cornea as a patch and secured to the sclera with a running 10-0
nylon suture that remains in position for 1 or 2 weeks.
Alternatively, a bandage contact lens or temporary tarsorrhaphy
can be considered

immunosuppression, allograft rejection is still the most
important factor limiting the success of KLAL. Signs of
allograft rejection include telangiectasia and engorged
limbal blood vessels, epithelial rejection lines and epithe-
lial breakdown, and severe limbal inflammation. One
reason for the poor long-term prognosis is chronic
inflammation from ongoing ocular surface disease,
which may enhance sensitization, leading to allograft
rejection. Amniotic membrane transplantation (as a cor-
neal inlay) has been used to augment the success of KLAL
based on the fact that it may help suppress inflammation
and restore the damaged limbal stromal environment
[44, 69].



The most recent development for transplanting LESCs is
ex vivo expansion of LESCs (for review see Shortt et al.
2007 [70]). This technique is based on the pioneering
work in skin of Rheinwald and Green [71-74]. Figure 5.6
illustrates how the procedure is performed.

Fig. 5.6 Schematic drawing of ex vivo expansion of limbal SC
(SC). A limbal biopsy measuring 2 x 2 mm is performed on the
donor eye (a). This biopsy is then placed on amniotic mem-
brane, allowed to adhere and then submerged in a culture
medium (b). Limbal epithelial cells migrate out of the biopsy
onto the amnion, and after 2-3 weeks the epithelial outgrowth
measures 2-3 cm in diameter (c). After the fibrovascular pannus
is removed from the recipient eye the explant is placed on the
cornea (d) and sutured to the sclera (e)

The protocols used to cultivate cells for transplantation
vary widely. Some studies used an “explant culture system”
in which a small limbal biopsy is placed directly onto an
amniotic membrane and the limbal epithelial cells then
migrate out of the biopsy and proliferate to form an epi-
thelial sheet [52, 54, 75-83]. The amniotic membrane sub-
strate is then purported to act as a surrogate stem cell
niche environment [84, 85]. An alternative technique is a
“suspension culture system” in which limbal epithelial
cells are first released from the limbal biopsy following
enzyme treatment and a suspension of individual cells is
seeded either onto amniotic membrane or onto a layer of
growth-arrested 3T3 feeder cells [53, 86-90]. A carrier
substrate such as fibrin may also be used to transfer the
cells to the eye [53]. Although laboratory studies suggest
that the suspension culture system is a more efficient
method of isolating LESCs for culture [91, 92], there is no
evidence of superiority in terms of clinical outcome.
Similarly, although a feeder layer of embryonic mouse 3T3
fibroblasts in a co-culture system has been shown help
maintain an undifferentiated epithelial phenotype [8], it is
unclear whether this results in a better clinical outcome.

The use of ex vivo expansion techniques in humans
was first described by Pellegrini et al. in 1997 [86]. Since
then, seventeen further reports of the use of this technol-
ogy to treat patients have been published [52-54, 75-83,
87-90, 93]. Four further studies have also reported the
transplantation of ex vivo cultured autologous oral
mucosal epithelial cells to treat LSCD [94-97]. We recently
reviewed all clinical reports of these treatments and found
the success rate from 33-100% with a mean of 77% [70].

The ex vivo expansion technique has theoretical
advantages over conventional limbal transplantation
methods. Compared with CLAU and Ir-CLAL, the size of
the limbal biopsy that is required is substantially smaller,
although more than one biopsy may be required to obtain
a successful explant or cell culture. This minimizes the
risk of precipitating stem cell failure in the donor eye and
provides the option for a second biopsy if necessary.
Another theoretical advantage over KLAL and Ir-CLAL
is a potentially reduced risk of allograft rejection due to
the absence of antigen-presenting macrophages and
Langerhan’s cells in ex vivo cultured LEC grafts.

As cell-based therapy has become more widely employed,
the laboratory process of graft production has rightly
come under scrutiny and the regulatory requirements
have grown significantly. It is no longer appropriate or
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ethical to culture cells in an informal manner in a research
laboratory if they are destined for human transplantation.
Groups providing cellular therapies in the European
Union (EU) have to comply with EU law, which requires
that grafts are only produced by accredited tissue banks
under the defined conditions of good manufacturing
practice (GMP). The tissue bank facilities and processes
must also be regularly inspected by the relevant authority.
The supervision of tissue banking in the United States of
America is more complex. There are currently no regula-
tions governing this procedure, but the FDA has proposed
new regulations requiring registration of all tissue banks,
expanded screening and testing, and the introduction of
practices similar to GMP. The level of regulatory compli-
ance in most previously published series is not stated
[52-54, 75-82, 86-89]. It is not known whether compli-
ance with these regulations will affect the ability to per-
form the difficult and sensitive process of cell culture, and,
hence, whether compliance will affect clinical outcomes.

5.4.6 Evidence of the Presence of Stem Cells
in Ex vivo Cultures and Grafts

The evidence of stem cells in the transplanted cell popula-
tion is based upon the following observations; functional
assays of the colony forming ability of transplanted cells
(only stem cells can give rise to large colonies in culture [8,
71], immunohistological analysis of grafts, and evidence of
donor cell survival. Schwab et al. estimated that between
2-9% of cells in ex vivo expanded limbal epithelial cultures
demonstrated the colony forming characteristics of stem
cells [88]. The basal cells of ex vivo cultured LEC sheets
also express cytokeratin 19 (CK19), 1 integrin, and p63
[91], which are characteristics of a limbal rather than a
corneal phenotype. However, this does not prove that these
basal cells are stem cells. Indeed, LESCs probably only
account for <9% of the total limbal epithelial population
in vivo, and unless a selection process is performed during
isolation, it is likely that stem cells will account for a rela-
tively small percentage of the cells present on grafts [98-
100]. Further investigation of this variable has not been
possible to date as there is no definitive marker of LESCs.

5.4.7 Assessing Outcomes Following
LESC Transplantation

A recent review found that the methods used to diagnose
LESC deficiency and determine success of ex vivo cul-
tured LESC therapy vary widely and are often poorly
defined [70]. Rama et al. [53] devised a scoring system
based on clinical observations and impression cytology to

grade the severity of LSCD. These features were assessed
and scored before and after treatment, and statistical anal-
ysis of the differences was performed. This provided an
objective assessment of treatment success. Koizumi et al.
[52] and Daya et al. [89] also defined success as improve-
ment in a set of clinical parameters used to assess LSCD.
Although other studies have described an improvement
in clinical parameters of LSCD, they do not explicitly state
which parameters were used [54, 76-83, 86-88, 90]. In
general, these studies lacked objectivity as there was no
pre and post treatment comparison. Outcome data for
visual acuity was reported in all studies, and information
on the subjective improvement in pain and discomfort
were reported in four studies, although no formal method
of assessment was employed [53, 82, 86, 89].

Our group recently described the use of impression
cytology and confocal microscopy as defined clinical out-
come measures to determine success in restoring a cor-
neal epithelial phenotype [93]. Using this approach we
were able to objectively demonstrate and partially quan-
tify changes in the corneal phenotype postoperatively.
The correlation between impression cytology and corneal
confocal microscopy was excellent, and demonstrates the
potential for this technology.

5.4.8 Evidence for Donor Cell Survival Following
Ex Vivo Cultured LESC Transplantation

There is a lack of evidence to support the long-term sur-
vival and proliferation of transplanted ex vivo cultured
LESC. Rama et al. reported the results of impression cytol-
ogy after transplantation [53]. They examined CK3 and
CK12 (markers of epithelial cells) expression in cells
obtained by impression cytology at 12-27 months after
treatment. When the findings were scored according to a
defined grading system the cytokeratin profile after treat-
ment was more consistent with a normal corneal pheno-
type than preoperatively. Pellegrini et al. performed corneal
biopsies on two patients at 19 and 24 months after treat-
ment and demonstrated a normal corneal epithelial pheno-
type with absence of without goblet cells and with a normal
pattern of CK3 expression [86]. Similarly, patients that have
undergone PKP following ex vivo cultured LEC transplan-
tation provide an insight into the biology of this therapy
[53,77,79, 86,89, 101].Histology of excised central corneal
buttons consistently demonstrates the presence of a multi-
layered epithelium with a similar phenotype to limbal epi-
thelium. Whilst this data confirms the restoration of a
functioning corneal epithelium following treatment in a
previously stem cell deficient cornea, it is not direct evi-
dence that transplanted limbal stem cells have survived.
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In the search for direct evidence of cell survival, Daya
et al. used polymerase chain reaction (PCR) genotyping to
determine the origin of the cells populating the ocular sur-
face postoperatively [88]. DNA was extracted from the
patient’s blood, from the donor corneoscleral rim used to
establish cell cultures, and from the amniotic membrane
used in each operation. These were compared with the
DNA extracted from corneal epithelial cells obtained by
impression cytology from the corneas of seven patients
after transplantation. Donor DNA was detected from only
two of seven eyes. One of these samples was positive for
allogeneic donor DNA at 2 months but negative at 22
months, the second was positive at 7 months but negative
at 9 months. Samples from the other five patients were
negative for donor DNA when tested between 1 and 7
months postoperatively [89]. The epithelia from three fur-
ther patients who had a subsequent PKP were examined
using the same technique. The DNA genotype of epithelial
cells on the ocular surface matched that of the host and
not that of the allogeneic donor. This data suggests that the
epithelium on the ocular surface in the majority of patients
had a host DNA genotype, and that although donor cells
may persist for 7-9 months they are ultimately replaced by
host cells. If this is the case, the clinical effect of ex vivo
cultured LESC transplantation may rely on the provision
of a new niche for the regeneration of the host stem cell
population rather than providing a new population of
LESCs that can continue to function indefinitely. More
recent data from this group suggests that transplanted
allogeneic cells may not last more than 28 weeks [102].

5.4.9 Role of Tissue Matching in Transplantation
of Allogeneic Tissue or Cells

When allogeneic limbal stem cells are transplanted, tissue
matching strategies may be considered in an attempt to
improve outcomes. There is no direct evidence that tissue
matching improves outcome when performing lr-CLAU,
KLAL or transplantation of ex vivo cultured LESC.
However, in cases where eccentric PKP was performed to
treat stem cell deficiency, grafts with 0-1 mismatches
(HLA A, B, DR loci) were significantly more likely to be
clear 5 years postoperatively. Furthermore, successful
clinical outcomes correlated with the detection of alloge-
neic donor DNA on the ocular surface, indicating the
survival of transplanted cells [61].

5.4.10 Alternative Sources of Autologous
Stem Cells

The use of oral mucosa epithelium as a source of cells to
treat bilateral LSCD has potential advantages. Because

the cells are autologous, there is no risk of immune-
mediated rejection, and thus immuosuppression is not
required. Other potential advantages are that oral mucosa
is thought to be at a lower stage of differentiation than
epidermal keratinocytes [17, 103], they divide rapidly,
and they can be maintained in culture for prolonged
periods without keratinization [104]. Cytokeratin 3
(CK3) is similarly expressed by both corneal epithelium
[17] and oral mucosa [103, 105], suggesting that gene
expression is similar. A theoretical disadvantage of the
use of oral mucosa to treat autoimmune diseases such as
OCP is that the oral and ocular mucosa may both secrete
a common basement membrane target antigen [104]. In
the latter case, epithelial stem cells derived from the hair
follicle may have potential for therapeutic application on
the corneal surface. A recent paper described a method
for altering the phenotype of hair follicle-derived epithe-
lial cells to that of a limbal epithelial cell-like phentoype
using conditioned medium collected from limbal fibro-
blasts [106].

5.4.11 Issues Surrounding Ex Vivo Cultured
LESC Transplantation that Require

Further Investigation

Ex vivo expansion and transplantation of limbal epithe-
lium has been performed by several separate groups in
a number of countries. It has been used to treat a vari-
ety of ocular surface disorders that are thought to be
the result of limbal SC failure. Despite a substantial
number of experimental models of this technique, and
an ever-growing body of laboratory data on limbal epi-
thelial SC biology, the scientific understanding of this
procedure is poor. Some key questions still need to be
answered. The exact proportion of SCs present in ex
vivo cultured LEC sheets is unclear and needs to be
determined. The behavior of LESCs following trans-
plantation also needs to be elucidated. It has been pro-
posed that the success of this treatment relies on the
reintegration of exogenous cultured limbal SCs into the
ocular surface, and that these cells function to continu-
ously replenish the corneal epithelium [9-11, 15].
However, it may be that the composite amniotic mem-
brane and ex vivo cultured LESC graft act as a biologi-
cal bandage that provides an opportunity or stimulus
for the patient’s own endogenous LESC population to
regenerate. In the case of total LSCD, this process could
theoretically include the recruitment of precursor cells
from the bone marrow. This is supported by evidence
that cells derived from bone marrow SCs can be found
in the normal scleral stroma [107] and also following
scleral injury [108], and that that transplantation of



cultured bone marrow SCs on amniotic membrane can
reconstruct the corneal epithelium following chemical
injury in rats [109].

It is interesting that despite the different methodolo-
gies employed, the success rate and outcomes of
ex vivo expansion and transplantation of limbal epithe-
lium are remarkably similar. It could therefore be
inferred that as long as viable LESCs are transferred, the
method that is used to achieve this is relatively unim-
portant. On the other hand, the inability to identify
transplanted cells on the cornea of patients more than 9
months after treatment may indicate that long-term sur-
vival of transplanted cells is not essential, and that other
mechanisms are responsible for the improvement of the
epithelial phenotype. Elucidation of key factors that
control the environment of the LESC niche could allow
these conditions to be replicated in-vitro to make the
process of culturing LESCs more efficient, and permit
optimization of the ocular surface for receipt of trans-
planted LESCs. Unfortunately, our ability to answer
some of the questions is hampered by the lack of a defi-
nite molecular marker of LESCs and the inability to
track living cells after transplantation. Progress in this
area has recently been reviewed by Chee et al. [110].
Recent data suggests that deltaN P63 [111, 112] and
ABCG2 [98-100] are the leading candidates for such a
marker.

Summary for the Clinician

= There is no single solution to treating total
LSCD.

= The available surgical techniques for transplant-
ing corneal limbal stem cells are CLAU, Ir-CLAL,
KLAL, and ex vivo expansion and transplanta-
tion of cultured LESCs.

= Ex vivo expansion and transplantation of cul-
tured LESCs is a novel cell therapy. There is evi-
dence that stem cells are present in ex vivo
cultures and early grafts, but poor evidence is
available for the long-term survival of these cells
after transplantation.

m There is a need to develop more objective
methods of assessing outcomes following LESC
transplantation.

» Oral mucosa is an alternative stem cell source for
OSR.

= There are many issues regarding the mecha-
nism and scientific understanding of ex vivo cul-
tured LESC transplantation that require further
investigation
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Chapter 6

Cell Cycle Control and Replication
in Corneal Endothelium

6

Core Messages

m Excessive loss of endothelial cells causes loss of m HCEC can be induced to divide by overcoming

the barrier function of the corneal endothelium,
resulting in bullous keratopathy, permanent cor-
neal clouding, and loss of visual acuity.

In vivo repair of the endothelium following cell
loss occurs by cell enlargement and migration,
rather than by cell division.

Human corneal endothelial cells (HCEC) do not
divide in vivo, because they are inhibited in
G1-phase of the cell cycle; however, they retain
proliferative capacity.

The cell cycle is divided into multiple phases.
After mitogenic stimulation, cells enter G1-phase
to prepare cells for DNA duplication, which
occurs in S-phase. Cells then move into G2-phase
to prepare cells for division, which occurs in
M-phase.

Movement of cells from GI- to S-phase can be
prevented by the activity of the cyclin-dependent
kinase inhibitors, p27Kipl, p21Cipl, and
p16INK4a. These inhibitors prevent activation of
the transcription factor, E2F, which is required
for S-phase entry.

Several factors contribute to inhibition of the pro-
liferation of HCEC in vivo, including formation of
strong cell-cell contacts (contact inhibition), lack
of autocrine or paracrine growth factor stimula-
tion, and the suppressive effect of transforming
growth factor-beta2. This inhibition appears to be
mediated, in large part, by p27Kip1.

Although HCEC retain the ability to divide, their
capacity to proliferate decreases with increasing
age. This decrease is characterized by an age-
related reduction in the rate of cell cycle entry
and in the relative number of dividing cells.
Evidence strongly suggests that this age-related
decrease is the result of an up-regulation of the
expression and activity of p21Cip1 and p16INK4a,
but not of p27Kip1.

or bypassing G1-phase inhibition using molecu-
lar biological approaches. The most promising
approach so far is ectopic expression of the tran-
scription factor, E2F2, which increases endothe-
lial cell proliferation in ex vivo corneas from both
young (<30 years old) and older donors (>50
years old).

Proliferative capacity and the expression of senes-
cence characteristics are also affected by endothe-
lial topography. Cells within the central 6.0 mm
diameter of the endothelium in corneas from older
donors exhibit the lowest proliferative capacity and
contain the highest percentage of senescent cells.
The age- and topographically related decrease in
proliferative capacity observed in HCEC is not
due to the presence of critically short telomeres,
but appears to result from sub-lethal oxidative
nuclear DNA damage.

Research has led to a new hypothesis regarding
the molecular basis for the age- and topographi-
cally related decrease in proliferative capacity.
This hypothesis states that, with increasing age,
oxidative stress increases in HCEC due to their
high metabolic activity and due to chronic light
exposure. This results in a gradual increase in oxi-
dative nuclear DNA damage, which leads to a
decreased ability to divide, mediated by the
G1-phase inhibitors, p21Cip1, and p16INK4a.
This new hypothesis provides the basis for further
exploration of the molecular mechanisms under-
lying the age- and topographically related decrease
in proliferative capacity of HCEC. This explora-
tion could lead to the development of methods to
prevent or reverse the effects of oxidative stress
on these cells, thereby increasing their ability to
divide in order to repair the endothelial mono-
layer and prevent the devastating effect on vision
of the loss of endothelial barrier function.
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The corneal endothelium is the single layer of flattened
cells located at the posterior of the cornea, forming a
boundary between the cornea and fluid aqueous humor.
In young individuals, the endothelium consists of polyg-
onal cells,4-6 um thick with a diameter of approximately
20 um [1]. The basal aspect of the cells rests on Descemet’s
membrane, which is the thick extracellular matrix
secreted by the endothelium. The apical aspect is bathed
by aqueous humor. The lateral plasma membranes of
endothelial cells are remarkable for their extensive inter-
digitation with neighboring cells [2]. Actin filaments are
located at the periphery of the cells, forming a circum-
ferential band that contributes to maintenance of cell
shape [3]. Focal, rather than belt-like, tight junctions are
located on the apical-most aspect of the lateral mem-
branes [4]. These junctions form a semi-permeable
(“leaky”) barrier between cells [5]. Proteins associated
with tight junctions that have been identified in corneal
endothelial cells include zonula occludins-1 (ZO-1) [4]
and junction adhesion molecule-A (JAM-A) [6]. The
tight junction protein, occludin, has been detected in
cultured human corneal endothelial cells (HCEC) [7],
but was not detected in HCEC in ex vivo corneas by
immunostaining [4]. This discrepancy may be due to the
techniques or specific antibodies used to detect occludin
in the studies. Adhesion junctions are located basally
with respect to the tight junctions. These junctions medi-
ate close contact between the lateral plasma membranes
of adjacent cells and the underlying actin cytoskeleton,
thereby strengthening cell-cell contacts [4]. Adhesion
junctions are comprised of several proteins, including
cadherins and catenins. Gap junctions form communi-
cating channels between cells, and are located on the lat-
eral membranes basal to the tight junctions [8].
Connexin-43 is a major gap junction protein expressed
in corneal endothelium [9]. Junctional complexes formed
between endothelial cells are calcium-sensitive [10],
and break down if the calcium concentration is decreased
below a threshold level.

A major function of the endothelium is to maintain
corneal transparency by regulating corneal hydration.
Since healthy cornea is avascular, much of the nutrition
of corneal cells is supplied by the aqueous humor. The
“leaky” junctions formed between cells permit water
and nutrients to enter the stroma [11], while, at the
same time, these junctions form a sufficiently tight bar-
rier to prevent the bulk flow of fluid into the cornea.
This inward fluid flow is counterbalanced by the activ-
ity of ionic “pump” proteins, located in the plasma

membrane of HCEC [12]. Na*/K*-ATPase and bicar-
bonate-dependent Mg**- ATPase are among the proteins
that form the endothelial ionic “pump.” These pump
proteins promote transport of excess fluid from within
the corneal stroma back to the aqueous humor. The
water channel protein, aquaporin-1 (AQP1), is an inte-
gral membrane protein expressed on the plasma mem-
brane of corneal endothelial cells [13]. In mice lacking
AQP1, recovery of corneal transparency and thickness
after hypotonic swelling is markedly delayed, suggest-
ing that AQP1 plays a role in fluid movement [14]; how-
ever, the details of its role in regulating fluid flow remain
to be elucidated.

The delicate fluid balance provided by the endothelial
barrier and “pump” functions is dependent on mainte-
nance of the integrity of the endothelial monolayer
[12]. To maintain monolayer integrity, endothelial cell
density (ECD: # cells/mm?) must remain above a critical
number—usually 400-500 cells/mm? If the density of
endothelial cells is too low, barrier function is lost and
more fluid enters the cornea than can be removed through
the activity of the ionic “pumps.” Loss of endothelial bar-
rier function results in corneal edema and the develop-
ment of bullous keratopathy, a painful blistering disease
characterized by permanent corneal clouding and loss of
visual acuity.

Summary for the Clinician

= The major function of the corneal endothelium
is to maintain corneal clarity through its barrier
and ionic “pump” functions.

m The barrier function of the endothelium is
based on the formation of “leaky” tight junc-
tions between cells that permit movement of
fluid and nutrients from the aqueous humor
into the corneal stroma, but prohibit bulk fluid
flow.

m The ionic “pump” function rests in ATP-ase mol-
ecules within the plasma membrane. The activity
of these ionic “pumps” counterbalances inward
fluid flow by promoting movement of excess
fluid from the stroma back to the aqueous
humor.

m Loss of endothelial cells can compromise the
integrity of the endothelium, resulting in corneal
edema, bullous keratopathy, corneal clouding,
and loss of visual acuity.
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6.2.1 Causes of Cell Loss

The decrease in ECD that occurs with age does not nor-
mally have a negative effect on the function of the
endothelial monolayer. However, endothelial cell loss can
be accelerated beyond that observed with increasing age,
and it is this loss that can lead to endothelial dysfunction.
A significant decrease in ECD can occur for a number of
reasons, including accidental or surgical trauma, previ-
ous penetrating or endothelial keratoplasty, metabolic
stress resulting from systemic or ocular disease, such as
diabetes or glaucoma, and endothelial dystrophies.

6.2.2 Repair of the Endothelial Monolayer

Corneal endothelium in humans has a limited capacity for
repair. The decrease in ECD observed in vivo as the result
of aging or trauma strongly suggests that cell division
either does not occur at all or is not efficient enough to
replace cells and restore the monolayer to its original den-
sity. Microscopic studies clearly indicate that, when a small
number of cells die, healthy cells nearest the resulting
denuded area respond by flattening and membrane ruf-
fling. Once cells have made contact with their neighbors,
this activity stops and mature cell-cell contacts are re-
formed [15]. In response to larger wounds, cells surround-
ing the wound and several rows back from the wound area
enlarge, flatten, and often shift position as a group to cover
the wound [16]. This type of repair is termed “spreading”
Individual cells at the wound margin will also migrate into
the wound bed, helping to repopulate the area of injury
[17]. The overall result of these wound-healing mecha-
nisms is an increase in the overall cell size (polymegath-
ism) and an alteration in cell shape from hexagonal to
polygonal to pleomorphic, depending on the extent of the
injury [15]. Cell enlargement and the alteration from a
hexagonal to more rounded shape can stress cell-cell junc-
tions, thereby compromising monolayer integrity and the
ability of the endothelium to retain its barrier function.

Summary for the Clinician

= Corneal endothelial cells can be lost due to acci-
dental or surgical trauma, previous corneal trans-
plantation, metabolic stress, or dystrophies.

i Repair of the endothelial monolayer occurs by
cell enlargement and migration, rather than by
cell division.

Currently, the loss of corneal clarity caused by the failure
of the endothelial barrier is restored by full-thickness
corneal transplantation or, more recently, by endothelial
keratoplasty. Although keratoplasty has been a successful
treatment to restore visual acuity following loss of
endothelial integrity, there is a growing interest in deter-
mining whether corneal endothelial cells can be induced
to divide to increase cell numbers either directly in vivo,
or for the preparation of bioengineered endothelium as a
means of providing new treatments to maintain or restore
monolayer integrity and normal barrier function.

6.3.1 Proliferative Status In Vivo

Several methods have been used to determine whether
HCEC retain proliferative capacity. Early specular micro-
scopic studies conducted by Laing, et al. [18] on the
endothelium of a corneal graft following a rejection reac-
tion revealed the presence in the endothelium of apparent
mitotic figures, suggesting that, at least in some cases,
proliferative capacity is retained in vivo. This laboratory
conducted studies to determine the cell cycle status of
HCEC in vivo [19, 20]. Ex vivo corneas were used to
reflect as closely as possible the in vivo condition of nor-
mal endothelium. Corneas were obtained with appropri-
ate maintenance of donor confidentiality and selected for
study using strict exclusion criteria [21]. The cell cycle
status of corneal endothelial cells was determined by
observing the relative staining intensity and subcellular
localization of a battery of key cell cycle proteins in trans-
verse corneal sections using immunofluorescence micros-
copy. Together, the results strongly suggest that, under
normal conditions, HCEC in vivo are arrested in G1-phase
of the cell cycle (see information below regarding the cell
cycle).

6.3.2 Evidence that HCEC Retain
Proliferative Capacity

A number of studies have been conducted to determine
whether HCEC are capable of cell division. One study
from this laboratory [22] used an ex vivo corneal wound
model in which a portion of the endothelium was
removed by gentle mechanical abrasion. Wounded cor-
neas were then incubated in the presence of mitogens. At
various times after wounding, cells were immunostained
for Ki67, a recognized marker for actively cycling cells.
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Fig. 6.1 Evidence that HCEC retain proliferative capacity. Confocal fluorescence microscopic image in (a) is of the endothelium in
an ex vivo cornea from a 66-year-old donor. The endothelium was treated with EDTA to release cell-cell contacts, incubated in
mitogen-containing culture medium for 30 h, and then immunostained for Ki67. The image in (b) shows subconfluent HCEC cul-
tured from the cornea of a 16-year-old donor and immunostained for Ki67. Cells were stained for Ki67 (green) and then counter-
stained with either propidium iodide (red) or DAPI (blue) to show all nuclei. Original magnifications: A =20x; B=16x

Observation of the staining patterns and counting of
Ki67-positive cells clearly indicated that cells at the
wound edge and within the wound area were able to pro-
liferate. In another study [23], the endothelium of
ex vivo corneas was treated with ethylenediaminetetraa-
cetic acid (EDTA), a calcium-magnesium chelator, to
release cell-cell contacts, then incubated in the presence
of mitogens, and immunostained for Ki67. Fluorescence
confocal microscopic analysis revealed that cells were
able to both enter and complete the cell cycle. There is
also ample evidence from this and other laboratories
that HCEC are able to divide when cultured under
appropriate stimulatory conditions [24-26]. Figure 6.1
presents images of Ki67-positive cells in the endothe-
lium of an ex vivo cornea and in a subconfluent culture
of HCEC:s. Altogether, there is sufficient evidence dem-
onstrating that, although HCEC are inhibited in
Gl1-phase of the cell cycle and do not normally divide
in vivo, they retain the ability to proliferate.

Summary for the Clinician

i Corneal endothelial cells in vivo do not normally
divide, because they are arrested in G1-phase of
the cell cycle.

© Under appropriate stimulatory conditions,
HCECs will divide, indicating that they retain
proliferative capacity.

To gain a better understanding of the molecular basis
underlying the in vivo inhibition of HCEC proliferation
and to explore methods to take advantage of the capacity
of these cells to divide, it became necessary to gain a bet-
ter understanding of how the cell cycle is regulated. The
cell cycle is divided into multiple phases, each consisting
of a highly regulated series of molecular events that lead
to cell division. Below is a discussion of important events
that are involved in cell cycle progression and in the nega-
tive regulation of G1-phase of the cycle.

6.4.1 Positive Regulation of the Cell Cycle

A diagram of the major phases of the cell cycle is presented
in Fig. 6.2a. Quiescent, nondividing cells are normally in
GO-phase—a “resting” state in which cell cycle protein syn-
thesis is very low and DNA is present in an unduplicated
(2N) form. Exposure of cells to appropriate mitogens
induces a signaling cascade that leads to entry into G1-phase
of the cell cycle. This important phase prepares cells for
DNA duplication, which occurs in S-phase. Central to the
temporal control of movement from GI- into S-phase is
regulation of the activity of the E2F transcription factor,
which activates genes required for DNA synthesis [27]. In
quiescent cells, the retinoblastoma tumor suppressor, pRb,
tightly binds E2F, preventing its activation. In order to neg-
atively regulate E2F activity, pRb must be in a hypophos-
phorylated state. This low state of pRb phosphorylation is
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Fig. 6.2 Diagrams illustrating positive regulation of the cell cycle (a) and negative regulation of G1-phase of the cell cycle (b)

maintained, in part, by the activity of the cyclin-dependent
kinase inhibitors (CKIs), p27Kip1,p21Cip1,and pl6INK4a.
These inhibitors prevent the formation/activation of the
cyclin-dependent kinase (CDK) complexes, cyclin D/
CDK4, and cyclin E/CDK2. Upon mitogenic stimulation,
the cellular level of p27Kipl, p21Cipl, and p16INK4a is
decreased due to transcriptional inhibition and/or due to
increased degradation by the ubiquitin-proteasome path-
way. At about the same time, synthesis of the positive
Gl-phase regulatory protein, cyclin D, is induced [28].
Cyclin D then binds to CDK4, forming an active kinase
complex. pRb is the specific substrate of cyclin D/CDK4
kinase activity. Hyperphosphorylation of pRb by this com-
plex alters the pRb-E2F interaction, promoting activation
of E2E leading to S-phase entry. Cyclin E is synthesized late
in Gl-phase upon E2F activation. Cyclin E binding to
CDK?2 helps activate this kinase complex during late G1-
and early S-phase. Cyclin E/CDK?2 kinase activity, in part,
promotes continued hyperphosphorylation of pRb. Thus, a
complex positive autoregulatory circuit is formed, promot-
ing movement into S-phase, independent of mitogenic
stimulation. Prior to entry into S-phase, cells must pass a
“restriction point” in which all molecular conditions must
be favorable for DNA duplication. If conditions are not
favorable, cells will remain arrested in G1-phase until all

molecular criteria for DNA synthesis are met. In S-phase,
DNA is duplicated under highly controlled conditions.
Effective DNA duplication moves DNA from the 2N to a
4N state. Cyclin A synthesis begins in late G1-phase. Cyclin
A binds to CDK2, and the activity of this complex helps
down-regulate E2F activity by facilitating its degradation,
thus promoting forward progression from S- to G2-phase.
Cyclin B synthesis is activated at the end of S-phase. In
G2-phase, cyclin B binds to and activates the kinase activity
of CDKI. Cyclin B/CDKI activity promotes molecular
changes, such as chromosome condensation, nuclear mem-
brane disassembly, and microtubule reorganization, which
prepare the cell for M-phase (mitosis), in which cells
undergo division, forming two daughter cells, each of
which contains 2N DNA.

6.4.2 Negative Regulation of G1-Phase
of the Cell Cycle

An overview of negative regulation of G1-phase is pre-
sented in Fig. 6.2b. As mentioned above, the kinase
activity of the G1-phase cyclin/CDK complexes is inhib-
ited by CKIs. There are two families of CKIs. The “INK”
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family includes p16INK4a, which specifically binds to
free CDK4, and prevents binding of cyclin D to CDK4 to
form an active complex [29]. p16INK4a also competes
with cyclin D for binding to CDK4 in existing com-
plexes, thus dissociating the complex. Inhibition of
cyclin D/CDK4 kinase activity by pl6INK4a prevents
the initial downstream hyperphosphorylation of pRb
that is required for E2F activation and S-phase entry.
Metabolic changes that occur during the development of
cellular senescence lead to up-regulation of pl16INK4a
and subsequent G1-phase arrest. The “Cip/Kip” family
includes p21Cipl and p27Kipl [30, 31]. Both these
inhibitors bind G1-phase cyclin/CDK complexes, inhib-
iting their kinase activity. In the presence of p16INK4a,
the “Cip/Kip” proteins mainly bind and inhibit the activ-
ity of cyclin E/CDK2 complexes. Synthesis of p21Cipl
(also known as Wafl or Sdil) is induced by the tran-
scription factor, p53, which can be activated by a num-
ber of microenvironmental factors, including oxidative
DNA damage [32]. The cellular level of p27Kipl is
increased in response to TGF-beta binding to specific
cellular receptors and in response to the formation of
mature cell-cell contacts [31]. The inhibitory function
of all the G1-phase CKIs is extremely important, because
it prevents unscheduled entry into S-phase and inappro-
priate DNA synthesis.

Summary for the Clinician

m The cell cycle is divided into multiple phases,
each consisting of a highly regulated series of
molecular events that lead to cell division.

m After mitogenic stimulation, cells enter
Gl-phase of the cell cycle, which prepares for
DNA duplication that occurs in S-phase. After
DNA has been duplicated, cells move into
G2-phase to prepare cells for actual division
into two daughter cells, which occurs in M-phase
(mitosis).

= A key step in the movement of cells from G1- to
S-phase is inactivation of the retinoblastoma
protein, pRb, resulting in the release and the
subsequent activity of the transcription factor,
Bl

= Movement of cells from G1- to S-phase can be pre-
vented by the activity of the CKIs, p27Kip1,p21Cipl,
and pl6INK4a, which prevent the inactivation
of pRb.

In order to evaluate the proliferative capacity of endothe-
lial cells, it is important to understand the reasons why a
cell type that retains the ability to divide does not do so,
even after significant cell loss. Several factors appear to
contribute to the inhibition of division of these physio-
logically important, but fragile cells. Among these are
contact inhibition, lack of significant paracrine or auto-
crine growth factor stimulation, and the suppressive effect
of transforming growth factor-beta. Each of these will be
discussed in more detail below.

6.5.1 Cell-Cell Contacts Inhibit Division

As discussed above, corneal endothelium contains focal
tight junctions, as well as adhesion and gap junctions.
Together, these junctions contribute to the stability of
the endothelial monolayer and to its barrier function. In
many cell types, the formation of mature cell-cell con-
tacts, particularly those mediated by the cadherin-based
adhesion junctions, induces a series of molecular events
that result in the inhibition of cell division. This effect of
junction formation is frequently called “contact inhibi-
tion” In contact-inhibited cells, resistance to cell cycle
entry is maintained even when cells are exposed to
serum or positive growth factors. Studies in a number of
cell types indicate that the G1-phase inhibitor, p27Kip1,
plays an important role in mediating cell cycle arrest in
contact inhibited cells [31]. A series of studies was con-
ducted in this laboratory to determine whether contact
inhibition plays a role in the inhibition of endothelial
cell division that normally takes place during corneal
development [33]. Neonatal rats were used for these
studies, because maturation of the corneal endothelium
takes place after birth, facilitating tissue sampling. At
several time-points after birth, corneas were removed
and the relative expression and subcellular localization
of specific cell cycle proteins was determined. Results
indicated that the time at which endothelial cell division
ceased, as indicated by loss of staining for bromode-
oxyuridine (BrdU), correlated with the time that mature
cell-cell contacts were formed. This timing also corre-
lated with an increase in the expression of p27Kip1 pro-
tein, implicating a role for this CKI in mediating contact
inhibition in corneal endothelium. Of importance is the
fact that the time at which p21Cipl was expressed did
not correlate with the cessation of division during cor-
neal development, suggesting that this CKI does not
play a significant role in contact inhibition in these cells.
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(The expression of pl6INK4a was not tested in these
studies.) In confluent, contact-inhibited cultures of rat
corneal endothelial cells, the protein level of p27Kipl
was found by Western blot analysis to be 20-fold higher
than in subconfluent cultures; however, when confluent
cultures were treated with EDTA to release cell-cell
contacts, the level of p27Kip1 was greatly reduced, pro-
viding additional evidence for a role for p27Kipl in
mediating contact inhibition in rat corneal endothelium
[34]. A role for cell-cell contacts in the inhibition of
proliferation has also been demonstrated for human
corneal endothelium in situ and in culture. As described
above, in ex vivo human corneas, mechanical wounding
of the endothelium [22] or release of cell-cell contacts
by treatment with EDTA [23] is sufficient to promote
cell division, if the endothelium is exposed to mito-
gens. Although much information is still needed, accu-
mulating data strongly suggest that the formation and
maintenance of cell-cell contacts contributes to the
inhibition of cell division observed in corneal endothe-
lium in vivo, and that the CKI, p27Kip1, helps mediate
this inhibition.

6.5.2 Endothelium In Vivo Lacks Effective
Paracrine or Autocrine Growth Factor
Stimulation

It appears that contact inhibition is a major mechanism
responsible for cell cycle arrest in corneal endothelium
in vivo as long as a critical cell density is maintained.
Importantly, cell division also does not occur to any sig-
nificant extent in corneas in which the endothelial den-
sity has decreased below a critical number—a condition
in which contact inhibition per se may no longer effec-
tively prevent cell division. This suggests that there are
other factors that contribute to the inhibition of cell
division in vivo [35]. Although growth factors are pres-
ent in aqueous humor, associated with Descemet’s mem-
brane, and also synthesized by endothelial cells
themselves, they may not be present in sufficient con-
centration or bind effectively enough to cellular recep-
tors to induce and sustain a positive mitogenic signal.
Several positive growth factors have been detected within
aqueous humor from normal eyes. These include acidic-
fibroblast growth factor (FGF), basic-FGE platelet-
derived growth factor (PDGF), and hepatocyte growth
factor/scatter factor. Relative levels of these growth fac-
tors within aqueous humor appear to be low, and may
vary from individual to individual. Levels of certain
growth factors may change significantly in response to

inflammation, tissue injury, disease, or other ocular
insults. Descemet’s membrane has been found to bind
both acidic- and basic-FGF [36]. In addition to the
potential paracrine effect of growth factors in aqueous
humor or associated with Descemet’s membrane, cor-
neal endothelial cells themselves synthesize and express
several growth factors and their receptors, including
epidermal growth factor, acidic- and basic-FGE, trans-
forming growth factor-alpha and -beta [37]. Thus,
although there is the potential for both paracrine and
autocrine growth factor stimulation of corneal endothe-
lial cells in vivo, stimulation of significant cell division
does not normally occur.

6.5.3 TGF-Beta2 Has a Suppressive
Effect on S-phase Entry

Besides the presence in aqueous humor of several posi-
tive growth factors, there is also the potential for nega-
tive regulation by factors, such as transforming growth
factor-beta2 (TGF-beta2). TGF-beta2 is present mainly
in latent form in aqueous humor; however, corneal
endothelial cells have been shown to express proteins,
such as thrombospondin, which are able to activate
TGEF-beta [38]. HCEC express mRNA and protein for
TGF-beta receptors I, II, and III—all of which are
needed for optimal TGF-beta-induced signal transduc-
tion [39]. Tritiated-thymidine incorporation studies, as
well as semi-quantitative analysis of BrdU incorpora-
tion in cultured rabbit [40] and rat corneal endothelial
cells [41] indicate that exogenously added TGF-beta2 or
activated TGF-beta2 from aqueous humor suppress
S-phase entry, thereby suppressing cell division. In
other cell types, TGF-beta helps mediate cell cycle arrest
by suppressing ubiquitin-proteasome-mediated degra-
dation of p27Kip1, thereby maintaining relatively high
levels of this inhibitor. This CDK has also been impli-
cated as a mediator of TGF-beta-induced suppression of
corneal endothelial proliferation. In rabbit corneal
endothelial cells, TGF-beta2 down-regulates the expres-
sion of CDK4 and also prevents nuclear export of
p27Kip1 for degradation, thus maintaining a high level
of this inhibitory protein [42]. Interestingly, recent evi-
dence suggests that the TGF-beta2 suppressive effect
may be due to its stimulation of the synthesis and secre-
tion of prostaglandin E2, which is capable of inhibiting
corneal endothelial cell proliferation in a dose-depen-
dent manner [43]. Additional studies are needed to
more specifically delineate the cell cycle mechanisms
that mediate this inhibitory effect.



76 6 Cell Cycle Control and Replication in Corneal Endothelium

Summary for the Clinician

= Several factors contribute to the inhibition of the
proliferation of HCEC in vivo, including forma-
tion of strong cell-cell contacts (contact inhibi-
tion), lack of autocrine or paracrine growth
factor stimulation, and the suppressive effect of
transforming growth factor-beta2.

© In vivo Gl-phase inhibition of HCEC appears
to be mediated, in large part, by the CKI,
p27Kipl.

A number of studies provide strong evidence that HCEC
retain the capacity to undergo cell division, although
they do not normally divide in vivo. The factors described
above appear to contribute to the inhibition of prolifera-
tion in vivo. Further study has identified additional fac-
tors that affect the relative proliferative capacity of HCEC.
One of these factors is donor age. Baum, et al. [24] first
described age-related differences in the proliferation of
cultured HCEC. In their studies, endothelial cells from
donors who were less than 20 years old grew well in cul-
ture, whereas, cells from older donors were either diffi-
cult to grow or did not grow at all. Results of those early
studies have been confirmed and expanded by studies
conducted in this laboratory using two different models.
The ex vivo corneal wound model described above has
provided an opportunity to directly compare the kinetics
of cell cycle traverse in HCEC from young (<30 years
old) and older donors (>50 years old) [22]. Semi-
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quantitative analysis of Ki67-positive cells in the wound
area revealed a significant decrease in the rate of cell
cycle entry and in the relative number of dividing cells in
corneas from older compared with younger donors.
These age-related differences in proliferative response
are illustrated by the graph in Fig. 6.3a. Using a cultured
cell model [26, 44], the same number of HCEC isolated
from young and older donors were plated at subconflu-
ent density and incubated in mitogen-containing
medium. At various times after plating, cells were
removed from the tissue culture plate and directly
counted. As shown in the graph in Fig. 6.3b, very similar
age-related differences in proliferative response were
observed in cultured cells as were observed using the ex
vivo wound model. Calculation of population doubling
time from the log phase of growth indicates that the aver-
age doubling time for HCEC cultured from older donors
was 90.25 h compared with 46.25 h for cells cultured
from young donors [45]. This age-related difference in
relative proliferative capacity is also demonstrated by an
increase in cell size and a decrease in cell density when
HCEC cultured from older donors reach confluence [26].
Comparison of the density of confluent HCEC cultured
from young and older donors showed that, in cultures
from young donors, cell density averaged 2000 cells/mm?,
while cultures of HCEC from older donors averaged
754.6 cells/mm?, indicating a statistically significant dif-
ference (p <0.0001) between the two [45]. Taken together,
studies indicate that, under very similar growth-promot-
ing conditions, there is a difference in relative prolifera-
tive capacity based on donor age. The fact that the
behavior of cultured HCEC closely mimics cells in situ in
terms of their relative proliferative capacity makes cul-
tured HCEC an excellent model to explore the regulation
of the corneal endothelial cell cycle.
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Fig.6.3 Growth curves demonstrating similar age-related differences in proliferative capacity using an ex vivo corneal wound model
(a) and a tissue culture model (b) as described in the text. Graph in (a) presents the average percent of actively cycling cells in the
wound area from at least three corneas per age group. Graph in (b) presents representative cell counts obtained from HCEC cultured
from a 15-year-old and a 66-year-old donor at various times after plating in the presence of mitogens. Adapted from Joyce [44]
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6.6.1 Analysis of pRb Hyperphosphorylation

Because the proliferative capacity of HCEC was found to
differ with donor age, studies were conducted to examine
more closely the molecular mechanisms that underlie
that difference. As indicated above, growth factor stimu-
lation leads to the hyperphosphorylation of pRb by
specific G1-phase cyclin/CDK complexes. This results in
the release and activation of E2F and leads to the down-
stream expression of proteins required for S-phase entry.
Western blot studies of cultured HCEC [46] were
conducted to determine whether there is a difference in
the level or rate of pRb hyperphosporylation following
mitogenic stimulation that would contribute to the
observed age-related difference in growth capacity. Semi-
quantitative analysis of the blots using an antibody that
recognizes total pRb protein indicated that the overall
expression of pRb was very similar in HCEC, regardless
of donor age. Subconfluent cells from the same donors as
were used to test total pRb expression were plated at low
density and maintained for 24 h in basal medium with
no mitogens to induce mitotic quiescence. Mitogens
were then added and samples were taken for Western
blot analysis at 0, 24, 48, and 72 h after mitogenic stimu-
lation. Hyperphosphorylated pRb was detected using an
antibody that specifically recognizes the pRb Ser 807/811
phosphorylation site. Results indicate that pRb was
hyperphosphorylated in HCEC from both age groups. In
cells from younger donors, pRb hyperphosphorylation
increased to maximum levels within the first 24 h, and the
level remained high over the 72-h course of the experi-
ment. Importantly, HCEC from older donors exhibited a
significantly lower (p=0.0077) basal level of hyperphos-
phorylation compared with younger cells, and maximum
levels of hyperphosphorylation were not reached until
48 h after exposure to mitogens. These results indicate
that the kinetics of pRb hyperphosphorylation, a major
step in G1-phase leading to E2F activation and S-phase
entry, differ in an age-dependent manner, and suggest the
existence of age-related differences in the negative regula-
tion of G1-phase in these cells.

6.6.2 Analysis of Replication Competence

Formation of origin-recognition complexes on DNA is
required for S-phase entry. These complexes associate
with DNA during G1-phase, and are present at sites on
chromatin that are at or near future sites of initiation of
DNA replication. Binding of these complexes makes
chromatin competent (licensed) for replication [47].

Minichromosome maintenance-2 (MCM2) protein is a
member of the origin-recognition complex. It is synthe-
sized during G1-phase, binds to specific DNA sites with
other components of the origin-recognition complex, and
then dissociates from DNA during S-phase. Expression of
MCM2 is considered to be a reliable marker to identify
replication-competent cells [48]. Studies were conducted
using the ex vivo cornea wound model to compare the rela-
tive number of replication-competent HCEC in corneas
obtained from young and older donors [49]. The endothe-
lium was wounded, incubated in mitogens, immunos-
tained for MCM2 at various times after plating, and positive
cells quantified in a manner similar to that described above.
Figure 6.4 presents results showing that more HCEC
from young donors become competent to replicate. In
addition, the relative time at which cells become compe-
tent to replicate occurs sooner after mitogenic stimula-
tion in HCEC from young compared with older donors.

6.6.3 Analysis of CKI Protein Expression

The kinetics of pRb hyperphosphorylation in cultured
HCEC were similar to those obtained using an ex vivo
corneal wound model to examine replication compe-
tence. In both cases, fewer HCEC from older donors
responded to mitogenic stimulation, and the response
was slower than observed in cells from young donors.
Opverall, the kinetics of the response to mitogens observed
in these studies are strikingly similar to the kinetics of cell
growth discussed above. Together, these data provide
strong evidence that HCEC from older donors are slower
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Fig. 6.4 Graph demonstrating an age-related difference in rep-
lication competence in HCEC. An ex vivo corneal wound model
was used to test for replication competence by immunostaining
for MCM2 in HCEC from young and older donors. Graph pres-
ents the percent of MCM2-positive cells observed per 100 mm?
of endothelial wound. Adapted from Mimura [49]
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to respond to growth factor stimulation, and exhibit an
overall reduced proliferative capacity compared with
HCEC from young donors. Since p27Kip1, p21Cip1, and
p16INK4a are important negative regulators of G1-phase
of the cell cycle, studies were conducted to determine
whether differences in the relative expression of these
proteins could be responsible, at least in part, for the age-
related difference in proliferative capacity [46]. Results
from Western blots comparing the relative expression of
these three CKIs in primary cultures of HCEC from
young and older donors are shown in Fig. 6.5. These
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Fig. 6.5 Semi-quantitative analysis of Western blots demon-
strating age-related differences in the expression of G1-phase
inhibitors in primary cultures of HCEC. Results indicate no sig-
nificant age-related difference in the relative expression of
p27Kip1; however, both p16INK4a and p21Cipl expression was
significantly increased in HCEC cultured from older donors.
Adapted from Enomoto et al. [46]. The Association for Research
in Vision and Ophthalmology is the original copyright holder
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results indicate that the relative expression of p27Kipl
does not differ significantly between age groups; however,
the expression of both p16INK4a and p21Cipl was sig-
nificantly higher in HCEC cultured from older donors.
Together, the results from the studies described above
strongly suggest that the CKI, p27Kip1, plays an impor-
tant role in mediating contact inhibition in corneal
endothelium. The similarity in expression of this inhibi-
tor in both age groups suggests that the inhibitory activity
of p27Kip1 does not differ with age or significantly con-
tribute to the age-related difference in relative prolifera-
tive capacity observed in HCEC. On the other hand, the
significant increase in protein levels of both p21Cip1 and
p16INK4a in HCEC from older donors provides evidence
that both these CKIs help mediate the observed age-
related decrease in proliferative capacity. Importantly, a
similar profile of CKI expression has been observed in
studies of age-related changes in other cell types [50].
Overall, the data provides evidence that the negative reg-
ulation of Gl-phase induced by the p53/p21Cipl and
p16INK4a/pRb pathways contribute to the age-related
decrease in proliferative capacity observed in HCEC.

Summary for the Clinician

= Although HCEC retain the ability to divide, their
capacity to proliferate decreases with increasing
age.

m This decrease has been observed in ex vivo cor-
neal endothelial wounds and in culture.

m The age-related decrease in proliferative capacity
is characterized by a decrease in the rate of cell
cycle entry and in the relative number of divid-
ing cells.

= Evidence strongly suggests that this age-related
decrease in proliferative capacity is the result of
an up-regulation in the expression and activity
of p21Cipl and p16INK4a. .

The studies described above provide evidence that HCEC
retain the ability to proliferate, although they are inhib-
ited in G1-phase of the cell cycle in vivo. Several studies
have tested whether HCEC can be induced to divide by
overcoming or bypassing this G1-phase inhibition. These
are described below.
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6.7.1 Overcoming G1-phase Inhibition

The human papilloma virus type 16 oncoproteins, E6 and
E7, and the SV40 large-T antigen oncoprotein specifically
interfere with the inhibitory activity of the retinoblastoma
(pRb) and p53 tumor suppressor proteins, thus overcom-
ing G1-phase inhibition and promoting cell cycle progres-
sion. Studies have demonstrated that ectopic expression of
either E6/E7 [51] or the SV40 large-T antigen [52] in cul-
tured HCEC results in multiple rounds of cell division,
indicating that overcoming G1-phase inhibition promotes
proliferation. Another possible method to promote cell
cycle progression in HCEC is to overcome G1-phase inhi-
bition by lowering the level of one or more CKIs and
thereby removing the constraint to S-phase entry. Studies
have been conducted to determine whether treatment of
HCEC with p27Kip1 siRNA would promote proliferation,
since this CKI appears to play an important role in contact
inhibition of these cells [53]. Interestingly, p27Kip1 siRNA
treatment successfully decreased expression of p27Kipl
protein in confluent HCEC cultured from both young and
older donors; however, this reduced expression only pro-
moted a significant (p<0.05) increase in cell numbers in
HCEC cultured from young donors. This finding provides
evidence that treatment of HCEC with siRNA for CKIs
can be effective. The fact that p27Kipl siRNA treatment
only promoted proliferation in HCEC from young donors
provides additional evidence that the CKIs, p21Cip1, and
p16INK4a, play an important role in G1-phase inhibition
in cells from older donors. Studies are currently being
conducted in this laboratory to test the effectiveness of
p21Cipl and/or pl16INK4a siRNA treatment in promot-
ing proliferation in HCEC cultured from older donors.

6.7.2 Bypassing G1-phase Inhibition

Studies from this laboratory [54] have also attempted to
induce proliferation by bypassing G1-phase inhibition
and ectopically expressing E2F2, one of the isoforms of
E2F that is responsible for activating genes necessary for
S-phase entry [55]. For these studies, the endothelium of
ex vivo corneas from both young and older donors was
transfected with an adenoviral vector containing the full-
length gene for E2F2. Ectopic expression of E2F2 was able
to induce S-phase entry, as determined by immunostain-
ing for BrdU. The effect of E2F2 expression on cell divi-
sion was demonstrated by a significant increase (p<0.05)
in endothelial cell density compared with vector controls.
Together, these studies indicate that it is possible to stim-
ulate division in HCEC by overcoming or bypassing
G1-phase inhibition.

Summary for the Clinician

= HCEC can be induced to divide by overcoming
or bypassing G1-phase inhibition.

= Gl-phase inhibition can be overcome by negat-
ing the effect of the CKIs, p27Kip1, p21Cip1, and
p16INK4a, through ectopic expression of the
viral oncogenes E6/E7 or the SV40-large-T
antigen.

= The inhibitory effect of p27Kipl can be over-
come in HCEC from young donors (<30 years
old) by treatment of cells with p27Kipl small
interfering RNA (siRNA), resulting in an increase
in cell division. This treatment does not increase
cell division in HCEC from older donors (>50
years old), suggesting that p21Cipl
pl6INK4a increase the negative proliferative
pressure with increasing donor age.

 Gl-phase inhibition can be bypassed, and cell divi-
sion can be increased in the endothelium of both
young and older donors by ectopic expression of
the transcription factor, E2F2. .

and

Morphologic studies by Amman, et al. [56] have provided
evidence that the relative density of HCEC in vivo differs
with endothelial topography. These studies demonstrated
that, regardless of donor age, the relative density of
endothelial cells in the paracentral (2.7 mm from the cen-
ter) and peripheral regions (4.7 mm from the center) was
significantly higher than in central endothelium. The rel-
ative density of cells in each region decreased with
increasing donor age; however, cells in central endothe-
lium always exhibited the lowest density. Interestingly,
topographic differences in proliferative capacity and in
the distribution of senescent cells have also been observed
in the endothelium.

6.8.1 Differences in Proliferative Capacity

Studies conducted by Bednarz, et al. [57] found that
HCEC cultured from the central 6.5 mm diameter of the
endothelium have a morphology similar to that of cells
in vivo and exhibit no mitogenic activity. In contrast, cells
cultured from the 6.5 to 9.0 mm peripheral rim appeared
to have looser cell-cell contacts and exhibited greater
mitogenic activity. Together, results suggested that the
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proliferative capacity of HCEC differs based not only on
donor age, but also on their in vivo location. Studies con-
ducted in this laboratory [49] have further explored this
idea. To determine whether there is a relationship between
proliferative capacity and endothelial topography, the
endothelium was divided into two areas for study. The
6.0 mm diameter central area was designated as “central”
endothelium, while the 6.0-9.5 mm rim was designated as
“peripheral” endothelium. Experiments were conducted
using an ex vivo corneal wound model to determine
whether there are topographically related differences in
relative proliferative capacity in the endothelium. In these
studies, a wound was made in the endothelium of corneal
quarters. This wound extended from the center to the
peripheral rim. Corneas were then incubated in mitogen-
containing medium and, at 12-h intervals, were immu-
nostained for MCM2 to identify replication-competent
cells. The relative percent of MCM2-positive cells was
then determined. Results for the first 72 h after wounding
showed that the competence of HCECs to replicate was
consistently lower in central endothelium compared with
the peripheral rim in both age-groups. Interestingly, the
relative percent of replication-competent cells was signifi-
cantly lower (average p-value 36-72 h after wounding was
p=0.0017; range: p=0.0012-0.0127) in the central area of
older donors compared with young donors.

6.8.2 Differences in Senescence Characteristics

Characteristics of senescent cells include decreased satu-
ration density, slower cell cycle kinetics, stable arrest with
a 2N DNA content, and increased expression of p21Cipl
and p16INK4a protein [58, 59]. Senescent cells also stain
for senescence-associated beta-galactosidase (SA-B-Gal),
a recognized marker of cellular senescence [60]. Since
HCEC from older donors exhibit a number of these char-
acteristics, studies were conducted to further identify
senescent cells within the endothelial population [49].
The presence of senescent cells was investigated by stain-
ing the endothelium of ex vivo corneas for SA-B-Gal.
SA-B-Gal is not a specific form of beta-galactosidase, but
staining for the “senescence” form can be detected at pH
6.0 rather than the normal pH 4.0 [60]. Scoring of the
endothelium for the relative intensity of SA-B-Gal stain-
ing showed few to no senescent cells in either the central
or peripheral area in corneas from young donors. In cor-
neas from older donors, SA-B-Gal staining was detect-
able at low to moderate levels in the periphery, but
moderate to intense levels in cells within the central area,
indicating a greater percentage of senescent cells in cen-
tral endothelium of older donors.

The structural basis for the topographical changes
observed in HCEC from older donors remains to be iden-
tified. Age-related changes similar to those found in
HCEC have been described in other ocular cells that lie
within the light-path, including retinal pigment epithelial
cells (RPE) [61] and lens epithelial cells [62]. Interestingly,
RPE cells exhibit a topographical difference in growth
potential, similar to that found in HCEC, in that cells
from the macula exhibit reduced proliferative capacity
compared with cells from the peripheral equatorial region
[63]. Thus, it is possible that similar mechanisms are
responsible for decreased proliferative capacity in cells
that are located within the light path.

Summary for the Clinician

m Proliferative capacity and the expression of
senescence characteristics are also affected by
endothelial topography.

1 Cells within the central 6.0 mm diameter of the
endothelium in corneas from older donors exhibit
the lowest proliferative capacity and contain the
greatest percentage of senescent cells.

Together, the accumulated data strongly suggest that
there is both an age-related and topographical difference
in the relative proliferative capacity of corneal endothelial

cells, and that this difference is related to cellular senes-
cence. Researchers in the field have identified two forms
of cellular senescence: replicative senescence and stress-
induced premature senescence. Replicative senescence
results from the successive shortening of telomeres that
occurs during DNA replication [64]. Once telomeres have
eroded to a critically short length, the senescence pro-
gram is activated and cells become irreversibly inhibited
from dividing. Stress-induced premature senescence is
caused by exposure of cells to certain environmental
stresses [65]. Stress-induced premature senescence is
considered to be “premature” because cells lose the ability
to proliferate prior to telomere exhaustion. Thus, in this
form of senescence, cells retain proliferative potential
based on telomere length, but stop dividing due to inhibi-
tory mechanisms activated by stress-induced damage
pathways. Studies have been conducted to identify the
form of “senescence” that is responsible for the age- and
topographically-related decrease in proliferative capacity
in HCEC.
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6.9.1 Are Critically Short Telomeres
Responsible for Decreased Proliferative

Capacity?

Egan, et al. [66] measured telomere restriction fragment
(TRF) lengths in HCEC isolated from donors aged 5
weeks to 84 years, and found that the mean TRF length
was 12.2 kb, regardless of donor age. This length is suffi-
cient to support several additional rounds of cell division
prior to the formation of critically short telomeres. This
laboratory confirmed and extended these findings using a
peptide nucleic acid/fluorescein isothiocyanate (PNA/
FITC) probe that specifically binds to telomere repeats
[67]. The intensity of telomere staining in ex vivo corneas
and in HCEC freshly isolated from donor corneas showed
no statistical age-related or topographic difference indic-
ative of a difference in telomere length. Together, these
data strongly suggest that HCEC retain the potential to
divide based on telomere length, and that the observed
decrease in proliferative capacity is NOT due to “replica-
tive senescence.”

6.9.2 Is Sub-lethal Oxidative DNA Damage
Responsible for Decreased Proliferative

Capacity?

Stress-induced premature senescence can be induced by
sub-lethal oxidative stress, which occurs when the con-
centration of reactive oxygen species (ROS) exceeds
antioxidant defenses [68]. ROS are normal intracellular
by-products of metabolism, and the rate of ROS produc-
tion is determined by the metabolic rate of the cell [69].
ROS are generated in mitochondria, peroxisomes, and
microsomes. Of these, mitochondria appear to generate
the greatest amount of ROS. Light, particularly in the
UV wavelengths, is an environmental source that gener-
ates ROS by the physical activation of oxygen [70].
Chronic low levels or acute high levels of oxidative stress
can cause damage to cellular constituents, including lip-
ids, proteins, and DNA. Although both mitochondrial
DNA (mtDNA) and nuclear DNA are targets of oxida-
tive damage, the nuclear genome is considered to be the
most vulnerable, because it normally contains only two
copies of DNA, while mtDNA is present in several thou-
sand copies per cell [71]. Oxidation of guanine to form
8-hydroxy-2'-deoxyguanosine (8-OHdG) acts as a
marker of oxidized DNA and accumulates with age [69,
72]. When DNA is damaged, cells initiate a response
that is appropriate for the extent of the damage. This
response can include DNA repair, activation of check-
point pathways that lead to cell cycle delay, entry into

senescence, or induction of apoptosis. Stress-induced
DNA damage inhibits proliferation and induces cellular
senescence through activation of specific checkpoint
pathways [68, 73]. The DNA damage response appears
to be actively maintained in senescent cells, suggesting
that DNA damage signals persist and cell cycle inhibi-
tion is maintained as long as DNA has not been appro-
priately repaired [74].

Corneal endothelium is metabolically very active and
lies directly in the light-path, making it potentially vulner-
able to oxidative stress and subsequent DNA damage. As
such, studies were recently conducted to determine
whether there is a relationship between oxidative stress,
oxidative DNA damage, and reduced proliferative capacity
in HCEC [21]. DNA damage was first quantified by a com-
petitive ELISA assay using an antibody directed against
8-OHdG. Total DNA was purified from HCEC that had
been directly isolated from the central and peripheral
endothelium of young and older donors. The average con-
centration of 8-OHdG per nanogram of DNA was found
to be higher in cells isolated from older donors, and this
difference was mainly contributed by a statistically signifi-
cant (p=0.0031) increase in oxidative DNA damage within
the central endothelium. Since DNA is present in both
mitochondria and nuclei, immunostaining for 8-OHdG
was used to determine the location of oxidized DNA dam-
age in the endothelium of ex vivo corneas. Within the
peripheral area, the majority of 8-OHdG staining was
found in a punctate pattern within the cytoplasm. Similar
localization and staining intensity was observed in the
peripheral area from both young and older donors, strongly
suggesting that, in this area of the endothelium, oxidative
DNA damage is localized mainly within mitochondria. As
shown by the images in Fig. 6.6, localization and intensity
of 8-OHdG differed in central endothelium in an age-
dependent manner. In corneas from young donors, only a
light staining was visible in nuclei, and the majority of stain
was localized in the cytoplasm in a pattern very similar to
that observed in the periphery. Interestingly, intense
8-OHdG staining was found in the nuclei of cells within
the central endothelium of older donors. Observation of a
number of samples from older donors indicated that there
was a difference in the relative number of cells within the
central area, exhibiting intense nuclear 8-OHdG staining,
and suggesting that the relative extent of oxidative DNA
damage differed from cell to cell and from donor to donor.
Overall, the 8-OHdG staining patterns indicate that there
is a greater amount of oxidative nuclear DNA damage in
HCEC within the central area in older donors, but that the
extent of the damage can differ.

To test whether there is a relationship between oxida-
tive stress and proliferative capacity in HCEC, a study
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Fig. 6.6 Representative confocal fluorescence micrographs illustrating 8-OHdG staining patterns in central endothelium of a
27-year-old (a) and 71-year-old donor (b). Note the light punctate staining of the cytoplasm in (a) and the intense nuclear staining

in (b). Original magnification: 40X, zoom 2

was conducted in which subconfluent HCEC cultured
from young donors were exposed to low concentrations
of hydrogen peroxide (H,O,), a known oxidative stres-
sor. Cells were then tested for their ability to divide
using a protocol that was based on a study designed to
determine the effect of oxidative stress on the prolifera-
tion of human diploid fibroblasts [75]. As shown in the
graph in Fig. 6.7, HCEC not exposed to H,O, and cells
exposed to a low concentration (25 uM) of H,O, showed
similar robust growth curves. With increasing concen-
trations of H,O,, the growth of HCEC was reduced.
Importantly, the growth kinetics of these cells from
young donors closely resembled those observed in
HCEC from older donors (compare with Fig. 6.3a, b).
Together, these results provide strong evidence for the
existence of a relationship between oxidative stress, oxi-
dative nuclear DNA damage, and reduced proliferative
capacity in HCEC.

Summary for the Clinician

= Decreased proliferative capacity in HCEC is not
due to the presence of critically short telomeres,
a hallmark of “replicative senescence.”

= The age- and topographically related decrease in
the ability of HCEC to proliferate appears to
be due to a form of “stress-induced premature
senescence” caused by sub-lethal oxidative
nuclear DNA damage.

4 —— 0 um H202
35 ) = 25umH202 _—
50 um H202 —=
100 um H202 /‘//"r_!\'

. =
/ »
o/t

Absorbance (450 nm)
N

o 1 2 3 4 5 6 7 8 9 10 11

Fig.6.7 Graph demonstratinga dose-dependent effect of H,0,-
induced oxidative stress on the growth of HCEC from a 26-year-
old donor. Cell numbers were determined over a period of 11
days using a WST-8 spectrophotometric assay. This graph pres-
ents cell numbers as a function of absorbance at 450 mm. Note
the decrease in both growth rate and saturation density upon
exposure of young HCEC to 50 or 100 uM H,0,. Reprinted with
permission from: Joyce et al. [21]. The Association for Research
in Vision and Ophthalmology is the original copyright holder

Over the last several years, the study of cell cycle control
and replication in corneal endothelium has progressed
significantly. The data indicate that HCEC are normally
inhibited in G1-phase of the cell cycle, due, at least in
part, to the activity of the CKIs, p27Kip1, p21Cipl, and
p16INK4a. Data also suggest that p27Kipl is mainly



involved in contact inhibition, while p21Cipl and
p16INK4a expression and activity are mainly dependent
on environmental factors. Correlation of the age-related
reduction in proliferative capacity with the age-related
increase in p21Cipl and p16INK4a expression is impor-
tant, because it has focused studies toward the identifica-
tion of molecular mechanisms that may be responsible
for these changes. The finding that HCEC do not possess
critically short telomeres, regardless of donor age, strongly
suggests that the age-related reduction in proliferative
capacity is due to a form of stress-induced premature
senescence. The fact that replication competence is
reduced and SA-B-Gal staining is increased in the central
endothelium of older donors is significant, because it has
provided a potential link between age, oxidative stress,
and reduced proliferative capacity. This relationship was
demonstrated in studies in which the kinetics of cell cycle
progression in HCEC from young donors were altered
compared to those in older donors by exposure of young
cells to H,0,-induced oxidative stress.

Together, results of these studies have led to the fol-
lowing hypothesis: Throughout life, the corneal endothe-
lium does not normally replicate and is inhibited in
G1-phase of the cell cycle as the result of contact inhibi-
tion and other anti-proliferative environmental condi-
tions. In young individuals, Gl-phase inhibition of
HCEC is mediated mainly by the CKI, p27kip1; however,
these cells retain a high capacity to proliferate. With
increasing age, oxidative stress increases in HCEC due to
their high metabolic activity and chronic exposure to
light. This accumulated stress results in a gradual increase
in oxidative nuclear DNA damage, particularly in central
endothelium. This damage induces a signaling cascade
that results in apoptosis in highly damaged cells, and in
increased expression of p21Cipl with a subsequent
decrease in proliferative capacity. This accumulated dam-
age, together with other unidentified factors, results in
up-regulation of the expression of p16INK4a, which pro-
vides additional inhibitory pressure and further reduces
proliferative capacity. Clearly, additional studies are
needed to support this hypothesis, but it provides a
framework with which to consider the regenerative
capacity of corneal endothelial cells.

As mentioned above, there is growing interest in
developing new treatments for the loss of clear vision that
accompanies loss of corneal endothelial barrier function.
In order to successfully develop such treatments, it is
important to move forward with studies to overcome or
bypass G1-phase inhibition in vivo and to explore culture
methods to prepare bioengineered endothelium, since
several methods are promising and can take advantage of
the proliferative capacity retained by endothelial cells. At
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the same time, there is the intriguing possibility that fur-
ther exploration into the molecular mechanisms underly-
ing the age- and topographically related reduction in
proliferative capacity would yield information that could
prevent or reverse the effects of oxidative stress on these
cells, thereby increasing the ability to these fragile cells to
divide.

Summary for the Clinician

= The new data presented here and future proof of
this new hypothesis should provide the basis for
further exploration of the molecular mecha-
nisms underlying the age- and topographically
related decrease in proliferative capacity of
HCEC.

= This exploration could lead to the development
of methods to prevent or reverse the effects of
oxidative stress on HCEC.

= These new methods would increase the ability of
HCEC to divide to actively repair the endothe-
lial monolayer and prevent the devastating effect
of the loss of endothelial barrier function on
vision.
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Chapter 7

Current State of the Art of Fitting
Gas-Permeable (GP) Contact Lenses

Core Messages

m The range of indications for GPs has increased
greatly in recent years.

m New technical developments in corneal measuring
techniques, rational and reproducible oscillating
contact lens (CL) manufacturing techniques, and
modern automatic CL fitting modules on new gen-
eration corneal topographer systems allow more
fittings in less time with the same or better quality
and accuracy.

7

®m When fitting CL in patients with KC, the three-
point touch method, or bridging of the apex with
central oblong geometries are recommended in
both spherical and toric lenses.

m New keratoplasty techniques do not make
visual rehabilitation with CL redundant. GP in
various designs (primarily toric and quadrant
differentiated) are the solution of choice.

When selecting and fitting the back surface of a GP, it is
important to be as well informed as possible about the
cornea’s contours. The current state-of-the-art technique
for acquiring such knowledge is video corneal topogra-
phy (VCT) [1, 2].

Some corneal topographers offer a selection of
lens designs from various manufacturers, and thus the
possibility to simulate a GP’s sit and fluo-image [3-7].
Automatic fitting programs allow us to choose, for
extremely variable corneal shapes, from all the lens types
now being manufactured, and to simulate their fit, thus
enabling us to identify the ideal lens for every corneal
contour.

The programs are easy to use. After the measure-
ments have been taken, the data relevant to fitting are
fed into the automatic fitting program. The software
evaluates the data, and then produces an “ideal” lens
geometry model corresponding to the input data. A sug-
gestion is then made regarding the fit. Rotation-
symmetric, multicurved lenses are usually required for
spherical corneas with slight eccentricity, aspherical
lenses for corneas with increased eccentricity, and for

toric corneas, the appropriate toric lenses with radius
differences corresponding to the corneal torus.

The same applies to the keratoconus (KC), whereby
KC lenses are recommended according to the stage of the
disease. Lenses with oblong or reverse geometry are rec-
ommended for postoperative corneas whose periphery is
steeper than the center. Lenses tailor-made according to
varying quadrants can be fitted on complex corneas such
as those having undergone keratoplasty (PK). It is impor-
tant that all the possible GP designs be available and
that each particular lens suggestion be individually
processed.

Summary for the Clinician

© Manifold representation and analytical methods
of the corneal surface up to diagnosis and clas-
sification of the KC and/or other corneal irregu-
larities with VCT

= Automatic fitting programs make a realistic fluo-
image simulation possible, offering a practical
solution for nearly all conditions with the result
of fewer or no diagnostic lenses
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Corneal lenses with a total diameter smaller than that of
the cornea are in much wider use than scleral lenses.
However, scleral lenses have been attracting more atten-
tion recently for patients with complex corneal condi-
tions. They are indicated when an irregular corneal
topography cannot be fitted with any other type of lens
(including quadrant-differentiated GPs). They are also
indicated for patients as therapeutic CL for various
tearing-related dysfunctions, when they function as
tear reservoirs [8].

All CLs, whether GP or soft, should fit so that wearing
them is as comfortable as possible. Well-fitting CLs should
fulfill the following requirements:

m They should only disturb the corneal metabolism to
the extent that no permanent damage to, or changes
in, the cornea can occur.

m They should fit so well on the cornea that the patient
has no or only minimal foreign-body sensation in the
eyes.

m They should prevent any and all corneal deformations.

m They should fulfill these criteria for many years.

These criteria can only be fulfilled when corneal topo-
graphy, lens design, and fitting technique are closely
coordinated. This is best achieved using the alignment
fitting technique [9, 10]. This method is based on the
selection of a back surface whose central area parallels
the corneal profile, and whose peripheral area of the CL
has a slightly higher eccentricity than the cornea. This
permits the broadest possible distribution of pressure,
good lens mobility, and unhindered tear exchange at the
same time.

Every cornea has a natural surface that cannot be
compared with a technical surface, which is why the
alignment fitting technique can only be employed with
certain restrictions.

When presented with high central toricity, the align-
ment fit is adapted with the flatter meridian while the
steeper meridian is fitted with two thirds of the difference
in the radii. This procedure causes the lens to tip slightly
during blinking, which encourages the exchange of tears
while facilitating vertical lens movement.

Irregular corneal topographies challenge us with
completely different conditions. Still, the alignment fit-
ting method’s fundamentals should be adhered to as
far as possible when dealing with them as well. With
quadrant-differentiated lenses, the CL specialist can
achieve a fit accommodating the corneal topography that
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both improves the site of the lens and enhances wearing
comfort.

Summary for the Clinician

= Alignment fitting technique provides the broad-
est possible distribution of pressure, good lens
mobility, and unhindered tear exchange at the
same time

= The rate of peripheral corneal flattening affects
significantly the GP fitting relationship. Thus,
the eccentricity is the key to choosing the best
CL geometry.

m Corneal lenses are usually the lens of choice,
even for irregular corneas. Scleral or miniscleral
lenses are a temporary solution, or indicated for
patients with tearing-related dysfunctions.

The keratoconus (KC) is well known as a bilateral, asym-
metric, and progressive disease of the eye that involves
stromal thinning and a corneal bulge [11]. Nowadays,
thanks to modern topographical systems, the disease is
being diagnosed earlier and more often than previously -
its incidence is 50-230:100,000 [12], and its etiology
remains unknown. There are thus numerous theories, and
eye rubbing is considered a cause (or at least responsible
for the condition’s progression). Another is the effect of
CL and their fit on keratoconic eyes [13-18]. The belief
that a flat-fitting CL can have a therapeutic effect has been
disproven convincingly. Rather than being a form of ther-
apy, it is the only form of correction prior to keratoplasty
with which to improve visual acuity (VA).

7.3.1 KC Peculiarities in Conjunction with CL

7.3.1.1 Corneal Sensitivity and Maximum

Resilience

The corneal sensitivity of KC patients is 2.5 times greater
than that of a normal cornea, and the KC cornea is also softer.
Moreover, KC patients wearing GPs had more inflammatory
cells in their lacrimal fluid than did a group of myopics with
whom they were compared [19]. Their risk of infection is
therefore higher, and special attention must be paid to
achieving good GP mobility and sufficient tear exchange.



7.3.1.2 Corneal Contour-KC Stage-KC Type

The following key characteristics of the KC cornea are
important for the fitting technique, GP geometry and
centering:

m relatively steeper central radius compared to the nor-
mal eye

B eccentricity (of 20.7) that usually exceeds that of a
normal eye

m position and steep inclination of the apex

regular astigmatic sections and

m condition (i.e., scarring, subepithelial hyperplasia)

7.3.2 Forms of Correction

When a KC is being fitted with a GP, the goal is always to
improve VA in comparison to uncorrected or spectacle-
corrected vision. As about 50% of KC patients rub their eyes
excessively, it is not clear whether rubbing, or in the same
context GP wear, exacerbates the disease. Glasses remain
the preferred form of correction when VA is adequate.

7.3.2.1 SoftLenses

Soft lenses only function in patients with regular astigma-
tism, not the irregular type. Even thick soft lenses cannot
correct aberrations substantially better than glasses [20].
They are thus only an alternative to glasses in patients with
anisometropias in need of correction. Maximum priority
must be given to good mobility and use of a highly oxygen-
permeable material so as to prevent vascularization. The
newest generation of up to 0.4 mm central, thick soft lenses
is not recommended due to insufficient oxygen permeabil-
ity even with the highest oxygen-permeable materials.

7.3.2.2 GP Contact Lenses

Of all the available forms of correction, it is rigid lenses
that are worn by 65-90% of all KC CL wearers [18, 21,
22]. They possess the best vision-improving characteris-
tics and provide the KC patient with the best VA.
Moreover, irregular astigmatism is corrected by the lacri-
mal lens that is formed, which improves aberrations
caused by KC most effectively as well [23].

7.3.2.3 Piggyback

The wishful thinking behind this form of correction is
the combining of the comfort of a soft lens with the
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corrective benefits of GP lenses. A drawback is the handling
and cleaning of both systems - a considerable inconve-
nience. Furthermore, oxygen permeability is significantly
reduced. The piggyback system, rather like training wheels,
makes sense for beginners who find RGP lenses too uncom-
fortable initially but then “graduate” to them later [21].

7.3.2.4 Hybrid Lenses

The problem with these CLs, which have a rigid center
and soft rim, is that their parameters are too few and not
varied enough, and they have a very low DK value in the
periphery. Sticking CL and vascularization are often the
result, making this form of correction inadvisable.

Summary for the Clinician

= RGP are the best and most common treatment
for KC.

7.3.3 Fitting Techniques

The GP lens is the CL of choice for patients with KC [11,
13, 14, 18, 20-22, 24]. Below is a list of the main fitting
methods employed.

7.3.3.1 The Reshape and Splint Method

With the reshape and splint method the CL for a patient
with KC is designed to be flat in the center and some-
times even in the periphery, which causes increased
pressure on the apex. VA is ultimately better than that
with a parallel-fitted GP [14], although potential dam-
age to the cornea is a drawback. The reshape and splint
technique may raise the risk of apical abrasion, staining,
and scarring, while the disease’s progression is not inter-
rupted, as used to be believed. The reshape and splint
technique in association with increased apical load is
not generally recommended for patients with KC [11,
13, 18, 20-22, 24].

7.3.3.2 The Three-Point Touch Method

The current fitting method of choice is the three-point touch
method, which involves gentle touching of the apex and the
distribution of the main source of pressure over the midpe-
riphery [25]. On a cross-sectional view, the lens seems to be
resting on three points. Without using a VCT, the clinician
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Fig. 7.1 Optical section for tear-layer thickness control

chooses the central GP radius measuring 0.1 mm steeper
than the corneas horizontal radius. It is important to use a
flexibly formable GP geometry with good edge lift so as to
do justice to the gradually flattening corneal contour. There
is a good compromise between VA and corneal integrity.
The only limitation is that in cases of progressive KC, this
method can quickly degenerate into a precipitous reshape
and splint method with its familiar drawbacks. The optical
section with the slit lamp is the best control of tear-layer
thickness (Fig.7.1). Frequent follow-ups are required.

7.3.3.3 The Apical Clearance Method

Here, the apex is relieved of pressure while pressure from
the GP is transferred over to the midperiphery with good
edge lift and pooling. This fitting technique is necessary
in the presence of central scarring or hyperplasias. VA is
worsened because of the steeper GP radii together with a
pressure relieved apex. To improve VA while maintaining
the sagittal depth (thus improving the condition of the
apex), it is recommended that the peripheral multicurved
and central oblong GP geometry be used. They seem to
rectify the KC eye’s aberrations and thus to at least main-
tain, or even improve, VA [25, 26]. This typification of GP
geometry may become the standard fitting method of the
future, bringing patients apical relief without vision
loss — as long as peripheral edge lift is maintained
(Lohrengel (2008) Individual fit of KC lenses. VDC;
Widmer (2008) What are we doing with the apex? Berner
KC symposium, unpublished presentations) (Fig.7.2).

7.3.3.4 Scleral Fitting Method

In patients with KC Type-C or pellucid marginal degen-
eration - that is, the apex lies very deep - it could be nec-
essary to fit a miniscleral lens to distribute lens pressure

on the sclera. We can only recommend this fitting of
miniscleral lenses over corneal lenses in exceptional cases
because of poorer tear exchange.

7.3.4 GP Fitting Following Cross Linking

The cornea’s radii and its geometry can change due to
crosslinking, which is why a new GP fitting session is nec-
essary after this treatment. Subjective tolerability is often
reduced because these patients have heightened sensitiv-
ity. An apex-relieving fit=apical clearance fitting method
is usually advisable (Ecke (2008) GP fitting after crosslink-
ing, Berner KC symposium (presentation), unpublished).

Summary for the Clinician

= Whether the three-point touch or apical clear-
ance method is used depends on the cornea’s epi-
thelial condition in conjunction with the patient’s
potential VA and good comfort. An alignment fit
is optimal, but usually achievable only in very
mild cases of KC. From there, aim is the three-
point touch method or an apical clearance fit,
usually with corneal lenses.

= Best control of apical clearance is the optical sec-
tion with the slit lamp (Fig.7.1).

= Whether spherical, toric, or quadrant-differenti-
ated KC back surfaces are used depends on
whether the KC patient has regular or irregular
corneal astigmatism, as well as the peripheral
surface gradient.

= Good peripheral edge lift and pooling is impera-
tive to achieve subjective wearing comfort and
adequate tear exchange.




Fig. 7.2 Three-point touch method (KAKC-F); apical clearance (KAKC-F Pro 2), three-point touch method with a toric KAKC-F

The most common diseases that lead to penetrating ker-
atoplasty (PK) and subsequent CL fitting are KC (63%),
Fuchs’ endothelial dystrophy (18%) and trauma (7.4%).
All the other categories such as bullous keratopathy, caus-
tic injury, other types of dystrophy, herpes, etc., only
amount each to 1-3% (retrospective data over 5 years,
Eye Hospital, University Freiburg). These CL data differ
from common indications for PK, especially on country-
specific differences [27, 28].

7.4.1 Indications for CLs Following PK

Regardless of the underlying disease or surgical tech-
nique CLs, CLs are fit for optical or therapeutic reasons.
Optical reasons [29-33] are irregular astigmatism in
62.9% of patients, and severe regular astigmatism mak-
ing glasses inappropriate, as well as spheric (57.1%) and
astigmatic (54.3%) anisometropias (multiple answers
were permitted). Any visual deficiency that can be cor-
rected with glasses consisting of the magnification of an
image by 5% can be better corrected with CL. Whether
soft or GP lenses are required depends on the cornea’s
irregularities. Only regular astigmatism can be cor-
rected with soft CLs. Soft lenses allow for only mini-
mally better VA than glasses, whereas GP lenses
compensate for the cornea’s irregularities and thus over-
all imaging defects via the tear film [20]. An average of
30% of transplanted patients wear GP lenses and enjoy
complete visual rehabilitation [34]. What plays a key
role in determining patient motivation to wear CL is the
underlying disease, a history of allergy, maximum VA
with glasses, and their own VA expectations. Many
patients with a VA of more than 20/40 but low visual
demand prefer to wear glasses, even if CL provided

better vision. Patients with PK after KC are usually the
most highly motivated, thanks to their positive experi-
ence with CL prior to surgery. Tolerance problems with
CL are most common in patients with a history of
allergy. Advice concerning lens care and what solutions
to use is more important for them because they generate
more lens deposits.

Soft CLs that are highly oxygen-permeable or very
large and flat (total diameter 17.5, central radius ~9 mm)
are used therapeutically [32] to accelerate epithelial
healing.

7.4.2 Indications for CLs Following PK
in Comparison with Newer Surgical

Techniques

Newer surgical techniques such as PK with Intrastromal
Ring or Femtolaser and Descemet Stripping Automated
Endothelial Keratoplasty (DSAEK) and Deep Anterior
Lamellar Keratoplasty (DALK) For CL specialists it is
worth noting how new techniques change the corneal
surface and thus the typical indications for CL (i.e., irreg-
ular or high astigmatism, anisometropia, and high-order
aberrations) just like they also change visual stability and
the time it takes to achieve it. That visual results correlate
with the surgeon and his skill is a statement common in
all recent publications. What remains controversial is the
degree of astigmatism and visual outcome following dif-
ferent surgical techniques [28, 35, 36]. Results in Freiburg
revealed average postoperative astigmatism following
traditional PK, which did not differ from that associated
with PK with an intrastromal ring [37] or deep anterior
lamellar keratoplasty (DALK). Apparently high-order
aberrations tend to increase in association with DALK
[36], which would make CL continuation to be necessary.
In those patients in whom a descemet stripping auto-
mated endothelial keratoplasty (DSAEK) is indicated,
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this new surgical procedure leads to less astigmatism and
faster visual rehabilitation than when PK alone is carried
out [28, 37, 38]. In those cases, CL fitting mostly proves to
be unnecessary. For KC patients, who represent the
majority of CL wearers following PK, PK with the
Femtolaser is of particular interest. Further investigation
will demonstrate whether astigmatism can be reduced
and what effects the procedure has on total visual
rehabilitation.

7.4.3 PK Peculiarities in Conjunction with CLs

7.4.3.1 Corneal Sensitivity, Fitting Quality,

and Frequent Follow-Ups

The corneas of patients who have undergone PK are much
less sensitive long after surgery. Even after 7 years, only
18% of PK patients have regained normal corneal sensi-
tivity, whereas 40% have no central sensitivity [39, 40].
This obviously means that the fitter must take special care
to monitor the fit, since most patients cannot feel when
something is wrong. Frequent follow-ups are a must.

7.4.3.2 The Endothelium and Choice
of GP Materials

It is advisable to use a hyper oxygen-permeable material
(DK 81-140) because the postPK cornea suffers from a
chronic loss of endothelial cells [41-44] and it does not
become dehydrated so rapidly. When deciding which
material is most appropriate, it is not enough to consider
its oxygen permeability (DK) value alone, rather, the DK
value must be converted over the average thickness (DK/L)
of the lens for each refraction as shown in Table7.1.

Materials with columns in red do not possess ade-
quate oxygen permeability for daily wear. Only materi-
als and lens power in black do not hinder endothelial
function.

7.4.3.3 Immune Reactions

Immune reactions occur in about 25% of normal-risk
PK after 5 years [45], whereas prognosis of high-risk
cases is significantly worse (history of ocular herpes
simplex virus keratitis: 60%, increased risk of graft rejec-
tion as the only risk factor: 35%, glaucoma: 30%, and
limbal stem cell insufficiency: 56%. These immune reac-
tions do not seem to be triggered by GP wear (retrospec-
tive study over 4 years) [31] as long as no vascularization
or loose sutures occur [30]. After 7 years, there was no
effect on endothelial cell density compared to a group
without GP. [46].

7.4.4 When to Fit?

The highest priority regarding when to fit must be given
to improving the patient’s VA, particularly, when the
other eye is also seriously impaired. In such cases, fitting
can be initiated after 6 weeks (with sutures in place) as
long as the postoperative course has been good and
follow-up frequent. VA improves significantly after 3
months, as do contrast and stereo vision [29, 30].
Therefore, it might be preferable to start fitting 3 months
postoperatively.

The ideal fitting time, however, is 6 months following
surgery [29, 47, 48], since by then the corneal surface is
more stable (corticosteroid ointment or eyedrops have
been discontinued, and healing has progressed).

Table 7.1 DK/L of GP materials with averaged thickness according to lens power

Average thickness 0.258 0.213
(mm)

Material DK DK/L DK/L
Alberta XL 15 5.8 7.0
Boston Es 28 10.8 13.3
Boston EQ 47 18.2 22.0
Boston ES2 50 19.4 23.5
Boston XO2 145 56.2 68.0
Paragon HDS 50 19.4 233
CM optimum extra 100 38.8 46.9
Largado onsi 56 21.7 26.3

0.207 0.227 0.211 0.239 0.295
DK/L DK/L DK/L DK/L DK/L
72 6.6 7.1 /6.3 5.1
13.5 12.3 13.3 17.2 9.5
22.7 20.7 223 19.6 15.9
24.2 22.0 23.7 20.9 16.9
70.0 63.9 68.7 60.7 49.2
24.2 22.0 23.7 20.9 16.9
48.3 44.0 47.4 41.8 33.9
27.0 24.7 26.5 234 19.0
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Another important point is that the cornea changes its
shape after each suture removal, thus making a new GP
necessary [48]. Close cooperation with the surgeon is key
to coordinating financial and organizational matters. In
this way, the sutures can remain in place far longer in
those patients who tolerate GP well.

Special attention is required in high-risk PK patients,
that is, following caustic injury, with herpes simplex
virus keratitis or existing epithelial defects. The healing
process should not be interrupted or hindered and recur-
rences of the underlying disease should be avoided.
Contraindications for fitting GPs are loose sutures, infil-
trates, and infections [48].

7.4.5 Fitting Techniques

The modified contour fit is the best fitting technique that
permits a distribution of pressure as uniform as possible
over all of the irregularities (such as steps, edges, suture
bulges, and small bumps) while maintaining adequate
mobility. The pressure from the GP’s back surface is dis-
tributed onto the center of the transplant and the host’s
cornea. The GP geometry necessary to achieve this goal
depends on the condition and type of PK that was carried
out. As opposed to the methods reported in most of the
published articles on this subject [32, 33, 47, 49], 60-70%
toric back surfaces was used, often with central radius dif-
ferences of 0.8-2 mm for optimal pressure distribution
and lens centering.

7.4.5.1 PK with One or Two Sutures

Miniscleral CL can be a good option in the patient whose
cornea’s midperiphery cannot be used as a CL fitting zone
because of the presence of sutures. Pressure is distributed in
the transplant center and sclera. If it can be centered, all kinds
of corneal lens can be fitted, usually with large diameters.

7.4.5.2 CL Fitting Following Suture Removal

There are three types of PK relevant to GP in fitting
terms:

Type 1: The transplant is steeper than the host’s cornea
(flat periphery);

Type 2: The transplant is flatter than the host’s cornea
(steeper periphery);

Type 3: A combination of types 1 and 2 with each
meridian behaving differently.

Type 1. This is one of the easiest ways to treat; but they
are found less often; more in conjunction with Fuchs’
endothelial dystrophy than in KC. The GP geometries
used to treat KC patients are also used for type 1 patients
following PK. They become much flatter in the periphery
and usually center very well around the highest point in
the cornea where the transplant is located. The trans-
plant’s diameter (and thus that of the GP) plays a subsid-
iary role; a smaller diameter could be a good option in
this type but not with the PK types described later.

Type 2. The transplant is flatter than the host’s cornea.
The cornea is oblong in shape, which makes it much more

Fig.7.3 Current production parameters of the Quadro-AS and Quadro-KA quadrant-differentiated lenses offer a plethora of fitting
options. The back surface of this lenses can be rotation-symmetric or toric, the peripheral zones aspherical and/or multicurved, and
the quadrants can differ in having reverse and/or oblong regions. Thus, it is possible to produce lenses possessing all of the above-
mentioned lens designs distributed over four quadrants. Should a lens with a rotation-symmetric central zone be required, a prism
ballast is generally needed so that it inclines in the correct direction. An additional prism ballast is only necessary with toric back
surfaces when the differences in the radii do not permit independent inclination
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difficult to center the GP. A flatter periphery, which would
otherwise facilitate natural centering around the cornea’s
highest point, is absent. It is often impossible to predict in
which direction a normal rotation-symmetric GP will
become decentered [50]. Reverse GP geometries [49],
rotation symmetric, and toric combined with large GP
diameters are used to achieve the best possible centering.
They are often enhanced with extras such as ventilation
holes to allow air bubbles to escape, and with oval GP
shapes or ballast to reduce the upper lid’s influence.

Type 3. This combination constitutes a variety of high
central astigmatisms that change direction and size in the
periphery. These corneal shapes cannot be satisfactorily
accommodated by rotation-symmetric or toric back sur-
faces. Quadrant-differentiated lenses (Fig.7.3), however,
are an effective alternative. They are the only lenses that
can accommodate the various toricities in the center and
periphery, as well as the different eccentricities in indi-
vidual quadrants that the PK patient often presents.

Summary for the Clinician

= About 30% of PK patients require GP for visual
rehabilitation (especially with high spherical
and toric anisometropias and irregular astig-
matism).

= The earliest fitting session should be 6 weeks
after surgery, but 3 months later is even better, as
the patient’s visual status has stabilized by then.

A new fitting session becomes necessary after
each suture removal, since both the refraction
and corneal contour change.

= The fitter must take special care, as the patient’s
central cornea has become hyposensitive; fre-
quent follow-ups are required to monitor long-
term tolerance.

= Be aware of patients with a history of allergies.
Tolerance problems and lens deposits are more
common than in other patients.

= GP fitting in patients with PK is safe, as they do
not seem to present increased immune reactions.

= There is no standard, predictable back surface
geometry associated with PK patients that would
facilitate GP fitting. Toric-GP as well as quadrant-
differentiated back surfaces are advisable in about
60-70% of GP back surfaces.

. Compared to patients with regularly contoured
corneas, the PK patient following refractive surgery
requires a wide knowledge about CL geometry and
more diagnostic lenses [51].

Large diameters are generally fitted in combination
with many extras such as ventilation holes and prism bal-
last. Toric back surfaces are required in 60-70% of the
GPs prescribed. The fitter’s aim should be to obtain good
edge lift for patient comfort and as broad a distribution of
the lens’ pressure over the corneal surface as possible.

ABR Aberration coefficient
CL Contact lens

CT corneal topographer

DALK Deep Anterior Lamellar Keratoplasty

DK Oxygen permeability

DK/L Contact lens transmissibility

DSAEK  Descemet Stripping Automated Endothelial
Keratoplasty

GP Gas-permeable contact lens

KC Keratoconus

PK Penetrating keratoplasty

VA Visual acuity

VCT Video corneal topographer
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Chapter 8

Allergic Disease of the Conjunctiva

and Cornea

Core Messages

m Allergic conjunctivitis is not a single disease.

m Allergic conjunctivitis is characterized by one or
more of the following symptoms: itching, tearing
(commonly with anterior rhinorrhea), or lid
swelling.

m The severity of allergic conjunctivitis ranges from
mild and intermittent to seriously debilitating.

m Seasonal and perennial allergic conjunctivitis
(PAC) are the most common entities and do not
involve the cornea.

m The cornea may be involved in vernal keratocon-
junctivitis (VKC), atopickeratoconjunctivitis (AKC),
or contact blepharoconjunctivitis, but never in
seasonal conjunctivitis or PAC.

B Anaccurate clinical history and evaluation of signs
and symptoms allow the diagnosis of ocular allergy
and the definition of possible sensitizing antigens.

m IgE-mediated hypersensitivity and mast cell
degranulation are the initial pathophysiological
mechanisms.

m Th2-type of cytokines, chemokines, and other
multiple mediators are overexpressed in ocular
allergy.

m Epitheliotoxic proteins, cytokines, and chemok-
ines liberated from eosinophils and Th2 cells may
act concomitantly in the pathogenesis of shield
ulcer.

m Keratoconus (KC) is frequently associated with
atopy.

m Infections can rarely complicate corneal inflam-
mation in VKC and AKC.

m Allergic conjunctivitis is important in the context
of corneal transplantation.

® Nonpharmacological measures and avoidance
are extremely important for disease manage-
ment.

m Therapy should not include vasoconstrictors and,
if possible, corticosteroids.

m Mast cell stabilization and histamine antagonism
are the main pharmacological interventions.

® Dual action drugs are the first choice in the treat-
ment of ocular allergy.

m The cost of treating allergic conjunctivitis and
indirect costs related to loss of workplace produc-
tivity from the disease are substantial.

m Severe cases need intense treatment.

Ocular allergy can involve all the components of the ocu-
lar surface, including the lid and lid margin, the conjunc-
tiva, and the lacrimal system. Corneal involvement is
typically restricted to the two most severe forms of ocular
allergy, vernal keratoconjunctivitis (VKC), and atopic
keratoconjunctivitis (AKC). In fact, anatomical, physio-
logical, and immunological properties of the cornea ren-
der it relatively protected from allergic inflammation. The
cornea is more frequently involved in autoimmune

diseases, at times as the initial presenting sign of a new
autoimmune disease or as a new sign in patients with a
long-standing history of autoimmune systemic disease.
Approximately one-third of the world population is
affected by some form of allergic disease and ocular
involvement is estimated to be present in 40-60% of this
population. Allergic conjunctivitis is a localized allergic
condition frequently associated with rhinitis but often
observed as the only or prevalent allergic sensitization.
This disease ranges in severity from mild forms, which
can still interfere significantly with quality of life, to severe
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cases characterized by potential impairment of visual
function.

The term allergic conjunctivitis refers to a collection of
hypersensitivity disorders that affects the lid and the con-
junctiva. Various clinical forms are included in the clas-
sification of ocular allergy (Table 8.1): seasonal (SAC)
and perennial allergic conjunctivitis (PAC), VKC, AKC,
giant papillary conjunctivitis (GPC), and contact or drug-
induced dermatoconjunctivitis [1].

In2001, the European Academy of Allergy and Clinical
Immunology suggested a classification for allergic con-
junctivitis, dividing the disorder into IgE-mediated and
non-IgE-mediated conjunctivitis, thus trying to provide a
more schematic immunopathological approach to classi-
fication [2]. IgE-mediated conjunctivitis can be divided
into intermittent and persistent conjunctivitis, the latter
of which is classified into vernal and AKC. However, this
classification has limitations and may create more confu-
sion [3]. For example, contact blepharitis or dermatocon-
junctivitis (CDC) is a non-IgE-mediated form of localized
contact dermatitis that is immunologically different from
VKC or AKC. Contact lens-related GPC should be con-
sidered a non-IgE-mediated disease, mechanically related
to lens microtrauma, which shares some immunopatho-
logical aspects with VKC. In this chapter, allergic con-
junctivitis, allergic keratoconjunctivitis, and corneal
problems related to allergy will be considered.

8.2.1 Seasonal and Perennial Allergic

Conjunctivitis

Seasonal allergic conjunctivitis (SAC) is the most com-
mon form of ocular allergy. It is associated with sensitiza-
tionand exposure to environmental allergens, particularly
pollen. The perennial form, PAC, usually involves sensi-
tization to mites or to multiple antigens. More than 95%
of patients with seasonal conjunctivitis or PAC have
allergic rhinitis, justifying the use of “allergic rhino-
conjunctivitis” as a synonym for this disease. Allergic
rhinoconjunctivitis may be associated with other airway
disorders and is considered a predisposing factor for the
development and exacerbation of asthma, sinusitis, otitis
media with effusion, and nasal polyposis.

SAC and PAC are characterized by onset in child-
hood or early adulthood. They are typical IgE-mediated
diseases, characterized by spikes of histamine and other
mediators released from the conjunctival-activated mast
cells that clinically correspond to episodes of ocular
itching, redness, and lid swelling frequently associated

with rhinitis. Other ocular signs of allergic conjunctivi-
tis include mild serous or serous-mucous secretions,
and/or slight papillary or follicular hypertrophy of the
conjunctiva. Symptoms may be occasional, seasonal, or
persistent. Apart from the presence of itching, no sign or
symptom related to SAC or PAC is specific or pathogno-
mic [1]. The most important diagnostic tool for SAC and
PAC is a thorough medical history. Although these con-
ditions are not serious, they are very disturbing to
patients and can significantly affect their quality of life.
Correlations between allergic symptoms and psycho-
logical disturbances have been reported. Allergic rhi-
noconjunctivitis significantly reduces the patient’s
overall energy and negatively affects behavior, leading to
increased school absenteeism and decreased work pro-
ductivity [4].

Acute or hyperacute episodes of ocular allergy, also
called anaphylactoid reactions, are characterized by acute
itching and eyelid swelling either as urticaria (hives and
wheals) in the superficial layers of the skin, or angioe-
dema in the deeper, subcutaneous tissues, or both. These
reactions can be unilateral or bilateral and the conjunc-
tiva may or may not be affected. Insect bites, food allergy,
or contact hypersensitivity can be involved in the etiology
of these reactions.

8.2.2 Vernal Keratoconjunctivitis

VKC is a severe ocular allergic disease that occurs pre-
dominately in children [1, 3, 5]. Most VKC patients com-
plain of symptoms from early spring to fall, with
differences among climate zones. Exacerbations of the
disease and acute episodes arise, triggered by allergen
exposure or, more frequently, by nonspecific stimuli such
as wind, light, and dust. VKCis an IgE- and Th2-mediated
disease; however, only 50% of patients present a clearly
defined allergic sensitization [5, 6].

Intense itching, tearing, and photophobia are the clas-
sic symptoms of these patients. The presence of pain asso-
ciated with photophobia is indicative of corneal
involvement. Foreign body sensation may be caused by
mucous hypersecretion, papillae hypertrophy, and super-
ficial keratopathy. Various grades of conjunctival hypere-
mia and chemosis are always present in both forms of the
disease. The tarsal form is characterized by irregularly
sized hypertrophic papillae, leading to a cobblestone
appearance on the upper tarsal plate and abundant mucus
that may be incarcerated between them. A variation of
the tarsal form of VKC may appear as diffuse upper tarsal
conjunctival thickening with fine and diffuse subepithe-
lial fibrosis without papillae formation. The limbal form
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Fig. 8.1 Severe limbal vernal keratoconjunctivitis (VKC) with
partial stem cell deficiency

of the disease is characterized by multiple gelatinous,
yellow-gray limbal infiltrates and papillae, whose size and
location may change over time. The limbus may appear
thickened and opacified for 360°, accompanied by a
peripheral, superficial neovascularization (Fig. 8.1). The
apices of infiltrates may appear as punctiform calcified
concretions called Trantas dots. In the mixed form of the
disease, both tarsal and limbal signs are observed to vary-
ing degrees. Blepharospasm, tearing, and mucus hyperse-
cretion may be present in all VKC forms, while
pseudoptosis is usually secondary to the presence of
heavy tarsal giant papillae.

Corneal involvement is common in VKC, and is more
frequent in tarsal than limbal patients, taking the form of
a superficial punctate keratitis, epithelial macroerosion or
ulcers, plaque, neovascularization, subepithelial scarring,
or pseudogerontoxon (Fig. 8.2). Ulcer formation is

Fig. 8.2 Corneal ulcer in a VKC patient complicated by super-
ficial and stromal neovascularization

8 Allergic Disease of the Conjunctiva and Cornea

preceded by a progressive deterioration of the corneal
epithelium, which appears irregularly stained and cov-
ered with fine filaments. The ocular complications that
lead to visual loss include steroid-induced cataract, ste-
roid-induced glaucoma, central corneal scars, irregular
astigmatism, keratoconus (KC), limbal tissue hyperpla-
sia, and dry eye syndrome.

8.2.3 Atopic Keratoconjunctivitis

AKC is a rare disease that comprises less than 1% of all
ocular allergies. Generally, it emerges in children with
active atopic dermatitis or in young adults and contin-
ues through the fifth decade of life, reaching its peak
incidence between the ages of 30 and 50 [1, 7, 8]. A fam-
ily history of allergic conditions is common, while 95%
of patients have a history of eczema and 87% have a his-
tory of asthma. AKC presents as a chronic bilateral con-
junctivitis with seasonal exacerbations corresponding
to the offending allergen/s or food exposure. The com-
mon presenting symptoms are bilateral ocular itching,
burning, tearing, and mucous discharge. The hallmark
sign of AKC is erythematous, exudative lesions of the
lids [1, 7, 8]. Eyelids tend to be thickened, indurated,
erythematous, and fissurated, due to eczema, and is
often associated with chronic blepharitis, meibomian
gland dysfunction, and staphylococcal infection. The
lids of about 90% of atopic patients are colonized with
Staphylococcus aureus rather than the usual staphylo-
coccal flora, however, their presence does not correlate
with the incidence or severity of keratopathy [9]. The
limbus may present Tranta’s dots and the tarsal conjunc-
tiva may present giant papillae, similar to those observed
in VKC patients. Cicatrizing conjunctivitis, subepithe-
lial fibrosis, and symblepharon have also been reported,
with the lower fornix possibly shrinking subsequent to
scarring. Reduced tear function and tear volume may
also be observed. Punctate keratitis, persistent epithelial
defects and ulcer with plaque formation are possible
complications (Fig. 8.3). KC is also often associated with
AKC (see later). Herpes keratitis and microbial infec-
tions may complicate the disease, particularly if chronic
topical steroid therapy is required. Severe keratopathy
with corneal neovascularization, pannus formation, and
stromal keratitis may develop as a consequence of
repeated corneal inflammation. This can result in
marked astigmatic changes and permanent visual
impairment. Anterior “atopic” or posterior subcapsular
cataract contributes to the visual deterioration associ-
ated with AKC.



Fig. 8.3 Extensive, elevated corneal plaque complicated by ini-
tial corneal neovascularization in a severe AKC patient

8.2.4 Giant Papillary Conjunctivitis

GPCis a non-IgE-mediated inflammation induced most
frequently by the use of all types of contact lenses, ocu-
lar prostheses, or the presence of corneoconjunctival
sutures or protruding scleral buckling [10]. The upper
tarsal conjunctiva is subjected to repetitive or constant
microtrauma generated by a conjunctival “foreign
body”; this phenomenon is then complicated by an
immune reaction against a protein or residue deposited
on the lens. Suspension of contact lens wear initiates the
immediate regression of the disease. Previously consid-
ered an allergic condition, GPC has similarities with
VKC for the morphology of giant papillae, and some
immunopathological findings such as increased mast
cell number, eosinophil and T cell infiltration, expres-
sion of Th2-type cytokines, such as IL-4 and chemok-
ines [11]. GPC is mostly seen in young patients, is not
related to gender but a history of atopy may be a predis-
posing factor. The early stages of GPC may be asymp-
tomatic. In contact lens GPC, mild lens intolerance
progresses to foreign body sensation, itching, blurred
vision, and increased mucus production. Intolerance
progresses until patients are no longer able to wear their
lenses. In other forms of GPC, mild to severe irritation,
discomfort, itching, and burning continue until removal
of the external device or suture. The defining character-
istic of GPC is the presence of giant papillae greater than
0.3 mm in diameter. There can be a single papilla or the
entire tarsal plate may be covered. Conjunctival hyper-
aemia, limbal infiltrates, Tranta’s dots, and conjunctival
thickening are common findings. Mucous discharge and
lens deposits are typical.
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8.2.5 Contact Blepharoconjunctivitis

Contact blepharitis or dermatoconjunctivitis involves the
skin of the eyelid and/or conjunctiva [12]. It is related to
contact T cell-mediated delayed hypersensitivity reaction
to haptens (incomplete antigens), which become immuno-
genic only after they bind to tissue protein. Various haptens
and antigens that might come in contact with the eyelid
and/or the conjunctiva have been implicated, including
drugs, topical eye drops, preservatives, metals, nail polish,
and cosmetics. An “allergic” reaction may occur following
instillation of topical antiglaucoma agents, such as beta-
blockers, prostaglandins and prostanoids, or mydriatics
used for diagnostic purposes, usually phenylephrine. Other
alpha-agonists are commonly used as decongestants in
over-the-counter antiallergy eyedrops. Topical antibiotics
such as neomycin, as well as ocular solutions based on
herbal extracts can also provoke contact allergic reactions.
Among preservatives, benzalkonium chloride, thimerosal,
parabens, and ethylendiaminetetraacetic acid (EDTA) may
cause either a toxic reaction or a cell-mediated (delayed)
hypersensitivity (DH) response. The most prominent
symptoms are itching and burning of the eyelid and ecze-
matoid dermatitis. Other signs and symptoms are redness,
eyelid swelling, tearing, and mucous discharge. The ocular
surface may also be involved as conjunctival hyperemia,
punctate staining of the cornea, and conjunctiva, especially
on the inferonasal bulbar conjunctiva and a follicular reac-
tion. Similar signs and symptoms and conjunctival stain-
ing patterns occur with drug or preservative toxicity.
Marginal corneal infiltrates may rarely occur in reactions
to neomycin, phenylephrine, dorzolamide, gentamicine,
and atropine; however, the exact nature of these hypersen-
sitivity reactions is not clear. Eczema on the eyelid skin in
the absence of conjunctival hyperemia indicates that the
cause of the reaction is due to something that has come in
contact only with the eyelid. Diagnosis is based on accurate
clinical history of agents/drug exposure and the results of
patch tests on the dorsal skin.

8.2.6 Drug-Induced Conjunctivitis or
Keratoconjunctivitis

Drug-induced ocular surface toxicity is more frequent
than ocular allergy and is only second in frequency to ker-
atoconjunctivitis sicca. Ocular discomfort may be the only
manifestation after drug instillation. However, severe ocu-
lar surface reactions may develop. Often, these reactions
develop slowly and exhibit subacute or chronic symptoms.
Clinical manifestations of a drug’s toxic effects may be
mild with exacerbation occurring only several years later.
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Moreover, during the chronic use of topical medications,
burning, itching, and other signs of intolerance may be
attributed to the initial disease manifestations and the
potential side effects of the drug remain underestimated.

Conjunctival irritations may result from a direct cyto-
toxicity of drugs, a low or high pH of the formulation and/
or a hyper- or hypo-osmolarity of the solution. Some sub-
stances can be allergenic at low concentrations and irritat-
ing at higher doses. Toxic compounds may cause corneal
and conjunctival cell necrosis or induce cell death by
apoptosis. Thus, initial impairment of ocular surface integ-
rity stimulates a cycle of inflammatory reactions, with per-
sistent inflammation leading to subepithelial fibrosis,
symblepharon, corneal neovascularization, and scarring.

Unlike immunological reactions, which require prior
sensitization, toxic effects can be observed after the first
contact and can be dose dependent. Toxic adverse events
may also be observed several months or even years after
initiation of treatment when a cumulated concentration
of the drug has been reached.

The toxicity of various topical medications can also be
indirect as with the extensive use of antibiotics, antiviral
agents, or corticosteroids due to toxicity on goblet cells,
decreased lacrimal gland secretion or the detergent effect
of preservatives on the lipid layer of the tear film, increased
meibomian gland secretions, and seborrheic blepharitis.

Occlusion of the nasolacrimal system caused by
inflammatory and fibrogenic mechanisms can induce
alterations of tear film and bacterial flora that lead to sec-
ondary toxic effects on the ocular surface. Some types of
drug may cause delayed wound healing (corticosteroids),
deposits on the ocular surface (adrenaline) or pigment
changes and growth of cilia (prostanoids).

8.2.7 Urban Eye Allergy Syndrome

A significant number of patients present with a type of
conjunctivitis that is not strictly speaking of allergic, infec-
tious, or dry eye origin. Clinical studies and experience
have shown a cause-effect relationship between allergic-
like symptoms and environmental factors, including out-
door air pollutants and poor indoor air quality [13].
Continuously increasing traffic, the ever-growing number
of cars and trucks and their resultant fossil fuel emissions
and airborne particulates, together with global warming
and changing worldwide rainfall patterns have drastically
modified air quality. Allergen susceptibility might be
increased in individuals who live in areas with greater air
pollution since the respiratory tract and eye are very sensi-
tive to irritants during an ongoing allergic inflammation.
Both allergens and pollutants can directly initiate mucosal
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inflammation through several mechanisms including oxi-
dative stress, proinflammatory cytokine production, and
cyclooxygenase, lipoxygenase, and/or protease activation.
There has been speculation that a condition in the con-
junctiva exists in which symptoms similar to allergic con-
junctivitis can occur in the absence of an allergic response.
The common signs and symptoms such as redness, itching,
and burning could result from allergy, dry eye, toxicity, or
none of these. Patients with these itchy and red eyes with-
out an underlying apparent allergic mechanism and medi-
cal history of allergy, who report symptoms predominantly
in periods when airborne allergens are not prevalent but
when temperatures are high, wind speed is low and pollu-
tion levels are high, may be experiencing a pollution-
related condition, which can be referred to as “urban eye
allergy” [13]. These individuals certainly appear not to be
allergic to pollutants, but rather pollutants stimulate the
mucosal immune system to produce an allergic type
response. Conjunctival redness associated with mild or
occasional symptoms of itching, burning, and photopho-
bia in response to nonspecific stimuli has been given many
monikers such as pollution keratoconjunctivitis, occasional
or perennial nonallergic conjunctivitis, perennial chronic
conjunctivitis, vasomotor conjunctivitis, and discomfort
eye syndrome. To be diagnosed with the “urban eye allergy”
syndrome, dry eye, allergy, and toxic conjunctivitis need to
be excluded. However, tear deficiency and allergy exacer-
bate the problems caused by pollution since these disease
states allow longer contact of the conjunctiva with particu-
late matter and/or allergens, a prolonged mast cell activa-
tion and waves of inflammatory cascades. Urban eye
syndrome may be considered as a transversal, crossover
condition that has some common features of allergy, dry
eye, and toxic conjunctivitis, related to poor air conditions
and an urban environment. It also reflects changes in soci-
ety’s attitudes to relatively minor health problems and their
impact on quality of life and productivity.

Summary for the Clinician

Accurate history is essential.
If it does not itch, it is not allergy.
Diagnosis of SAC is usually clinical.

VKC and AKC have unique clinical features and

typical signs.

© Chronic forms of allergy require laboratory
tests.

m Iflids are involved, suspect contact allergy.

Think of drug-induced conjunctivitis.

= Air pollution may cause urban eye allergy.




Each of these clinical entities requires a differential diag-
nosis that is usually clinical, yet can be substantiated by
objective laboratory parameters. Clinical characteristics
allow a relatively convincing diagnosis of SAC, PAC,
VKC, AKC, GPC, and contact blepharoconjunctivitis in
the milder or initial stages of these diseases, but there can
be some confusion as to which form of allergy is present.
At times, pseudoallergic forms, with clinical manifesta-
tions similar to allergy but with a nonallergic equivocal
pathogenesis, are difficult to distinguish from allergic
forms that, in contrast, have precisely defined pathogenic
mechanisms. Several clinical forms may mimic the clini-
cal pictures of ocular allergy, including tear film dysfunc-
tion, subacute and chronic infections, and toxic and
mechanical conjunctivitis (Table 8.2).

Bacterial, viral, or chylamydial infections should
always be considered in the differential diagnosis of both
acute and chronic conditions. In bacterial conjunctivitis,
the discharge is usually purulent with morning crusting
around the eyelids. It may be a unilateral condition,
whereas allergy is usually bilateral. Viral conjunctivitis is
often seen in conjunction with a recent upper respiratory
infection. Conjunctival hyperemia, chemosis, serous dis-
charge, and corneal subepithelial opacities indicate a
viral infection. A chylamydial infection is caused by
transfer of the organism from the genital tract to the eye.
It is characterized by a follicular persistent or chronic
conjunctivitis.

8.3 Differential Diagnosis 103

In most cases, allergy is confused with the different
forms of dry eye that result from decreased tear produc-
tion or disruption of tear stability. Even though dry eye is
most common in adults or older people, and allergy in
younger subjects, tear film dysfunction can occur at any
age. Signs and symptoms include irritation, grittiness,
burning, and foreign body sensation, but also itching.
Dry eye may be worsened by certain medications includ-
ing oral antihistamines, yet it can occur concomitantly to
allergy.

Blepharitis is another common condition that can
cause significant ocular irritation, itching and discomfort.
It is caused by an inflammation of the eyelid margin
caused by staphylococcal infection with or without sebor-
rhea. It is frequently associated with dry eye, skin diseases
such as seborrhea, psoriasis, atopic dermatitis, and acne
rosacea.

Toxic and mechanical conjunctivitis are frequently
confused with allergy. In these cases, careful medical his-
tory and examination can exclude an allergic pathogene-
sis. An intense and persistent follicular reaction is the
typical feature, associated with mild to intense hyperae-
mia. Toxicity to single or repeated exposure to a particu-
lar chemical substance, eyedrop, or preservative does not
produce a change in normal lysozyme or IgE levels but
may result in low goblet cell levels, destruction of junc-
tures between epithelial cells, and epithelial cell toxicity.
The lacrimal puncta may be swollen or occluded by a cel-
lular infiltrate with a consequent epiphora. The cornea is
often involved as a diffuse punctate keratitis typically on

Table 8.2 Differential diagnosis of allergic from nonallergic conjunctivitis

History Typical Significant = + = =
Symptoms  Itching Burning Burning Discomfort Discomfort Burning
Tearing Foreign body Itching Burning Pain Discomfort
sensation Discomfort Stickiness
Discomfort
Pain
Signs Redness SPK Abnormal lid ~ Redness Redness Intense redness
Lid swelling margin Follicles SPK Secretion
Papillae Tearing
Eczema Swelling
Discharge  Serous/mucus Mucus Serous/ Serous Mucus Mucopurulent/
mucus purulent
Cytology Eosinophils/ Altered Neutrophils Neutrophils/altered  Neutrophils Neutrophils
neutrophils/ epithelial cells/ epithelial cells/
lymphocytes lymphocytes lymphocytes
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the entire corneal surface. Dermal involvement of the
eyelids includes injection, swelling, and excoriation.
Medicamentosa is essentially a toxic response with no
underlying immune dysfunction; however, contact sensi-
tivity to drugs, preservatives, or cosmetics may be
present.

Molluscum contagiousum is a very similar, unilateral
condition often included in the discussion of toxic kera-
toconjunctivitis and allergy. Typical lesions on the lid
margin or the lid skin need to be carefully evaluated.

Summary for the Clinician

m Tear film dysfunction may simulate or overlap
allergic conjunctivitis.

= Blepharitis is usually not allergic.

= Follicular conjunctivitis is more frequently toxic.

= Consider chlamydial infection with persistent
follicular conjunctivitis.

The first step in diagnosing allergy is to determine defini-
tively that the inflammation is not nonspecific but is aller-
gic in origin, caused by an IgE-mediated sensitization to
antigen. The second phase of the diagnosis consists in
identifying the various forms of ocular allergy that are
present based on the clinical characteristics observed.
Diagnostic tests are shown in Table 8.3.

Summary for the Clinician

If allergy is suspected:

m Complete an accurate clinical history and ocular
examination.

= Consult an allergist and results of skin prick
tests.

= Identify specific serum IgE levels.

= Analyze blood cell count with the eosinophil
count.

n Ifall of these systemic tests are negative, consider
local tests.

1 Defining the conjunctival allergic response to
sensitizing allergens can be extremely helpful in
understanding a patient’s disease.

= Cytological tests are useful in the active phase of
the disease.

= Low tear volume limits its potential usefulness in
analytical diagnosis.

8 Allergic Disease of the Conjunctiva and Cornea

8.5.1 Innate Immunity and Ocular Allergy

Innate immunity is the primary defense line for the ocu-
lar surface. It is essentially mechanical due to the anatom-
ical characteristics and the position of the eye. These
mechanical barriers are supported by nonspecific phago-
cytic and humoral responses produced by monocytes and
macrophages and by ocular surface structural cells.

Induced immunity is the second specific defense line,
involving the processing and recognition of antigen by
antigen-presenting cells (APC) and lymphocytes and the
development of a specific immune response through
humoral or cell-mediated mechanisms.

How innate immunity of the ocular surface might
interact with the mechanisms that drive toward an aller-
gic reaction remains unclear. Some of the players of innate
immunity are modified in ocular allergy. Toll-like recep-
tors (TLRs) play a crucial role in the activation of several
immune cells, as well as possibly modulating the Th1/Th2
lymphocyte equilibrium. Recently, TLRs studied in nor-
mal subjects, VKC [14] and AKC patients [15] showed
different patterns when expressed in chronic allergic con-
junctivitis. In VKC, TLR-4 was upregulated, TLR-9 was
downregulated, and TLR-2 was slightly decreased relative
to normal tissues. Whether this is a predisposing pheno-
type or a consequence of chronic inflammation remains a
challenge for further studies. Activation of TLR-2 and
TLR-4 induces mast cell degranulation and release of Th2
cytokines [16], suggesting a possible link between mech-
anisms that activate the adaptive immune response after
microbial ocular infections and allergic inflammation.

There is also strong evidence supporting a role for a S.
aureus infection in the pathogenesis of AKC. In fact, in
one study, most affected individuals had this pathogen
identifiable on lid swabs [9, 17]. It is believed that staphy-
lococcal-derived superantigen is a potent adjuvant for
allergen-specific Th2 responses and it may generically
apply to other hypersensitivities, particularly when
microorganisms have been implicated. In the ocular set-
ting, these concepts are still unclear.

Recently, it was proposed that NK cells play a crucial
role in the pathogenesis of allergic diseases by altering the
balance between Th1/Th2 lymphocytes. NK cells might
be triggered to secrete cytokines (IL-4, IL-5, and IL-13)
that promote Th2 rather than Th1 responses. The recent
finding of decreased circulating NK in VKC patients and
significantly increased NK cells infiltrating the conjunc-
tiva in inflamed VKC tissues [18] indicates that NK cells
may be involved in the pathophysiology of chronic ocular
allergy. By modulating allergic inflammation through the
release of cytokines that influence the balance between
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Table 8.3 Diagnostic tests for ocular allergy
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Skin prick test Suspected sensitization to
environmental (pollens, molds,
mites, animal dander) and food

allergens

Patch test Eczematous blepharitis
Contact sensitivity

Drug-induced conjunctivitis

Serum specific IgE In eczema, skin hyper-reactivity,

prolonged use of drugs

Conjunctival Positive clinical history of allergic

provocation with and prick test /IgE negative-

allergens Define the most important
allergen in patients with several
positive skin tests
Cytology To evaluate the quality and
quantity of inflammation
Tear IgE Suspected sensitization and

negative allergy tests

Thl and Th2 responses, and the resulting conjunctival
eosinophil infiltration, these cells may provide a link
between innate and specific immunity in allergic
diseases.

8.5.2 The Allergic Process

The conjunctiva is normally exposed to picogram quanti-
ties of environmental allergens such as pollens, dust mite
fecal particles, animal dander, and other proteins. When
deposited on the mucosa, these antigens are processed by
Langerhans cells (LCs) or other APC in the mucosal epi-
thelium, bind to the antigen recognition site of major his-
tocompatibility complex (MHC) class II molecules, and
present to naive CD4+ lymphocytes at some unknown
location that could be the local draining lymph nodes.
Complex and multiple simultaneous contacts and
cytokine exchanges between APC and T cells expressing
antigen-specific T cell receptors are necessary to trigger
the antigen specific T cells to differentiate into Th2 lym-
phocytes [19]. Recently, more attention has been given to
the role of dendritic cells (DCs) in ocular allergic dis-
eases. B7-1 and B7-2, costimulatory molecules on APC,
interact with CD28 located on Th2 cells [20, 21],

Simple, rapid

Quantify sensitization-

Confirm conjunctival

Presence of eosinophils

Not always correlated with eye

inexpensive symptoms

Time consuming

Eyelid skin is quite different
from that of the back

Increasing number of haptens

Expensive
Diverse allergens Not always correlated with eye
simultaneously symptoms

Few allergens available
responsiveness Expensive

Time consuming

Rare systemic side effects

Absence of eosinophils does not

indicative of allergy exclude allergy
Local IgE production Low volume samples
Not practical
Not standardized

activating them during the induction and effector phases.
In contrast, CTLA-4 is expressed on activated T cells and
transmits a negative signal that downregulates the ongo-
ing T cell responses upon engagement by B7-1 or B7-2
[22]. Other ligand interactions may also be crucial in the
production of IgE; for example, conjunctival B cells
expressing the ligands CD23, CD21, and CD40 are acti-
vated in individuals with VKC. These B cells may be
responsible for the IgE production associated with VKC
[21]. A direct activation of allergen-specific T cells by
T cell peptides or direct activation of DCs bearing high-
affinity receptors for IgE may be alternate pathways for
initiating an allergic reaction in patients with or without
evidence of specific IgE sensitization. In fact, specific IgE
sensitization is identified in only 50% of patients [6, 23],
suggesting that non-IgE-mediated pathways may be pres-
ent in VKC. It is still unclear why disease incidence
changes with age and in different geographical regions.
The risk of disease may be influenced by genetic suscepti-
bility factors, some of which affect the immune response,
e.g., polymorphisms of the FceR1 and IL-4R genes [24].
We have shown recently that the number of DCs express-
ing the FceRIg chain is increased and predominant in the
substantia propria of the conjunctiva of VKC patients
[25]. This increased expression of the receptor is likely to
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increase the ability of DCs to capture and subsequently
process antigens for presentation to CD4+ T cells, thereby
initiating the immune cascade.

It is still unknown why one subject becomes allergic
and one is tolerant to the same allergen. Nonatopic sub-
jects usually develop alow-grade immunological response
to aeroallergens with the production of allergen-specific
IgG1 antibodies and in vitro, a modest T cell proliferative
response to allergens with the production of IFNY, typical
of Thl cells. Nonatopics also appear to have a normal
T-regulatory cell response [26]. In contrast, allergic sub-
jects mount an exaggerated allergen-specific IgE response
with elevated serum levels of IgE antibodies and positive
skin tests to extracts of common aeroallergens. In fact, T
cells derived from allergic subjects and grown in vitro
proliferate in the presence of specific allergens, respond-
ing with the production of typical Th2-type cytokines,
IL-4, IL-5, and IL-13 [27]. This may be the result of an
inappropriate balance between allergen activation of reg-
ulatory T cells and effector Th2 cells.

The major driving force that polarizes CD4+ T cells to
the Th2 phenotype is IL-4, whereas IL-12 favors a Thl
response. However, many other cytokines, chemokines,
and mediators with potential relevance to allergy and
allergic conjunctivitis, including histamine and histamine
receptors, have been described since this initial definition
of the Th1/Th2 paradigm. This may explain the disap-
pointing results of single cytokine-directed therapy that
have been recently observed in cases of allergy.

It has become evident that regulatory T cells (Treg)
play a suppressive role in the development of allergy and
that modulation of Treg function may be a possible ther-
apy for allergic patients. However, the role of Treg and
regulatory cytokines such as IL-10 and TGF in ocular
allergy is still unclear [28]. It has been shown that IL-10
and TGFf do not have immunosuppressive roles in the
development of experimentally induced allergic con-
junctivitis [29]. Moreover, these two cytokines increase
the infiltration of eosinophils into the conjunctiva during
the effector phase of experimentally induced allergic
conjunctivitis.

8.5.3 Allergic Inflammation

Inflammatory mediators and inhibitors in the tear fluid
have been extensively used in ocular allergy to find either
a “disease marker;” to better understand the immune
mechanisms involved in the ocular surface inflammation,
or to identify potential targets for therapeutic interven-
tions. The presence of Th2 cells and Th2-type cytokines
has been proven and confirmed in several studies.

8 Allergic Disease of the Conjunctiva and Cornea

However, during the active inflammatory phase of the
disease, multiple cytokines are overexpressed and pro-
duced [30] including the typical Th1-type cytokine, INFy,
which probably contributes to increasing the ocular
inflammation, similar to what has been shown in animal
models. The presence and distribution of multiple media-
tors, proteases, and angiogenic and growth factors in nor-
mal tears and in those of active VKC patients has been
demonstrated by using a modified microwell plate anti-
body array [31].

Massive infiltration of inflammatory cells is typical of
chronic ocular allergy such as VKC, and differentiates
this disease from SAC and PAC. Chemokines such as
IL-8, MCP-1, RANTES, and eotaxin are actively secreted
in VKC and produced by mast cells, macrophages, epi-
thelial cells, and fibroblasts [32].

Several enzymatic systems may be activated in chronic
disease, contributing to cell migration, tissue damage,
and remodeling. Metalloproteases are overexpressed and
activated in VKC [33], and urokinase, an extravascular
fibrinolytic system activator, is highly produced in active
patients and is expressed by inflammatory cells and con-
junctival cell cultures exposed to cytokines involved in
allergic inflammation [34]. Moreover, the activity of
alpha-1 antitrypsin (AAT), the archetype of the serine
protease inhibitor, is locally reduced in VKC creating an
imbalance between protease and inhibitors, and facilitat-
ing or prolonging conjunctival inflammation [35]. In fact,
tear trypsin inhibitory capacity is reduced, whereas tear
MMP-1 and -9 activity is increased.

Multiple mediators, cytokines, chemokines, receptors,
proteases, growth factors, intracellular signals, regulatory
and inhibitory pathways, and other unknown factors and
pathways are differently expressed, ultimately resulting in
the many clinical manifestations of ocular allergic dis-
ease. A better understanding of the mechanisms involved
in ocular surface immunity is necessary for identifying
new classification criteria and new therapeutic strategies.

Summary for the Clinician

© Genetic and environmental influences deter-
mine IgE-mediated hypersensitivity.

1 IgE/mast cell-dependent reactions are the basic
mechanism in ocular allergy.

= There is a central role of Th2 cells in the allergic
response.

= Th2 cells and Th2-type cytokines are involved in
the pathological changes associated with chronic
allergic disease.




8.6.1 Corneal Immunology

The normal cornea is devoid of both blood and lymphatic
vessels and actively maintains this avascularity. This so-
called corneal “angiogenic privilege” is important for cor-
neal transparency and vision. The cornea does not respond
to environmental allergens and does not undergo inflam-
mation in normal conditions. The absence of mast cells and
vessels is the anatomical condition that renders the cornea
nonresponsive to IgE-mediated (type I) ocular reactions.

From an immunologic point of view, the normal avas-
cularity of the cornea contributes to maintaining an
immune-privileged site. Corneal APCs were thought to
reside exclusively in the peripheral cornea; however, recent
evidence demonstrates that the central cornea is endowed
with a heterogeneous population of bone marrow-derived
cells, including epithelial LCs and anterior stromal DCs,
which under certain conditions can function as APCs
[36]. While the corneal periphery contains mature and
immature resident bone marrow-derived DCs, the cen-
tral cornea is endowed exclusively with highly immature/
precursor-type DCs. During inflammation, a majority of
resident DCs undergo maturation by acquiring high
expression of MHC class II antigens and B7 (CD80/
CD86) and CD40 costimulatory molecules [37]. These
data revise the tenet that the cornea is immune privileged
due to a lack of resident lymphoreticular cells per se, but
suggest that the cornea is capable of actively participating
in the immune response to foreign antigens and autoanti-
gens, rather than being a passive bystander.

After allergic sensitization in an animal model, the cor-
nea appears normal in terms of its APC and lymphatic con-
tent. The etiology of the keratopathy of chronic allergic eye
disease is not known but may result from the release of toxic
mediators from mast cells, eosinophils, and neutrophils in
the inflamed conjunctiva. A histopathological study showed
that patients with chronic allergic conjunctivitis with ker-
atopathy have higher cell numbers in their conjunctiva than
patients with no keratopathy, especially those staining for
eosinophil cationic protein in the tarsal epithelium [38]. The
role of APC in the development of allergic keratopathy is
not known. It is also not clear why the cornea is not involved
in IgE-mediated SAC and PAC but only in VKC and AKC.

8.6.2 Allergic Inflammation
and Corneal Damage

During the ocular inflammatory process, allergic media-
tors are released onto the ocular surface and into the
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tear film, causing a wide range of corneal clinical
manifestations.

Inflammatory cells, cytokines, and chemokines liber-
ated from eosinophils, T helper type 2 (Th2) cells, and
tear film instability may act concomitantly in the patho-
genesis of shield ulcer. Eosinophils and eosinophil-
derived major basic (MBP) and cationic protein (ECP),
neurotoxins, and collagenases, in particular MMP-9, have
been shown to damage the corneal epithelium and base-
ment membrane [33, 39, 40].

In separate studies, tear levels of ECP, IL-5, and
eotaxin-1, which contribute to eosinophil recruitment
and activation, have been shown to correlate with the cor-
neal clinical involvement in VKC [41].

The fact that human corneal keratocytes and con-
junctival fibroblasts, but not epithelial cells, are capable
of producing eotaxin by stimulation with IL-4 and
TNFa suggests that eotaxin production in keratocytes
may play an important role in eosinophil recruitment to
corneal ulcers in allergic ocular disease [32, 41]. Thus
eotaxin production by keratocytes, the increased pro-
duction of cytokines on the ocular surface in the course
of severe ocular allergies, and the increased expression
of adhesion molecules by corneal epithelial cells stimu-
lated by IL-4 and TNFa are all responsible for the cor-
neal involvement observed in the most severe allergic
ocular diseases.

8.6.3 Tear Instability and Corneal Involvement

Chronic ocular allergies may be associated with tear
film instability, goblet cell loss and conjunctival
squamous metaplasia. Goblet cell-derived mucine
(MUC5AC) downregulation with upregulation of
MUCGs 1, 2, 4, and 16 mRNA expression has been shown
in atopic eyes with allergic shield corneal ulcers com-
pared with eyes without ulcers and eyes of control sub-
jects [42-44]. These findings suggest that the presence
of ocular surface inflammation, tear instability,
decreased corneal sensitivity, and changes in conjuncti-
val MUCs mRNA expression are important in the
pathogenesis of atopic ocular surface disease. In partic-
ular, MUCI16 upregulation, which is involved in the
protection of the ocular surface epithelia, could be a
manifestation of an ocular surface defense response that
compensates for the ailing ocular surface health result-
ing from the decrease in MUC5AC [44]. Persistence of
inflammation and further decline of expression of the
major ocular surface mucin, MUC5AC, may stimulate
upregulation of other epithelial mucins such as MUC16
to protect the ocular surface [44].
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8.6.4 Corneal Clinical Manifestations
in Ocular Allergy

Manifestations of corneal involvement among patients
with VKC and AKC vary from Tranta’s dots, superficial
punctuate keratitis, shield ulcer, corneal plaque, corneal
neovascularization, lipid infiltration, bacterial or fungal
keratitis, KC, hydrops, pseudogerontoxon, and corneal
opacification (Figs. 8.2 and 8.3). Punctate epithelial kera-
titis may coalesce to form an obvious corneal epithelial
defect, known as shield ulcer, leaving the Bowman’s layer
intact. If left untreated, a plaque containing fibrin and
mucus is deposited over the epithelial defect. Shield ulcers
without plaque formation usually undergo rapid reepi-
thelization, resulting in excellent visual outcome, how-
ever, patients with shield ulcers and visible plaque
formation have delayed reepithelization. Tear film insta-
bility seen in the later stages of VKC adversely affects the
reepithelization of shield ulcer.

Cameron classified shield ulcers on the basis of their
clinical characteristics, response to treatment and com-
plications [45]: Grade 1, shield ulcer with a clear base;
these have a favorable outcome and reepithelization with
mild scarring. Grade 2, ulcers with visible inflammatory
debris at the base; such ulcers are prone to complications
and exhibit delayed reepithelization and a poor response
to medical therapy (Fig. 8.4). Grade 3, shield ulcers with
elevated plaques (Fig. 8.5); these respond best to surgical
therapy.

In addition to possible permanent vision loss, the lon-
ger the shield ulcer persists, the greater the likelihood of
sterile ulceration, corneal scars, bacterial keratitis, ambly-
opia, and globe perforation [46].

Fig. 8.4 Grade 2 corneal ulcer in VKC according to Camerun
classification. Note the absence of epithelium, the presence of
debris at the base of the ulcer, and the opacification of the
Bowman layer
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Fig. 8.5 Grade 3 corneal plaque in a VKC patient, according to
Camerun classification

8.6.5 Confocal Microscopy and Allergic
Keratoconjunctivitis

Confocal microscopy may be useful for elucidating the
alterations of corneal morphology in allergic keratocon-
junctivitis. Corneal disease in AKC has been associated
with significant alterations of the basal epithelium, and
subbasal and stromal corneal nerves, which relate to
changes in tear function and corneal sensitivity [47]. The
significantly lower number and density of subbasal long
nerve fibers (LNF) and the total number of long nerves
and their nerve branches (NB) may explain the lower cor-
neal sensation observed in eyes with AKC [47]. In the
stoma, thicker stromal nerves (probably due to edema and
increased metabolic activity) with deflection and bifurca-
tion abnormalities may be observed, indicating that the
cornea attempts to regenerate and reconstitute a diseased
stromal milieu when there is persistent ocular inflamma-
tion (Figs. 8.6 and 8.7). Corneal nerves have been shown
to harbor neuropeptides and neurotransmitters such as
calcitonin gene-related peptide and substance P with neu-
rotrophic properties on corneal epithelium [48]. Altered
expression of neurotransmitters, neuropeptides, and neu-
roreceptors has been demonstrated in VKC [49]. These
abnormalities support the concept that corneal nerves
exert a trophic effect on the corneal epithelium and that
the loss of the trophic effect may lead to epithelial altera-
tions that are frequently seen on the ocular surface by vital
staining in the course of allergic keratoconjunctivitis.
Confocal microscopic observations also show that
inflammatory cells are sometimes attached to the stromal
nerves and that there are also numerous keratocytes close
to the nerves (Figs. 8.6 and 8.7). Inflammatory cells have
in fact been found in the superficial layer of the corneal
stroma in AKC and VKC ulcers [39]. Keratocytes are
known to be activated in states of corneal inflammation



Fig. 8.6 Activated keratocytes, abnormal particles, and nerves
in the anterior stroma of a VKC patient previously affected by
corneal ulcer (Confoscan4, Nidek)

Fig. 8.7 Thick corneal stromal nerve with deflection and bifur-
cation abnormalities in the same patient of Fig. 8.6 (Confoscan4,
Nidek)

and repair. Activated keratocytes can be seen in the cor-
neal stroma of both AKC and VKC patients. They may
overexpress nerve growth factors, which induce hyper-
trophy of the peripheral nervous system.

Loss of corneal epithelial trophism, decline in cellular
functions, alteration of ocular surface mucin expressions,
modification in the subbasal nerve plexus, modified cor-
neal nerves, and increased expression and production of
epitheliotoxic factors may explain some of the signs and
symptoms and the hypersensitivity typical of patients
affected by allergic keratoconjunctivitis.

8.6.6 Keratoconus and Allergic Conjunctivitis

The hypothesis that allergy, itch, and rubbing are relevant to
the pathogenesis of KC is still unclear. The association
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between atopy and KC was first reported in 1937 [50] and
this has been subsequently confirmed and contradicted [51,
52]. It was reported that there was no statistically significant
difference between the group of KC patients and the control
group with respect to the presence of atopy. Nevertheless, it
has been reported that, in a healthy population, 3% of sub-
jects had eczema, whereas in patients with KC, 32% of
patients had eczema and itchy eyes [53]. In another study,
the prevalence of asthma in the control group was 1%,
whereas it was 17.9% in KC patients [54]. In a recent cohort
study, asthma, eczema, and hay fever were associated to KC
in 23, 14, and 30%, respectively [55], and 48% reported sig-
nificant eye rubbing. It has also been reported that, in KC
patients with atopy, the progression of KC takes place more
rapidly, the need for keratoplasty surgery appears earlier,
and that both refractive and immunologic complications
are seen more frequently [56]. These findings have led to the
concern of whether atopic KC patients should be evaluated
as a separate entity in KC disease.

Children with VKC have a high incidence of KC if inves-
tigated by videokeratographic maps and have more abnor-
mal topography patterns than expected compared with
normal eyes [57]. A recent study showed that atopic KC
eyes have steeper cones that appear to be thinner centrally,
and both the thinnest point on the cornea and the cone are
more peripherally located [58]. In a separate study, unlike
in axial curvature maps, most apices in elevation maps were
clustered in the inferotemporal quadrant [59]. Corneal
topography characteristics in keratoconal eyes with atopy
are different from those in keratoconal eyes without atopy;
thus, atopic KC patients may indeed be a separate entity in
this disease. The clinical approach to patients with KC and
some form of allergy has not been standardized.

Central corneal thinning may result from corneal
stromal cell apoptosis or be induced or perpetuated by
the activation of matrix degrading enzymes, particularly
members of the matrix metalloproteinase (MMP) family
and decreased proteinase inhibitors [60-62]. Moreover,
IL-6, TNF-0, and MMP-9 are overexpressed in the tears
of patients with KC, indicating that the pathogenesis of
KC may involve chronic inflammatory events [63].
Increased expression and activity of inflammatory cytok-
ines and MMPs is typical of allergic conjunctivitis patients
[33]; however, no comparison on the expression of these
factors in allergic conjunctivitis patients with and without
KC has been reported.

8.6.7 Keratoglobus

Keratoglobus is characterized by global corneal thinning
and ectasia of the cornea and has been reported in patients
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with VKC [64]. Severe microbial keratitis in a patient
with corneal hydrops in keratoglobus-associated VKC
and atopic dermatitis has been described [65]. This rare
comorbidity can impair corneal integrity and immunity
and may allow for rapid penetration of infectious organ-
isms. These patients are at high risk for developing a
severe sight-threatening ocular infection that may
respond poorly to intensive medical management.

8.6.8 Allergic Keratoconjunctivitis
and Corneal Infection

Viral infections and allergy are linked in different ways.
According to the “hygiene hypothesis,” viral infections in
the prenatal period or early childhood could prevent
development of atopy by stimulating the Th-1 response
and inhibiting the Th-2 immune response; however,
acute viral infections are well known to exacerbate estab-
lished allergic diseases, such as bronchial asthma, airway
hyper-responsiveness, and atopic dermatitis. For exam-
ple, respiratory syncytial virus (RSV) and chylamydial
infection may be pathogenic factors in allergic diseases.
However, a direct association between RSV or chylamyd-
ial infection and ongoing inflammation was not con-
firmed in VKC [66].

Although it is known that patients with atopic derma-
titis are more susceptible to herpes simplex virus (HSV)
infections that may involve the eye, the relationship
between allergic eye disease and ocular herpetic disease is
not well established. In a recent study, the age and gender
adjusted relative risk of allergic vs. nonallergic patients to
suffer a herpes event was higher in allergic patients. When
stratified by age, the risk for HSV infections among aller-
gic patients was significantly higher in all age groups [67].
This suggests that local allergic and inflammatory exacer-
bation could be the trigger for the herpetic attack. Allergic
patients using topical steroids or cyclosporine need to be
carefully followed since these drugs may trigger herpetic
reactivation.

Bacterial colonization of the lid margins, particularly
in AKC patients, may exacerbate chronic allergic con-
junctivitis by delayed-type hypersensitivity. Long-term
use of topical immunosuppressive drops may cause colo-
nization of the lid margins by S. aureus, which can then
induce superinfection of the cornea. Vernal corneal
plaques are usually not complicated by infections; how-
ever, association with viral and bacterial keratoconjuncti-
vitis has been reported [68, 69]. Though rare, fungal
keratitis associated with shield ulcer may be observed in
patients with VKC [70, 71]. Prompt diagnosis and treat-
ment may prevent permanent complications and vision
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loss and should be considered in the differential diagnosis
of infections associated with VKC.

Summary for the Clinician

= Corneal involvement is typical of VKC and
AKC.

= Ocular allergies may be associated with tear film
instability.

= Severe inflammationis more frequently associ-
ated with corneal complications.

m KC is frequently associated with atopy.

= KC and allergy may share some of multiple fac-
tors necessary for their expression.

i Excessive eye rubbing and KC are associated.

= Infections can rarely complicate corneal inflam-
mation in VKC and AKC.

8.6.9 Allergy and Corneal Transplant

8.6.9.1 Immunology

Allergic conjunctivitis is important in the context of
corneal transplantation for two reasons [72]. First, it is
the most prevalent form of ocular inflammation, in gen-
eral, and may actually be overrepresented in corneal
transplant patients, given the association between aller-
gic eye disease and KC. Second, atopy is associated with
a skewing of the T helper cell immune responses toward
Th2 [73]. Traditionally, allograft rejection has been
thought to be a Thl-mediated process; however, Th2
and Thl cells crossregulate each other. It has been
hypothesized that by enhancing the Th2 response, the
Th1 response would be attenuated and graft tolerance
would be achieved [74]. However, the notion that Th2
immune responses might be deleterious rather than
beneficial for corneal survival after transplant is sup-
ported by clinical observations, indicating that patients
with severe ocular allergies are at a higher risk of cor-
neal transplant rejection [75, 76].

Animal model studies on corneal graft mechanisms
[72, 73, 77] demonstrate that: (1) atopic conjunctivitis
promotes systemic Th2 immune responses to the alloan-
tigens expressed on the corneal allograft; (2) corneal
allografts transplanted to atopic hosts experience an
increased incidence and a swifter time of rejection; (3)
increased rejection is closely correlated with systemic Th2
cell-mediated responses to donor alloantigens and not
local allergic inflammation; and (4) corneal allograft



rejection in atopic hosts does not require the direct
involvement of infiltrating eosinophils.

Graft infiltration by eosinophils has been described in
rejected human allografts in patients with allergic con-
junctivitis [76]. Although graft-infiltrating eosinophils
were seen exclusively in allergic conjunctivitis, their abso-
lute number is less than those of CD4 cells, CD8 cells, or
macrophages. Eosinophils, as effector cells, may contrib-
ute to the accelerated rate of rejection seen after periop-
erative allergic conjunctivitis.

In addition, topical treatment with antihistamines did
not prevent exacerbation of corneal allograft rejection
associated with pollen conjunctivitis in an animal model
[77]. The latter finding is consistent with the proposition
that exacerbation of corneal allograft rejection in hosts
expressing allergic conjunctivitis is due to a systemic Th2
immune response to donor histocompatibility antigens
and not simply a nonspecific local effect produced by an
inflamed eye. It is not clear if allergic inflammation in the
perioperative period alone is sufficient to shorten graft
survival. It is possible that allergen-induced conjunctival
inflammation, immediately after transplantation, may
influence the afferent and efferent limb of the allogeneic
response. In avascular recipient corneas, the indirect
route of alloantigen presentation is thought to be pre-
dominant, with APCs migrating to the graft from recipi-
ent conjunctiva and limbus. It may be that phenotypic or
functional alterations in conjunctival APC in allergy alter
the afferent component of the rejection response [72].

8.6.9.2 C(linical Outcomes

Several studies have shown that penetrating keratoplasty
in eyes with KC and VKC has an excellent visual outcome
and low complication rate. Graft rejection episodes
occurred in 13.3% eyes, with irreversible graft failure
occurring in 4.4% eyes. Bacterial keratitis occurred in
7.7% eyes, 2.2% of which developed irreversible graft fail-
ure [78]. In another report, the clinical outcome of PKP
in eyes with KC and VKC was comparable to that in eyes
with KC alone. However, because complications such as
prematurely loosened sutures and steroid-induced cata-
ract were more common in the coexistence of VKC, closer
monitoring in these cases was recommended [79].
Recently, the 5-year graft survival was shown to be 97
and 95% in eyes with or without VKC, respectively, with
no statistically significant differences in Kaplan-Meier
graft survival and in postoperative complications between
the 2 groups [80]. Postkeratoplasty atopic sclerokeratitis
(PKAS) is a potentially severe complication in atopic
patients undergoing keratoplasty [81, 82]. PKAS may
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develop within 1-4 weeks of keratoplasty, with acute
onset characterized by discomfort, photophobia, hypere-
mia, and mucus production. Early loosening of sutures,
wound leakage, microbial keratitis and graft rejection are
early complications in these patients. Preoperative atopic
blepharitis and corneal neovascularization were identi-
fied as risk factors for PKAS. Principal recommendations
for these patients include the use of interrupted sutures
and early immunosuppression with high-dose oral ste-
roids at the onset of the inflammatory condition, together
with control of risk factors for microbial keratitis. Systemic
immunosuppression should be considered before PK in
patients with active atopic blepharitis and corneal neo-
vascularization [83, 84].

Summary for the Clinician

= Allergic conjunctivitis is a very important con-
sideration in corneal transplantation.

= Conjunctival inflammation is an important fac-
tor in accelerating rejection.

i Sclerokeratitis is a potentially severe complication
in atopic patients undergoing keratoplasty.

The most common diseases, SAC and PAC, are classic

IgE-mediated disorders, in which the therapeutic focus
is mostly confined to the local suppression of mast cells,
their degranulation and the effects of histamine and
other mast cell-derived mediators using topical drugs.
Conversely, severe chronic disorders such as VKC and
AKC are both IgE- and T cell-mediated, leading to a
chronic inflammation in which eosinophil, lymphocyte,
and structural cell activation characterizes the conjunc-
tival allergic reaction. In these cases, stabilization of
mast cells and histamine or other mediator receptor
antagonists is frequently insufficient for control of con-
junctival inflammation and the frequent corneal
involvement.

Currently available topical drugs for allergic conjunc-
tivitis belong to different pharmacological classes
(Table 8.4): vasoconstrictors, antihistamines, mast cell
stabilizers, “dual-acting” agents (with antihistaminic and
mast cell stabilizing properties), and nonsteroidal antiin-
flammatory agents. Corticosteroids are usually not
needed in SAC and PAC, and have potentially important
side effects if used for periods longer than occasional
short cycles to control severe recurrences, if any.
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Table 8.4 Topical ocular allergy medications

Rapid onset of action
SAC, Episodic conjunctivitis

Rapid onset of action

Relief of itching

Relief of signs/symptoms
SAC, PAC, AKC, VKC, GPC
Relief of signs and symptoms
SAC, PAC, AKC, VKC, GPC

Treatment of signs and
symptoms of SAC

Rapid onset of action

Long duration of action

Excellent comfort

SAC, PAC, AKC, VKC, GPC

Treatment of allergic
inflammation

Use in severe forms of allergies

(PAC) AKC, VKC

Short duration of action
Tachyphylaxis
Mydriasis
Ocular irritation
Hypersensitivity
Hypertension
Potential for inappropriate
patient use
Short duration
of action

Long-term usage
Slow onset of action
Prophylactic dosing

Bitter taste (azelastine)

No reported serious side
effects

Olopatadine once a day

Risk for long-term side
effects
No mast cell stabilization

Potential for inappropriate

Vasoconstrictor/ Naphazoline/
antihistamine pheniramine
combinations

Antihistamines Levocabastine

Emedastine

Mast cell stabilizers Cromolyn

Nedocromil
Lodoxamide
NAAGA
Pemirolast

Antihistamine/ Azelastine
mast cell stabilizers Epinastine

(dual-acting) Ketotifen

Olopatadine

Corticosteroids Loteprednol

Fluormetholone
Desonide
Rimexolone
Dexamethasone

8.7.1 Nonpharmacological Management

The first treatment of ocular allergy should be avoidance
of the offending allergens. This can be achieved usually
for indoor, professional, or food allergens. Thus, the
identification of allergens by skin or blood testing is neces-
sary to allow for avoidance of precipitating factors.
Nonpharmacologic treatments include tear substitutes and
lid hygiene for the washing out of allergens and mediators
from the ocular surface, and cold compresses for deconges-
tion. Patients should be informed of the duration of the
disease based on allergen diffusion and exposure.

8.7.2 Treatment of Allergic Conjunctivitis

Treatment of SAC and PAC includes topical ocular phar-
macologic treatment, topical ocular nonpharmacologic

patient use
Requires close monitoring

treatments, topical nonocular pharmacologic treatment
(see earlier), systemic pharmacologic treatments, and
immunotherapy.

8.7.2.1 Topical Ocular Pharmacological Treatment

Topical treatment is the first line of pharmacological
treatment of allergic conjunctivitis. Decongestant/
vasoconstrictorsarealpha-adrenergicagonistsapproved
topically for relief of conjunctival redness. They have
little place in the pharmacological treatment of
SAC and PAC except for the immediate removal of
injection for cosmetic reasons, but do have an adverse
effect profile locally (glaucoma) and systemically
(hypertension).

Topical antihistamines are H, receptor competitive
antagonists of varying specificity, potency, and duration of



action. The first generation antihistamines, pheniramine,
and antazoline, are still available in over the counter prod-
ucts, particularly, in association with vasoconstrictors.
The newer antihistamines have a longer duration of
action (4-6 h) and are better tolerated than their prede-
cessors [85]. These include levocabastine hydrochloride
and emedastine difumarate. Both drugs are effective and
well tolerated also in pediatric subjects with allergic
conjunctivitis.

Mast cell stabilizers inhibit degranulation by inter-
rupting the normal chain of intracellular signals result-
ing from the cross-linking and activation of the
high-affinity IgE receptor (FceRI) by allergen [86]. These
drugs inhibit the release of histamine and other pre-
formed mediators and the arachidonic acid cascade of
mediator synthesis. Several mast cell stabilizers are
available for use in the eye: cromolyn sodium 4%, nedo-
cromil sodium 2%, lodoxamide tromethamine ophthal-
mic solution 0.1%, spaglumic acid 4%, and pemirolast
potassium ophthalmic solution 0.1%. These drugs are
approved for the treatment of allergic conjunctivitis,
VKC and GPC with four times daily dosing regimen.
Both mast cell stabilizers and antihistamines have a
good safety profile and may be used in treating seasonal
and PAC.

The antihistamines, azelastine, epinastine, ketotifen,
and olopatadine, which have mast cell stabilizing and
additional antiinflammatory properties (called “double
or multiple action”), are presently available and show evi-
dent benefits in treating all forms of ocular allergy. The
advantage offered by these molecules is the rapidity of
symptomatic relief given by immediate histamine recep-
tor antagonism, which alleviates itching and redness,
coupled with the long-term disease-modifying benefit of
mast cell stabilization [87]. All these medications are well
tolerated and none are associated with significant acute
ocular drying effects [88]. The use of nonsteroidal anti
inflammatory drugs (NSAIDS) can be considered, in
some cases, for a short period of time, but have limited
efficacy on ocular pruritus.

Corticosteroid formulations (including the so called
“soft steroids”) should be reserved for and carefully
used only in the most severe cases that are refractive to
other types of medications. Corticosteroids do not
directly stabilize immune cell membranes and do not
inhibit histamine release; however, they may modulate
the mast cell response by inhibiting cytokine produc-
tion and inflammatory cell recruitment and activation.
Thus, they are not the ideal therapy choice for inhibit-
ing the acute allergic reaction, however, clinically, are
the most effective antiinflammatory agents in active
ocular allergy. Fluorometholone, medrysone, lotepred-
nol, rimexolone, and desonide, called “soft” steroids, are
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considered to be those of choice when a mild, weakly
penetrating drug is needed.

8.7.2.2 Topical Nonocular Pharmacological
Treatment

The efficacy of intranasal corticosteroids in treating aller-
gic nasal symptoms is well established. Recent data show
a promising effect of intranasal corticosteroids on ocular
symptoms of allergic rhinoconjunctivitis [89]. In SAC
and PAC associated with allergic rhinitis, topical nasal
steroids (and particularly new molecules with low sys-
temic bioavailability, such as mometasone furoate and
fluticasone furoate) have been shown to control the
nasal-ocular reflex component of eye symptoms without
increasing the risk of cataracts or of an increased ocular
pressure. In fact, intranasal corticosteroids are considered
safe due to their low systemic bioavailability. Analysis of
an intranasal corticosteroid on individual ocular symp-
toms supported the positive impact of mometasone
furoate on ocular symptoms [90]. Mometasone improved
individual symptoms (eye itching, tearing, and redness)
and subject-reported total ocular symptom scores
compared with placebo, in addition to its established effi-
cacy in reducing nasal symptoms of seasonal allergic
rhinitis [90].

8.7.2.3 Systemic Pharmacological
Treatment

Systemic antihistamines should be used in patients with
concomitant major nonocular allergic manifestations.
In fact, allergic rhinoconjunctivitis is an equally frequent
condition generally treated with systemic antihistamines
that have been proven effective in relieving nasal and
conjunctival signs and symptoms [85]. When allergic
symptoms are isolated, focused therapy with topical
(ophthalmic) antihistamines is often efficacious and
clearly superior to systemic antihistamines, either as
monotherapy or in conjunction with an oral or intrana-
sal agent. First-generation H1 receptor antagonists may
provide some relief of ocular itching, but are sedating
and have anticholinergic effects such as dry mouth, dry
eye, blurred vision, and urinary retention. Second-
generation antihistamines offer the same efficacy as their
predecessors, but with a low-sedating profile and lack of
anticholinergic activity. These drugs include acrivastine,
cetirizine, ebastine, fexofenadine, loratadine, and mizo-
lastine. However, even their use has been associated with
drying effects, particularly of the ocular surface [85].
Desloratadine and levocetirizine are considered a subse-
quent evolution of these second generation agents.
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8.7.2.4 Specific Inmunotherapy

Allergen-specific immunotherapy (SIT) is indicated only
when a clearly defined systemic hypersensitivity to iden-
tified allergens exists. The choice of the allergen to be
employed for SIT should be made in accordance with the
combination of clinical history and results of skin prick
test. SIT is one of the cornerstones of allergic rhinocon-
junctivitis treatment. Since the development of noninva-
sive formulations with better safety profiles, there is an
increasing tendency to prescribe immunotherapy in
youngsters. In these cases, sublingual immunotherapy
(SLIT), which is better tolerated in children [91], can be
considered since it is equally effective as traditional sub-
cutaneous injections. Since the approval of SLIT by the
World Health Organization in 1988, the efficacy and
safety of SLIT have been confirmed in several new dou-
ble-blind, placebo-controlled studies for mono-sensitized
patients who are allergic to house dust mites, grass pol-
lens, ragweed, and birch pollen. Documented immuno-
logic responses to SLIT have included decreased serum
eosinophilic cationic protein and interleukin 13 (IL-13)
levels, an elevation in IL-12 levels, a reduction in late-
phase responses, and increases in IgG4/IgE ratios [91].
However, successful treatment requires at least 2 years of
therapy and adjustment of tolerated doses during the pol-
len season.

SLIT and treatment with anti-IgE antibody may be
complementary approaches to treating allergic rhinocon-
junctivitis, which may be used for single or combined
treatment [92].

8.7.3 Treatment of GPC

Prevention is the most important management step in
GPC. This involves prescription of the appropriate lens
type and edge design, and education on strict lens
hygiene. Enzymatic cleaning of the lens is essential in
minimizing the accumulation of lens coatings and
removing protein build-up. The most essential treatment
of early stage GPC is removal of the device that is caus-
ing the condition. In fact, patients are asymptomatic
several days after discontinuation or removal of the con-
tact lens, device, or suture. Reinitiation of lens wear with
a clean lens, or lens of a different type or design may be
attempted within days of symptom resolution. Mild
GPC symptoms may be alleviated by mast cell stabilizers
or antihistamine agents. Tear substitutes can be used to
minimize conjunctival trauma.
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8.7.4 Treatment of Vernal
Keratoconjunctivitis

Treatment of VKC requires a multiple approach that
includes conservative measures and the use of drugs.
Patients and parents should be made aware of the long
duration of disease, its chronic evolution, and possible
complications. The potential benefits of frequent hand
and face washing along with avoiding eye rubbing have to
be emphasized. Exposure to nonspecific triggering fac-
tors such as sun, wind, and salt water should be avoided.
The use of sunglasses, hats with visors, and swimming
goggles are recommended.

The use of drugs should be well planned in patients
with a history of the disease. Mast cell stabilizers,
including disodium cromoglycate, nedocromil, spaglu-
mic acid and lodoxamide, and topical antihistamines
are initially used and continued at a decreasing fre-
quency if effective. Newer topical formulations with
combined mast cell stabilizing properties and hista-
mine receptor antagonist, such as olopatadine and
ketotifen, may be more effective. Nonsteroidal antiin-
flammatory drugs such as ketorolac, diclofenac, and
pranoprofen may be considered as steroid-sparing
options. However, these drugs should be used for a lim-
ited period of time only. Oral aspirin at doses of 0.5-1 g/
day may be beneficial. In VKC patients with extraocu-
lar allergies, systemic treatment with oral antihista-
mines or antileukotrienes can reduce the severity of
ocular flare-ups.

8.7.4.1 Corticosteroids

Moderate to severe VKC may require repeated topical
steroid treatment to downregulate conjunctival inflam-
mation. “Soft corticosteroids” such as clobetasone, des-
onide, fluorometholone, loteprednol, and rimexolone
may be considered preferentially as the first corticoster-
oid preparations to be used carefully. A “pulsed” corticos-
teroid treatment is recommended, in addition to the
continuous use of mast cell stabilizers and or topical anti-
histamines. Doses are chosen based on the inflammatory
state. Instillation frequency of 4 times/day for 5-10 days
is recommended. The “harder” corticosteroids formula-
tions of prednisolone, dexamethasone, or betamethasone
have to be used as a second line and as a last resort for the
management of the most severe cases [5]. If a systemic
hypersensitivity to identified allergens exists, SIT may be
considered.



8.7.4.2 Cyclosporine and Other
Immunosuppressive Treatments

Cyclosporine A (CsA) is effective in controlling VKC-
associated ocular inflammation by blocking Th2 lympho-
cyte proliferation and interleukin-2 production. It inhibits
histamine release from mast cells and basophils through
a reduction in interleukin-5 production, and may reduce
eosinophil recruitment and effects on the conjunctiva
and cornea. Cyclosporine is lipophilic and thus must be
dissolved in an alcohol-oil base. Unavailability of a com-
mercial preparation of topical cyclosporine, technical dif-
ficulties in dispensing cyclosporine eye drops, and legal
restrictions in many countries on its topical use preclude
its widespread use in the treatment of VKC.

CsA 1 or 2% emulsion in castor or olive oil can be con-
sidered for treatment of severe VKC and can serve as a
good alternative to steroids [93-97]. Cyclosporine 1%
was reported to be the minimum effective concentration
in the treatment of vernal shield ulcer, with recurrence
observed at lower concentrations [98]. In a randomized,
controlled trial, the effects of 0.05% topical cyclosporine
were similar to placebo in the treatment of VKC [83].
Conversely, in another study, topical CsA 0.05% decreased
the severity of symptoms and clinical signs significantly
after 6 months, and the need for steroids was reduced,
suggesting that CsA at low doses is an effective steroid-
sparing agent in severe allergic conjunctivitis [99].
Frequent instillation may be inconvenient but no signifi-
cant side effects of topical cyclosporine, except for a burn-
ing sensation during administration, have been reported.
Thus, topical cyclosporine can control the symptoms of
VKC but further trials are required to establish the opti-
mal concentration needed to treat the disease.

Short-term, low-dose, topical mitomycin-C 0.01% has
been considered for acute exacerbation periods of patients
with severe VKC refractory to conventional treatment. A
significant decrease in signs and symptoms compared
with the placebo group was shown at the end of the 2
week treatment period [100]. Nevertheless, mitomycin-C
is not approved for treatment of VKC.

Tacrolimus is a potent drug similar to cyclosporine in
its mode of action, but chemically distinct. A skin oint-
ment of tacrolimus has recently been licensed for the
treatment of moderate to severe atopic eyelid diseases
[101]. Treated patients may be at increased risk of follicu-
litis, acne, and HSV. A recent study reported great efficacy
of tacrolimus 0.1% ointment in the treatment of severe
VKC patients [102].

Severe cases that do not respond to any of these
topical therapies may require treatment with systemic

8.7 Treatment of Ocular Allergy 115

corticosteroids (prednisone 1 mg/kg a day) for a short
period of time.

8.7.5 Treatment of AKC

The overall management of AKC involves a multidisci-
plinary approach. Identification of allergens by skin or
blood testing is important for preventive measures. Cold
compresses and regular lubrication may provide symp-
tomatic relief. Tear substitutes help remove and reduce
the effects of allergens and the release of mediators, thus
reducing the potential for corneal involvement. Lid
hygiene is essential: it prevents infectious blepharitis,
improving meibomian gland function and tear-film
quality.

Prolonged use of topical antiallergic drugs and mast
cell stabilizers may be required. Topical antihistamines
may be useful for the relief of itching, redness, and
mucous discharge. Topical corticosteroids are effective,
but should be used only when other topical treatments
are not providing sufficient benefits. Brief periods of
intensive topical corticosteroid therapy are often neces-
sary to control the local inflammation in severe cases.
Topical cyclosporine may improve the signs and symp-
toms in steroid-dependent patients, thus reducing the
need for corticosteroids to control the ocular surface
inflammation. Systemic antihistamines are often used to
reduce itching and control widespread inflammation in
patients with active skin involvement. Systemic corticos-
teroids may be necessary in severe cases.

8.7.5.1 Cyclosporine and Other

Immunosuppressive Treatments

Topical CsA 2% is an effective and safe steroid-sparing
agent in AKC and, despite difficulties in patient tolerance,
improves symptoms and signs [103]. The lower dose of
topical CsaA 0.05% seems to be safe and have some effect
in alleviating signs and symptoms of severe AKC refrac-
tory to topical steroid treatment [7]. In a multicentered
randomized controlled trial, 0.05% cyclosporine 6 times
per day followed by 4 times per day was found to be effec-
tive in alleviating the signs and symptoms of AKC [7].
Although cyclosporine in a higher (1%) concentration
has been shown to be more effective, frequent instillations
may compensate for the low concentration of cyclosporine
in the currently available commercial preparations in the
US and South America.

Topical immunomodulators such as tacrolimus have
revolutionized the treatment of atopic dermatitis.
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Application of topical tacrolimus on eyelid skin may be
effective for treatment of severe atopic dermatitis of the eye-
lids, and may have secondary benefits for AKC [101, 104,
105]. Topical tacrolimus can be used for at least 1 year with-
out apparent adverse reaction in some patients, although
possible adverse reaction should be carefully monitored.

Systemic cyclosporine may be an alternative to sys-
temic corticosteroids for treatment of AKC. Atopic der-
matitis patients with and without KC deteriorates graft
prognosis statistically significantly. Systemic cyclosporin
A improves graft prognosis in atopic dermatitis with KC
and the dermatitis as long as the drug is used [84].

In severe cases, systemic treatment with T lymphocyte
signal transduction inhibitors such as cyclosporine or
tacrolimus may ameliorate both the dermatologic and
ocular manifestations in severe patients who are refrac-
tory to conventional treatment [106, 107].

8.7.6 Surgical Treatment of Keratoconjunctivitis

Corneal complications have to be carefully monitored
and antiinflammatory therapy adjusted accordingly.
Secondary microbial infection can be prevented by pre-
scription of antibiotics for a period of 1 week.

Surgical removal of corneal plaques is recommended
to alleviate severe symptoms and to allow for corneal
reepithelization. Giant papillae excision with or without
combined cryotherapy may be indicated in cases of
mechanical pseudoptosis or the presence of coarse giant
papillae and continuous active disease. A combined treat-
ment regime consisting of surgical removal of giant papil-
lae and supratarsal corticosteroid injection followed by
cyclosporine (0.05%) and cromolyn sodium eye drops
applied 5 times daily has been proposed for the treatment
of severe treatment-resistant shield ulcers [108, 109].

Amniotic membrane grafts following keratectomy
have been described as a successful treatment in deep
ulcers, in cases with slight stromal thinning [110, 111].
The amniotic membrane patch may be enough to achieve
epithelization. This procedure prevents the presence of
membrane remains under the epithelium, which can
affect postoperative corneal transparency.

Excimer laser phototherapeutic keratectomy and CO, -
assisted removal of giant papillae have been attempted in
the treatment of shield ulcer with or without plaque
[112].

More invasive procedures such as oral mucosal graft-
ing or supratarsal corticosteroid injections should be
avoided.

8 Allergic Disease of the Conjunctiva and Cornea

Summary for the Clinician

= Make the proper diagnosis.

= Educate on avoidance of the offending allergens.

m Stress the importance of nonpharmacologic
treatments (lubricants, lid hygiene, and cold
compresses).

m Warn against use and abuse of decongestant/
vasoconstrictors, which have little place in the
pharmacological treatment of ocular allergic
disease.

= Recommend systemic antihistamines only in
patients with concomitant major nonocular
allergic manifestations.

= Specific immune therapy is especially indicated
if extra-allergic manifestations are also present.

= Use topical corticosteroid formulations only in
the most severe cases.

= In SAC/PAC associated with allergic rhinitis,
topical nasal steroids should improve the nasal-
ocular reflex.

» Dual acting components are first line in the
treatment of ocular allergy.

= Avoid abuse of steroids.

= Severe diseases must be treated with two or more
drugs.

= Removal of corneal plaques is the only surgical
procedure recommended in cases of corneal
complications.
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Trachoma

Core Messages

m Trachoma is the leading infectious cause of blind-
ness worldwide.

m It is caused by the bacterium Chlamydia tracho-
matis.

m Repeated conjunctival infection produces
scarring, trichiasis, and corneal opacification
(CO).

m Over 40 million people have the active inflamma-
tory stages of the disease, and eight million have
trichiasis.

m Trachoma control is through the implementation
of the SAFE Strategy.

m Trichiasis surgery reduces the risk of corneal
blindness.

m Antibiotics (oral azithromycin or topical tetracy-
cline) are used in mass treatment programs to
control chlamydial infection.

m Face washing and environmental improvements
help to suppress the transmission of the
infection.

Trachoma begins in early childhood with repeated infec-
tion of the conjunctiva by Chlamydia trachomatis, the
causative agent. This triggers recurrent episodes of
chronic conjunctival inflammation (active trachoma).
Conjunctival scarring, which is believed to be immuno-
pathologically mediated, develops progressively over
many years. The scar may contract, pulling the eyelids in
(entropion), resulting in contact between the eyelashes
and the eye (trichiasis). This damages the cornea, and
blinding opacification often follows.

Trachoma is the leading infectious cause of blindness
worldwide. It is a considerable public health problem,
afflicting some of the poorest regions of the globe, pre-
dominantly in sub-Saharan Africa and Asia. In 2003, the
WHO estimated that there were 84 million people having
active trachoma and 7.6 million with sight-threatening
trichiasis requiring surgery [88]. Recent estimates for the
number of blind vary between 1.3 and 3.8 million [33,
60]. The disease prospers in communities with crowded
living conditions and limited hygiene, which favor trans-
mission of C. trachomatis. The impact of blinding

trachoma on the individual is devastating. The corneal
blindness is effectively irreversible as keratoplasty is
rarely an option in endemic countries. Trachoma has
major social and economic consequences for effected
families and communities. Previously healthy productive
adults are rendered dependent on others and are unable
to work or care for themselves, compounding poverty. It
is estimated that trachoma costs up to US$ 8 billion in
lost productivity worldwide every year [34].

The World Health Organization is leading a global
effort to eliminate blinding trachoma through the imple-
mentation of the SAFE strategy. This involves surgery
for trichiasis, antibiotics for infection, facial cleanliness
(hygiene promotion), and environmental improvements
to reduce transmission of the organism. This program
has met with some success wherever it has been fully
implemented. However, there are significant gaps in the
evidence base, and optimal management remains
uncertain.

Trachoma is a disease of antiquity [2]. It was endemic in
ancient Egypt. The Ebers Papyrus, dating from the
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sixteenth century BC, describes the condition and its
treatment; epilation forceps have been found in tombs
from that time. Later, Hippocrates wrote about trachoma
and trichiasis. The name trachoma, from the Greek tra-
chus, meaning rough, was first recorded by Discordes in
Materia Medica in around 60 AD. Arab ophthalmolo-
gists, working in the eighth to fourteenth century AD,
wrote extensively about trachoma; they considered it to
be an infectious disease with acute and chronic manifes-
tations. Treatments included scalp incisions, cauterisa-
tion, and the application of ferrous sulfate. The limited
records from Medieval Europe suggest that trachoma was
widespread, and that epilation was practiced and exotic
ointments prescribed. Trachoma was a major public
health problem in Europe at the beginning of the nine-
teenth century. Many of the major ophthalmic hospitals
of Europe (including Moorfields Eye Hospital, London)
were originally established to care for patients with tra-
choma. The disease gradually declined in Western Europe
during the nineteenth century. This change is attributed
to improvements in living conditions and sanitation
rather than to any specific medical intervention.

9.2.1 Symptoms and Signs

Clinically, trachoma is subdivided into Active (early) and
Cicatricial (late-stage) disease. Active disease is more
commonly found in children. The individual may have
minimal symptoms of ocular irritation and a slight watery
discharge. In more severe cases, there may be photopho-
bia and copious watering. However, it is not uncommon
to find asymptomatic individuals with significant con-
junctival inflammation. Active disease is characterized by
a chronic, recurrent follicular conjunctivitis, most promi-
nently involving the upper tarsal conjunctiva (Fig. 9.1a)
[25]. Follicles are collections of lymphoid cells subjacent
to the conjunctival epithelium. They range from 0.2 to
2 mm in diameter, but only those greater than 0.5 mm are
considered significant in the WHO classification scheme.
Intense cases are characterized by the presence of papil-
lary hypertrophy. When mild, there is engorgement of the
small vessels appearing as small red dots with surround-
ing oedema within the tarsal conjunctiva. In more severe

Fig.9.1 Clinical features of trachoma. (a) Active trachoma in a child, characterized by a mixed papillary (TI) and follicular response
(TF). (b) Tarsal conjunctival scarring (TS). (c) Entropion and trichiasis (TT). (d) Blinding corneal opacification (CO) with entro-
pion and trichiasis (TT)



cases, there is a pronounced inflammatory thickening
and oedema of the conjunctiva that obscures the normal
deep tarsal blood vessels. During an episode of active dis-
ease, the cornea can be affected in a number of ways:
superficial vascular pannus, punctate epithelial keratopa-
thy, superficial infiltrates, swelling of the limbus, and
development of limbal follicles. As the limbal follicles
resolve, they leave characteristic small depressions called
Herbert’s pits.

The cicatricial sequelae of trachoma tend to become
apparent from the third decade of life, although in hyper-
endemic settings trichiasis may be found in children [52].
Individuals with entropion and trichiasis frequently
experience pain as the in-turned lashes rub on the cor-
nea. Tarsal conjunctival scarring (TS) ranges from a few
linear or stellate scars to thick distorting bands of fibrosis
(Fig. 9.1b). Arlts Line is a characteristic feature: a hori-
zontal band of fibrosis running across the tarsal conjunc-
tiva a few millimeters above the lid margin. The fornix
can be shortened, and symblepheron sometimes develop.
Contraction of the scar tissue causes in-turning of the
eyelids (entropion). Trichiasis, the contact between the
eyelashes and the globe, may be a direct result of the
entropion (Fig. 9.1¢c). However, in many cases, the tri-
chiasis may be the result of either misdirected (arising
from the lash-line) or metaplastic lashes (arising from
aberrant positions), in the absence of frank entropion.
Trachomatous corneal opacification (CO) has varying
phenotypes, ranging from a few small opacities in areas
directly traumatized by an in-turned lash, through to
total opacification of the cornea, and sometimes phthisis
bulbi (Fig. 9.1d).

9.2.2 Trachoma Grading Systems

Over the last 80 years, several trachoma grading systems
have been developed. For research purposes, the WHO
published a detailed system, which independently grades
five separate features, each on a four-point scale [25].
However, this system is too detailed for programmatic
purposes; therefore, the essential clinical signs were dis-
tilled down to the Simplified WHO Trachoma Grading
System (Table 9.1) [75]. This is reliable and easy to use,
yielding useful information on the prevalence of active
and cicatricial disease.

9.2.3 Differential Diagnosis

The differential diagnosis of a chronic follicular conjunc-
tivitis includes a number of infections: various viruses
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Table 9.1 The simplified WHO system for the assessment of
trachoma [75]

TF Trachomatous inflammation - follicular:
the presence of five or more follicles
(>0.5 mm) in the upper tarsal
conjunctiva

TI Trachomatous inflammation - intense:
pronounced inflammatory thickening of
the tarsal conjunctiva that obscures more
than half of the deep normal vessels

s Trachomatous scarring: the presence of
scarring in the tarsal conjunctiva

TT Trachomatous trichiasis: at least one lash rubs
on the eyeball
CO Corneal opacity: easily visible corneal

opacity over the pupil

(adenovirus, molluscum contagiosum) and bacteria
(S. aureus and Moraxella). The genital strains (D to K) of
C. trachomatis cause adult inclusion conjunctivitis, char-
acterized by large opalescent follicles. Occasionally,
chronic follicular conjunctivitis is caused by topical
medication.

In endemic regions, the vast majority of upper lid
cicatricial entropion is caused by trachoma. However, a
number of alternative conditions occasionally arise which
have similar features: Stevens-Johnson syndrome (sul-
phonamides are in more frequent use), chemical injury,
mucus membrane pemphigoid, and sarcoidosis. These
are usually readily distinguished by the history.

Summary for the Clinician

= Trachoma has two distinct phases: (1) active dis-
ease and (2) cicatricial disease

I Active disease is characterized by a chronic fol-
licular conjunctivitis

m Cicatricial disease is characterized by a progres-
sion: conjunctival scarring, entropion/trichiasis,
CO

Chlamydia trachomatis is an obligate intracellular bacte-
rium, with 19 different serovars. These are sub-divided
into two biovars; the trachoma biovar (serovars A to K)
and the lymphogranuloma venereum biovar (serovars L1,
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L2,L2a, and L3). Endemic trachoma is caused by serovars
A, B, Ba, and C [77]. Genital chlamydial infection, which
causes pelvic inflammatory disease and infertility, is asso-
ciated with serovars D to K. This tissue tropism is poorly
understood. Some differences between genital and ocular
strains have been identified, with the genital strains main-
taining the capacity to synthesize tryptophan [21]. Recent
studies have demonstrated significant variation in the
virulence of different strains of C. trachomatis, both
in vitro and in animal studies [40].

During the course of its developmental cycle, C. tra-
chomatis has two principle forms: reticulate bodies (RB)
and elementary bodies (EB) [78]. EB are the small
(0.3 um), hardy, metabolically inactive extracellular form
of the organism. Nuclear material is tightly packed with
histone-like proteins. It is in this form that Chlamydiae
are transferred between host cells and organisms. They
have a protective cellular envelope similar to that of
gram-negative bacteria, having both an inner and an
outer membrane with a periplasmic layer in-between,
ensuring osmotic stability in the extracellular environ-
ment. The Major Outer Membrane Protein (MOMP)
accounts for 60% of the surface protein. Variations in
MOMP epitopes define serovar specificity and may be an
important target for the immune response to C. trachoma-
tis. Other surface expressed molecules have been investi-
gated more recently. The Polymorphic Membrane Proteins
have been found to be quite variable and may turn out to
be important in the immune response to the infection
[22]. The chlamydial developmental cycle commences
with the attachment of the EB to the surface of epithelial
cells which triggers endocytosis of the bacteria. Inside the
host cell, the EB transforms into the reticulate body form.
The RB is larger (1 um) than the EB, and they are con-
tained within a peri-nuclear inclusion body. They are met-
abolically active, replicating by binary fission. After some
hours, the newly produced RB transform into EB; nuclear
material is condensed and there is an overall reduction in
size. The newly formed EB are released either by lysis of
the host cell or by the fusion of the inclusion body with the
plasma membrane. In vitro, the chlamydial development
cycle takes between 36 and 70 h to complete.

Summary for the Clinician

= Endemic trachoma is caused by the ocular sero-
vars of Chlamydia trachomatis: A, B, Ba, and C.

m C. trachomatis is an obligate intracellular bacteria
with a biphasic developmental cycle.

The detection of C. trachomatis infection is problem-
atic. Trachoma control programs have to rely on the
clinical signs of disease for diagnosis, as there is cur-
rently no point-of-care test available which is suitable
for use in an operational setting (reliable, rapid, and
cheap). For research studies, it is usually important
to know the individual C. trachomatis infection status,
and various different tests have been used over
the years [69]. Unfortunately, there is no “Gold
Standard” test.

The earliest studies used cytological analysis of con-
junctival smears, usually stained with Giemsa, to dem-
onstrate the chlamydial inclusion body. Whilst this is
specific, it lacks sensitivity. It has the advantage of allow-
ing the adequacy of the specimen to be assessed, and
provides information about the presence of inflamma-
tory cells and bacteria, but requires a skilled microsco-
pist. The sensitivity of microscopy can be increased by
direct immunofluorescence with monoclonal antibodies
to C. trachomatis antigens. C. trachomatis can be grown
in cell culture and then detected by microscopy. Several
systems were developed, and for many years, this was
the reference technique. It is the only method that can
assess the viability of the organism. Although tissue cul-
ture is very specific, it too lacks sensitivity. In addition,
samples have to be handled very carefully. It is expen-
sive, requires sophisticated laboratory equipment, as
well as a high degree of expertise. Enzyme-linked immu-
noassays, which detected chlamydial antigens were pro-
duced commercially. However, these had moderate
sensitivity, and could cross-react with other bacteria,
reducing specificity.

Over the last 15 years, nucleic acid amplification
tests, such as the polymerase chain reaction (PCR),
have become the preferred method for detection of C.
trachomatis. These tests are both highly specific and
sensitive, identifying many more individuals harboring
C. trachomatis in endemic populations than previously
recognized. However, PCR is not practical for routine
use by control programs in endemic countries because
of its cost and complexity. Considerable care needs
to be taken in collecting and processing conjunctival
swab specimens for PCR to avoid contamination, lead-
ing to false positive results. Recently, quantitative real-
time PCR has been used to measure the load of C.
trachomatis infection in members of trachoma-endemic
communities to better define the major reservoirs
of infection and monitor response to treatment
[19, 67, 68].



Summary for the Clinician

= The detection of C. trachomatis infection is prob-
lematic, with no option that is practical for use in
trachoma control programs.

= Several alternatives have been used in research
settings: Microscopy, Culture, ELISA, PCR.

= Currently, nucleic acid amplification tests are
generally preferred.

Trachomatous conjunctival inflammation is believed to
be triggered by Chlamydia trachomatis. However, there is
a complex relationship between disease and infection in
trachoma. Many studies, using a range of tests, have dem-
onstrated a mismatch between clinical signs and detec-
tion of C. trachomatis: active trachoma without detectable
C. trachomatis, and conversely, C. trachomatis detected in
clinically normal individuals [18, 63, 90]. This mismatch
is a significant problem for trachoma control programs,
which rely on signs to guide antibiotic treatment. It also
indicates the importance of the host response in the dis-
ease process.

There are several potential contributory reasons for this
mismatch. Firstly, there may be an “incubation period”
during which infection is present but disease has not yet
developed. Secondly, the resolution of signs of disease lags
behind the resolution of infection, often by many weeks
[35]. The duration of both disease and infection episodes
are modified by age, lasting longer in children. Thirdly, it is
possible that a sub-clinical persistent form of infection
may develop under certain conditions in which the organ-
ism is not replicating, but lies dormant and may not pro-
voke the disease phenotype. Fourthly, the signs of
conjunctival inflammation are not exclusive to trachoma
and could be initiated by other pathogens. Other bacterial
infections have more recently been associated with con-
junctival inflammation in individuals with established
scarring and trichiasis, and may contribute to progressive
disease [15, 20]. Finally, the presence of detectable chla-
mydial antigen or DNA does not necessarily equate to an
established, replicating infection. Tests may be positive as a
result of a transient inoculation of the conjunctiva with
C. trachomatis, following close contact with a heavily
infected individual or the activities of eye seeking flies, or
through cross contamination in the field or the laboratory.

Recently, the relationship between disease and infec-
tion has been explored using quantitative PCR for
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C. trachomatis, to measure the relative load of infection in
members of several trachoma endemic communities [18,
19, 67, 68]. The majority of infected individuals had rela-
tively low infection loads, whilst a smaller number have
high loads. The highest infection loads are usually found
in preschool children, especially those with intense con-
junctival inflammation. Clinically, normal individuals
with detectable C. trachomatis tend to have lower infec-
tion loads.

Summary for the Clinician

= There is a mismatch between the clinical signs of
active trachoma and the detection of C. tracho-
matis infection.

= Clinically, occult infection and persistent disease
without detectable C. trachomatis are frequent.

= This has implications for which members of a
trachoma endemic community should be offered
antibiotic treatment.

9.6.1

Prevalence and Distribution

Trachoma accounts for about 3-4% of global blindness
[60]. This most recent estimate from the WHO suggests
that there are about 1.3 million people blind from tra-
choma (visual acuity less than 3/60), with many more hav-
ing moderate to severe visual impairment. Other recent
estimates have been higher, at around four million blind
people [33]. In 2008, it was estimated that about 40 million
people had active trachoma concurrently, and 8.2 million
had trichiasis [45]. The highest prevalence of trachoma is
reported from Ethiopia and Sudan, where active trachoma
is often found in more than 50% of children under 10
years, and trichiasis is found in up to 5% of adults [10, 51].
Despite the limitations and potential unreliability of the
available data, there does appear to be an encouraging
downward trend in the overall numbers compared to ear-
lier estimates [76]. The global burden of disease from tra-
choma has been variably estimated to be within 1.3-3.6
million Disability-Adjusted Life Years (DALYs) lost annu-
ally [33, 87]. The economic cost has been estimated to be
between US$ 5 billion and US$ 8 billion) [34].

Trachoma is currently endemic in more than 50 coun-
tries worldwide in Sub-Saharan Africa, the Middle East,
South and South-East Asia [53]. In addition, there are
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some isolated pockets in South America and Australia.
Countries in Sub-Saharan Africa carry the greatest bur-
den of trachoma. Here, it is predominantly found in two
broad belts: the first runs across the Sahal from West
Africa to the Horn. The second runs down the Eastern
side of the continent, from Egypt in the north to Tanzania
further south. Ethiopia and Sudan currently report some
of the highest prevalence figures, with active trachoma in
children often greater than 50%, and trichiasis prevalent
in 5% of adults. For many trachoma-endemic countries,
the socio-economic developments that might promote
the disappearance of the disease are likely to be very slow
in arriving, which in the light demographic trends and in
the absence of effective control programs was predicted
to lead to an increase in the amount of trachoma blind-
ness in the absence of an effective control program [62].

9.6.2 Age and Gender

The clinical manifestations of trachoma change with age.
Active disease is most commonly found in young chil-
dren, declining to relatively low levels in adulthood, lead-
ing one author to dub it “the disease of the creche” [70].
However, if adults in endemic communities are examined
frequently enough, they too are found to have episodes of
active disease and infection, albeit brief [5, 35]. In studies
using diagnostic tests, the detection of C. trachomatis
infection has generally paralleled the clinical observa-
tions, with infection being most prevalent in children,
and where the load of infection has been measured, the
highest loads have generally been found in the preschool
children [5, 19, 35, 63, 68]. The prevalence of trachoma-
tous conjunctival scarring increases with age, reflecting
the cumulative nature of the damage from the repeated
episodes of infection and inflammation [27, 84].

Most epidemiological studies have found that signs of
active trachoma tend to be equally prevalent between
male and female children. In contrast, the scarring com-
plications of the disease, including trichiasis and CO are
usually more common in women [27, 84]. About 75% of
trichiasis and corneal blindness cases are in women. This
probably reflects differences in the lifetime exposure of
women to C. trachomatis infection through greater con-
tact with children in most endemic settings [23].

9.6.3 Risk Factors for Active Trachoma
and C. Trachomatis Infection

Individual and community level risk factors for active

trachoma and C. trachomatis infection have been

investigated in numerous epidemiological studies [19, 36,
38, 64, 73, 74]. Understanding the epidemiology is cru-
cial, as it has pointed the way forward in trachoma con-
trol by identifying potential intervention strategies against
the disease (Fig. 9.2). A general conclusion arising from
this work is that the major risk factors are things that
favor the transmission of infection between individuals
within endemic communities.

Central to transmission of C. trachomatis from one per-
son to the next are dirty faces. A dirty face is a common
finding in individuals with active trachoma (usually young
children); they can produce copious amounts of conjuncti-
val discharge [19, 38, 64, 73, 74]. It would seem logical that
this discharge, which is known to contain C. trachomatis, is
the starting point and vehicle for the journey of the organ-
ism from one person to the next. By regular removal of
infected secretions by regular face washing, transmission
may be suppressed. Various factors contribute to whether
or not a child’s face is dirty. The key determinants are: (1)
presence of active trachoma, (2) availability of water for
washing, and (3) how the available water is used. Today,
trachoma is most prevalent in regions that typically have
limited access to water [31]. However, studies have demon-
strated that it is not only how much water enters the house,
but also how it is used that matters [4, 54, 64].

Trachoma epidemiology studies have consistently
demonstrated a high degree of clustering, particularly
within families [6, 18, 41, 84]. Crowded living conditions,
for example, multiple children sleeping in the same bed,
has been also associated with active trachoma and infec-
tion [6, 54]. This suggests that probably most C. trachoma-
tis transmission events occur during close contact between
individuals. It is likely that several different routes of trans-
mission from infected to uninfected individuals exist
(Fig. 9.2): direct spread from eye to eye during close con-
tact (e.g., sharing a bed, during play), spread on fingers,
indirect spread on fomites (e.g., face cloths, bed sheets),
and transmission by eye-seeking flies. There is probably a
combination of these and other modes of transmission
that functions in most environments. Therefore, a variety
of interventions may be necessary to interrupt transmis-
sion. From the trachoma control perspective, clustering is
a problem; it increases the sample size required to accu-
rately estimate the prevalence within a region [41].

Eye-seeking flies are a common feature of life in many
trachoma endemic communities. They constantly buzz
around people, and are particularly attracted to eyes with
peri-ocular secretions. The species accounting for the
majority of contacts in many environments is Musca sor-
bens [29]. These flies, caught whilst leaving the faces of
children, have been shown to carry C. trachomatis by
PCR [47]. They also breed preferentially in the faeces of
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Fig.9.2 Routes and risk factors for transmission of C. trachomatis. There are several potential routes of transmission of C. trachomatis
between an infected person (Person A, red face) and a susceptible uninfected person (Person B, green face), which are indicated by
yellow arrows. Infected individuals frequently have dirty faces associated with ocular secretions; these contain the transmissible form
of C. trachomatis. Various factors probably promote the transmission of infection (contained in ocular secretions), these are identi-
fied in red. Potential interventions to limit transmission are indicated in green (“lightening” arrows)

children [30]. It has been observed for some time that com-
munities, where latrine usage is low, appear to be at higher
risk of trachoma. The “protective” effect of latrines is
thought to work through suppressing the fly population by
depriving them of their favored breeding material, in addi-
tion to reflecting a higher general standard of hygiene.

Summary for the Clinician

m Trachoma accounts for about 4% of global
blindness

n Today, it is largely found in poor rural communi-
ties, in parts of Africa and Asia

= Major risk factors include limited access to water,
poor sanitation, crowded living conditions

Chronic inflammation is a central event in the develop-
ment of scar tissue in many human diseases. The ocular
surface is no exception; inflammation leads to scarring in
conditions such as mucus membrane pemphigoid and
Stevens - Johnson syndrome. Clinically, active trachoma
is characterized by episodes of chronic conjunctivitis. In
children, the median duration has been estimated to be
36 weeks, and in adults, 7 weeks [35]. It seems likely that
this chronic, recurrent inflammatory process results in
the development of conjunctival scarring. Long-term epi-
demiological studies examining the development of scar-
ring have identified a sub-group of people who have
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severe inflammatory trachoma (TI) on repeated exami-
nation. These individuals are at greatest risk of develop-
ing scarring and trichiasis in later life [26, 83, 86].

What is driving inflammation in trachoma? There is a
consensus in the literature that, for the majority of people,
serial reinfection of the conjunctiva by C. trachomatis is
the major stimulant to the development of the cicatricial
complications, although direct microbiological evidence
for this from long-term epidemiological studies is very
limited [86]. In primate models, conjunctival scarring
only developed after many episodes of C. trachomatis
reinfection [71]. An alternative view, which may be true
for a minority, is that the infection becomes persistent,
driving the inflammation [66]. In vitro studies suggest
that the organism may transform into a persistent non-
replicating form when stressed, although, evidence for
this has not been found in vivo. From studies on mon-
keys, it has been found that conjunctival inflammation
develops in response to chlamydial Heat Shock Protein
60 (HSP60), which is found within live whole organisms
[72]. Heat shock proteins are found in both eukaryotic
and prokaryotic cells, and have extensive sequence
homology; they are induced when a cell is under stress. It
has been suggested that the chronic inflammatory reac-
tion in trachoma could be partly an autoimmune reaction
to the human equivalent of HSP60; however, the evidence
for this is limited.

The mismatch between the signs of disease and the
detection of infection has been discussed above (Sect. 5).
The signs of trachomatous inflammation can often be
found in the absence of detectable C. trachomatis. One
possible explanation for this is that other nonchlamydial
bacterial pathogens could also be provoking an inflam-
matory response. Such pathogens are more commonly
found in individuals with conjunctival scarring and
inflammation compared to controls, particularly where
trichiasis is also present [15, 20]. This has led to the sug-
gestion that at least in the cicatricial stages of the disease,
they could promote disease progression, and are highly
likely to contribute to the corneal pathology.

9.7.2 Histopathology

Histopathology studies of active trachoma in children
have demonstrated a widespread inflammatory cell
infiltrate of T and B lymphocytes, macrophages, plasma
cells, and neutrophils [14]. Sometimes B-cell follicles
form which can be seen clinically as small pearl-like
elevations in the conjunctiva. The conjunctival epithe-
lium is hyperplastic, and chlamydial intracellular inclu-
sion bodies can be seen within epithelial cells. Staining
for collagen sub-types shows increased collagen type I,

III, and IV (normally found in the stroma) and deposi-
tion of new type V [13].

In adults with trachomatous scarring, the conjuncti-
val epithelium is atrophic, often only one cell thick and
goblet cells are lost [1]. The loose sub-epithelial stroma
(normally collagen types I and III) is replaced with a
thick scar of collagen type V. Along the conjunctival
basement membrane, collagen type IV is laid down [12].
These new fibers are orientated vertically, and are firmly
attached to the posterior surface of the tarsal plate, caus-
ing distortion [1]. Biopsies from some scarred individu-
als have an inflammatory infiltrate dominated by T-cells,
corresponding to clinical conjunctival inflammation,
which is frequently observed in people with established
trichiasis [58]. The tarsal plate is usually of normal
thickness, but there is often atrophy of the meibomian
glands and a chronic inflammatory infiltrate [1].

9.7.3 The Immune Response in Trachoma

C. trachomatis infection stimulates a poorly understood
immune response. The resolution of infection probably
depends on a cell-mediated response, which may also con-
tribute to the pathogenesis of trachomatous scarring. The
limited data from human challenge experiments indicate
that some strain-specific immunity can develop. When pre-
viously uninfected volunteers were challenged with C. tra-
chomatis, almost all developed infection. In contrast, only
half of those challenged for a second time became infected
[39]. When rechallenged with a different strain of C. tracho-
matis, infection developed. The finding that duration of C.
trachomatis infection decreases with increasing age is also
consistent with an acquired immune response [35].

There is probably an initial innate immune response to
C. trachomatis infection at the epithelial surface. In vitro
studies indicate that C. trachomatis infection triggers pro-
duction of pro-inflammatory cytokines by epithelial cells
(IL-1, IL-6, IL-8, and TNF-at) [56]. This triggers the rapid
recruitment of neutrophils and macrophages into the con-
junctiva, which may help to limit the initial infection
through phagocytosis. Conjunctival biopsies from children
with active trachoma reveal increased numbers of mac-
rophages, which produce IL-18 and TNF-a [14]. Ongoing
activation of macrophages even after infection has resolved
probably plays an important part in the development of
scarring, perhaps through the release of factors such as
macrophage metalloelastase (MMP-12), which would con-
tinue to break down the extracellular matrix (ECM) and
promote the influx of additional inflammatory cells.

An adaptive response to C. trachomatis develops
with both antibody-meditated (humoral) and cell-
mediated components. Current evidence suggests that a



predominately T, 1 response is associated with a more
favorable outcome in chlamydial infections. Antichla-
mydial antibodies can be found in the tears and serum of
patients with active trachoma: antichlamydial IgG has
been associated with increased risk of active disease sub-
sequently developing, possibly through facilitating the
entry of C. trachomatis into conjunctival epithelial cells,
and this may reflect a predominantly T, 2 type response
[9]. Antichlamydial IgA appears to reduce the risk of sub-
sequent active disease, possibly by interfering with chla-
mydial attachment to host cells.

In animal models of chlamydial infection, a cell-medi-
ated immune (CMI) response has been shown to be neces-
sary for the resolution of infection [55]. Athymic mice are
unable to clear genital infection with C. trachomatis, but
this ability can be restored by the adoptive transfer of chla-
mydia-specific T-cells. Individuals who resolve clinically
active trachoma have stronger lymphocyte proliferation
responses to chlamydial antigens compared to people with
persistent clinical disease [8]. In contrast, individuals with
established trachomatous conjunctival scarring had
weaker lymphocyte proliferation responses to chlamydial
antigens compared with normal controls [37]. Interferon-y
(IFN-v) appears to be the critical cytokine. It is primarily
released by T, 1 lymphocytes. Individuals with C. tracho-
matis infection have increased conjunctival expression of
IFN-y, IL-2, and IL-12, consistent with a T,1 response
[16]. IFN-y has several antichlamydial actions [61]. Firstly,
indoleamine 2,3-dioxygenase (IDO) is induced by IFN-y.
IDO metabolizes L-tryptophan to N-formylkynurenine,
depriving C.trachomatis of an essential amino acid.
Secondly, IFN-y increases inducible nitric oxide synthase
(iNOS), generating nitric oxide, which is toxic to chla-
mydia. Thirdly, IFN-y depletes intracellular iron, reducing
the infectivity of EB. It is primarily released by T 1 lym-
phocytes. Individuals with C. trachomatis conjunctival
infection have increased conjunctival expression of IFN-y,
IL-2, and TL-12, consistent with a T ;1 response [16].

CD8* Cytotoxic Lymphocytes (CTL) are present in the
conjunctiva in active trachoma, however, their impor-
tance is uncertain [12]. They may have their effect through
triggering the apoptosis of infected cells or through IFN-y
mediated pathways. The expression of Perforin, which is
mainly produced by CTL, was found to be elevated in the
conjunctiva of individuals with C. trachomatis infection
from a trachoma-endemic community [16].

9.7.4 Immunopathogenesis

of Conjunctival Scarring

Clinically, active trachoma often persists long after
the infection becomes undetectable. Active disease,
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irrespective of the presence of C. trachomatis infection,
is associated with increased expression of the pro-
inflammatory cytokines IL-1p and TNF-a, particularly
by macrophages [12, 16]. TNF-a has been found more
frequently in the tears of individuals with trachomatous
scarring compared with controls, especially when chla-
mydial infection was present [24, 65]. A single nucle-
otide polymorphism (SNP) in the TNF-o promoter
region, TNFA-308A, which leads to increased levels of
TNF-o., has been associated with increased risk of tra-
chomatous scarring and trichiasis [49]. The antiinflam-
matory cytokine IL-10 also appears to influence the
outcome of trachoma. It is produced by various cells,
including Regulatory T-cells and Type 2T-Helper cells.
It counteracts pro-inflammatory responses. However,
IL-10 also opposes the action of the T, 1 response medi-
ated through IFN-y, and so may impede the resolution
of infection. IL-10 is expressed at increased levels in the
conjunctiva of individuals with active trachoma, and
certain genetic polymorphisms have been associated
with increased scarring, although their functional sig-
nificance is uncertain [16, 50, 65].

The fibrogenic process leading to trachomatous scar-
ring remains to be elucidated. As with other fibrotic
diseases, it is likely that TGF-B is important. Other
fibrogenic cytokines associated with a T 2 response,
such as IL-13, may also contribute to promoting fibro-
sis. Matrix metalloproteinases (MMP) are a family of
proteolytic enzymes which are central to the regulation
of the ECM, and have been implicated in many scarring
disorders. They degrade the ECM and facilitate scar
contraction. The expression of MMP-9 is increased in
conjunctival macrophages in active trachoma, becom-
ing more marked with increasing severity of inflamma-
tory disease [16, 28]. A SNP in the catalytic domain of
MMP-9, possibly resulting in reduced function, is asso-
ciated with a reduced risk of scarring complications in
trachoma [48]. MMP-9 has many ECM substrates, but
also activates pro-IL-1P and TGF-B, possibly helping to
perpetuate the disease process.

Summary for the Clinician

= Blinding trachoma is the end-stage of a chronic
inflammatory process in the conjunctiva, which
produces scarring

© The main stimulus for this inflammation is C.
trachomatis; however, it is the immune response
to the infection that damages the tissue and leads
to scarring
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9.8.1

Trachoma is a major public health problem in many
endemic countries, and controlling it requires a “public
health” approach that goes beyond the ophthalmology
clinic. Many countries have had organized control pro-
grams for decades. These have taken different approaches
to prevent the blinding disease, which have met with
variable success. To meet this challenge, in 1998 the
World Health Assembly resolved to eliminate blinding
trachoma by the year 2020 [89]. The Global Alliance for
the Elimination of Blinding Trachoma (GET2020) was
formed, which includes representatives from the WHO,
national blindness control programs from endemic coun-
tries, NGOs working in the field, industry, and academ-
ics. The GET2020 alliance recognized the importance of
a multifaceted approach to controlling trachoma by
adopting and promoting the SAFE Strategy. The four
components of SAFE are Surgery for trichiasis, Antibiotics
for infection, Facial cleanliness, and Environmental
improvements to reduce transmission. In the follow-
ing sections, supporting evidence and important issues
around the implementation of the SAFE Strategy will be
reviewed.

9.8.2 Surgery for Trichiasis

There are about eight million people with trachomatous
trichiasis (T'T) worldwide [45]. TT is probably the main
risk factor for developing blinding CO, although other
factors may also contribute to the process [20]. It is
believed that surgical correction of TT probably reduces
the risk of developing blinding CO. Several surgical pro-
cedures are in use by trachoma control programs: bila-
mellar tarsal rotation and several variations on the
posterior tarsal rotation (PLTR) [59]. Some of these have
been compared in formal trials: of the procedures that
were compared, the bilamellar tarsal rotation had the
lowest T'T recurrence rate, and was therefore endorsed by
the WHO [57]. The indication for TT surgery varies
between control programs. Some advocate surgery when
one or more lashes touch the eye, whilst others recom-
mend epilation until more severe TT develops. Both
approaches have their advocates: the “immediate sur-
gery” camp point out that since many patients with mild
TT live in areas where access to ophthalmic services is
limited, the progression to more severe disease can be
swift, and so blinding complications can arise before

surgery if this is delayed until more severe TT develops.
The “epilate until more severe” camp point out that a sig-
nificant proportion of eyes with mild TT do not have
frank entropion; moreover, many people with one or two
peripheral misdirected or metaplastic lashes are being
operated on; given that a proportion of operated cases
(perhaps 10%) will have surgical failure (discussed below),
there is potentially a risk of doing more harm than good.
As perhaps around half of the cases of TT fall into this
mild group, this question has operational significance,
and is being addressed currently in a clinical trial.

A major issue limiting the effectiveness of surgery in
preventing blindness is the relatively high trichiasis recur-
rence rate following surgery in operational settings: this
can be as high as 30-60% [17, 20, 42, 79]. Various factors
may contribute, and can be broadly sub-divided into early
recurrence due to “surgical failure” and late recurrence,
which relate to the primary disease process: the type of
operation, suture type, inter-surgeon variability, infec-
tion, preoperative disease severity, and ongoing cicatriz-
ing conjunctivitis. Significant inter-surgeon variation has
been found, particularly in operational studies [20, 79].
Trials examining whether peri-operative antibiotic
(azithromycin) reduces the risk of recurrence found that
for hyperendemic regions, this adjunctive therapy was
associated with less recurrent trichiasis, but this was not
the case in meso-endemic settings [20, 85]. Despite these
disappointing results, there can be a small improvement
in vision following surgery of about a line of Snellen
visual acuity [20, 57].

In many trachoma-endemic countries, trichiasis sur-
gery is performed by trained nurses and other para-
medical staff, as there are insufficient ophthalmologists
to perform the volume of surgery needed to deal with
the backlog. The outcomes of surgery performed by oph-
thalmologists and para-medical staff have been com-
pared and were similar [3]. The uptake of surgery is low
in many endemic countries for a variety of reasons. A
leading barrier to surgery is access; to make this easier
many programs offer the services at community level,
with comparable outcomes and much improved patient
uptake [11].

9.8.3 Antibiotics

The rationale for using antibiotics to control trachoma is
that by reducing the burden of ocular C. trachomatis
infection at the individual and community level, the driv-
ing force for progressive trachomatous scarring is
removed. Trachoma was first treated with antibiotics in
the 1940s. Initially, oral sulphonamides were used.



Subsequently, several other antibiotics were evaluated,
with topical tetracycline becoming the treatment of
choice until the late 1990s. However, there are few pla-
cebo-controlled trial data, which demonstrates the lim-
ited efficacy of these antibiotics in treating active trachoma
[44]. These studies were conducted at a time when the
standard practice was to only treat individuals with active
disease; excluding people without signs of inflammation.
This approach would have probably left a large pool of
untreated but infected individuals within a community to
subsequently reinfect treated individuals, undermining
the effectiveness of the intervention.

More recently, azithromycin, an azalide antibiotic, was
shown to be as effective as topical tetracycline in tra-
choma control [7]. In a large study conducted in three
endemic countries, mass community-wide azithromycin
treatment produced a marked reduction in the prevalence
of chlamydial infection, which was sustained for the 12
months of the study [63]. Similar responses have been
observed in subsequent cohort studies [19, 67]. Currently,
the WHO recommends that trachoma control programs
use either tetracycline eye ointment applied twice a day for
6 weeks or a single oral dose of azithromycin (20 mg/kg up
to a maximum dose of 1 g). Azithromycin has several
advantages: treatment can be directly observed, compli-
ance is high, and extra-ocular sites of infection are treated.
Fifteen trachoma-endemic countries currently receive
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azithromycin as part of a philanthropic donation from
the manufacturer (Pfizer Inc.).

Uncertainty remains over how these antibiotics should
be used to the greatest effect to control trachoma. A key
problem, discussed above, is the mismatch between the
signs of active trachoma and the detection of chlamydial
infection. How should control programs decide who
should be offered antibiotic treatment? If only those with
signs of trachoma are given antibiotics, many infected
individuals with significant loads of infection would be left
untreated [18]. There is a consensus that treatment needs
to include people living alongside those with signs of
active disease, in the form of mass community treatment
or more targeted family based treatment. The WHO has
developed guidelines for determining how treatment
should be distributed to endemic populations, depending
on the prevalence of the disease (Fig. 9.3) [88].

Whilst studies have reported significant reductions
in the prevalence of disease and infection following a
single dose of azithromycin, the impact is variable, and
in some studies, there has been rapid reemergence of
infection [19, 82]. This is probably due to a combination
of inadequate treatment coverage, introduction of new
chlamydial infections, and primary treatment failures.
A mathematical model of antibiotic treatment for tra-
choma control suggested that for hyperendemic regions
(>50%), mass antibiotic treatment would probably be
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Fig. 9.3 WHO recommendations for initiating antibiotic treatment for trachoma [88]
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needed twice a year, and for regions with moderate
prevalence (<35%), annual treatment is probably suffi-
cient; this projection has now been confirmed in clinical
trials [43, 46]. There are only limited long-term data to
guide programs as to how long mass antibiotic treat-
ment should be given, and this remains a difficult area
which requires further research. The current recom-
mendation from the WHO is that three annual rounds
of mass treatment should initially be given [88]. After
this, the community should then be reassessed to see
whether the prevalence of active disease has dropped
sufficiently to discontinue treatment.

9.8.4 Face Washing

The importance of dirty faces in the transmission of C.
trachomatis infection among people within endemic
communities has been discussed earlier. It was sug-
gested that by washing away potentially infected ocular
secretions, the transmission of C. trachomatis might be
interrupted. This hypothesis was tested in a community
randomized trial of an intensive participatory face-
washing strategy conducted in Tanzania; a moderate
reduction in severe TI was achieved in the intervention
villages [80]. The promotion of facial cleanliness, par-
ticularly of children, is a key message in trachoma health
education.

9.8.5 Environmental Improvements

Environmental risk factors that promote the transmis-
sion of C. trachomatis have been discussed earlier. As
part of the full implementation of the SAFE Strategy,
these risk factors need to be addressed in a locally appro-
priate manner. The evidence base for the effectiveness of
environmental interventions in trachoma control is lim-
ited. The most extensive work relates to fly control. A
community randomized trial in The Gambia tested the
hypothesis that controlling the fly population could sup-
press the transmission of C. trachomatis and reduce the
prevalence of active trachoma [32]. Communities were
randomized to one of three arms: (1) insecticide spray,
(2) latrine provision, and (3) control. Latrine provision
removes faecal material from the environment, the
breeding sites for flies. Both intervention arms (spray
and latrines) had a significant reduction in the fly popu-
lation. However, only in the spray villages was this suffi-
cient to significantly suppress the prevalence of active
trachoma. A community randomized controlled trial

conducted in Tanzania did not find that the addition of
insecticide spraying to
improved trachoma control [81].

azithromycin distribution

Trachoma control programs advocate for environ-
mental improvements such as improved water supply
(face washing) and sanitation (fly control), although in
reality they are not usually in a position to provide these
improvements themselves. Rather, they often collaborate
with other agencies to identify areas of greatest need.
Several changes that would tend to promote improved
control of trachoma are things that are of benefit to the
general health of a population. The United Nations’ sev-
enth Millennium Development Goal aims to halve the
number of people without safe water and basic sanita-
tion by 2015. This is a timely coincidence for trachoma
control, as many more resources are being made avail-
able than would ever be possible for a single ophthalmic
disease.

Summary for the Clinician

m The SAFE Strategy is being implemented by
prevention of blindness programs to control
trachoma

= Surgery for trichiasis reduces the risk of corneal
blindness, but the recurrence rates are high

= Antibiotics can be effective in controlling the
endemic infection if community wide treatment
with high coverage rates is given

= Face washing and environmental improvements
help to limit the transmission of infection

Trachoma remains the commonest infectious cause of

blindness worldwide, and in many endemic regions, it is
second only to cataract. During the last few decades,
real progress has been made in controlling the disease.
Trachoma was endemic in Europe 100 years ago, where
it declined in the face of general improvements in living
standards: less crowding, improved sanitation and water
supply. Similar improvements have happened or are
happening in parts of currently endemic countries.
However, for many communities, it may take many
decades for these general improvements to arrive and
have an impact on trachoma. Therefore, it is necessary
to actively implement the SAFE Strategy as the best vali-
dated approach to the prevention of blindness from
trachoma.



10.

11.

12.

13.

14.

15.

al-Rajhi AA, Hidayat A, Nasr A et al (1993) The histopa-
thology and the mechanism of entropion in patients with
trachoma. Ophthalmology 100:1293-1296

al-Rifai KM (1988) Trachoma through history. Int
Ophthalmol 12:9-14

Alemayehu W, Melese M, Bejiga A et al (2004) Surgery for
trichiasis by ophthalmologists versus integrated eye care
workers: a randomized trial. Ophthalmology 111:578-584
Bailey R, Downes B, Downes R et al (1991) Trachoma and
water use; a case control study in a Gambian village. Trans
R Soc Trop Med Hyg 85:824-828

Bailey R, Duong T, Carpenter R et al (1999) The duration
of human ocular Chlamydia trachomatis infection is age
dependent. Epidemiol Infect 123:479-486

Bailey R, Osmond C, Mabey DC et al (1989) Analysis of
the household distribution of trachoma in a Gambian vil-
lage using a Monte Carlo simulation procedure. Int
J Epidemiol 18:944-951

Bailey RL, Arullendran P, Whittle HC et al (1993)
Randomised controlled trial of single-dose azithromycin
in treatment of trachoma. Lancet 342:453-456

Bailey RL, Holland MJ, Whittle HC et al (1995) Subjects
recovering from human ocular chlamydial infection have
enhanced lymphoproliferative responses to chlamydial
antigens compared with those of persistently diseased con-
trols. Infect Immun 63:389-392

Bailey RL, Kajbaf M, Whittle HC et al (1993) The influence
of local antichlamydial antibody on the acquisition and
persistence of human ocular chlamydial infection: IgG
antibodies are not protective. Epidemiol Infect 111:
315-324

Berhane Y, Worku A, Bejiga A (2006) National survey on
blindness, low vision and trachoma in ethiopia. Federal
Ministry of Health of Ethiopia

Bowman RJ, Soma OS, Alexander N et al (2000) Should
trichiasis surgery be offered in the village? A community
randomised trial of village vs. health centre-based surgery.
Trop Med Int Health 5:528-533

bu El-Asrar AM, Geboes K, Al-Kharashi SA et al (1998)
An immunohistochemical study of collagens in trachoma
and vernal keratoconjunctivitis. Eye 12:1001-1006

bu El-Asrar AM, Geboes K, Al-Kharashi SA et al (1998)
Collagen content and types in trachomatous conjunctivitis.
Eye 12:735-739

bu El-Asrar AM, Geboes K, Tabbara KF et al (1998)
Immunopathogenesis of conjunctival scarring in tra-
choma. Eye 12:453-460

Burton MJ, Adegbola RA, Kinteh F et al (2007) Bacterial
infection and trachoma in the gambia: a case control study.
Invest Ophthalmol Vis Sci 48:4440-4444

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

References 133

Burton MJ, Bailey RL, Jeffries D et al (2004) Cytokine and
fibrogenic gene expression in the conjunctivas of subjects
from a Gambian community where trachoma is endemic.
Infect Immun 72:7352-7356

Burton MJ, Bowman R], Faal H et al (2005) Long term out-
come of trichiasis surgery in the Gambia. Br ] Ophthalmol
89:575-579

Burton MJ, Holland M]J, Faal N et al (2003) Which mem-
bers of a community need antibiotics to control trachoma?
Conjunctival Chlamydia trachomatis infection load in
Gambian villages. Invest Ophthalmol Vis Sci 44:4215-4222
Burton MJ, Holland MJ, Makalo P etal (2005) Re-emergence
of Chlamydia trachomatis infection after mass antibiotic
treatment of a trachoma-endemic Gambian community: a
longitudinal study. Lancet 365:1321-1328

Burton MJ, Kinteh F, Jallow O et al (2005) A randomised
controlled trial of azithromycin following surgery for tra-
chomatous trichiasis in the Gambia. Br ] Ophthalmol 89:
1282-1288

Caldwell HD, Wood H, Crane D etal (2003) Polymorphisms
in Chlamydia trachomatis tryptophan synthase genes dif-
ferentiate between genital and ocular isolates. J Clin Invest
111:1757-1769

Carlson JH, Porcella SE McClarty G et al (2005)
Comparative genomic analysis of Chlamydia trachomatis
oculotropic and genitotropic strains. Infect Immun 73:
6407-6418

Congdon N, West S, Vitale S et al (1993) Exposure to chil-
dren and risk of active trachoma in Tanzanian women. Am
J Epidemiol 137:366-372

Conway DJ, Holland MJ, Bailey RL et al (1997) Scarring
trachoma is associated with polymorphism in the tumor
necrosis factor alpha (TNF-alpha) gene promoter and with
elevated TNF-alpha levels in tear fluid. Infect Immun
65:1003-1006

Dawson CR, Jones BR, Tarizzo ML (1981) Guide to
Trachoma Control. World Health Organization, Geneva
Dawson CR, Marx R, Daghfous T et al (1990) What clini-
cal signs are critical in evaluating the intervention in tra-
choma? In: Bowie WR (ed) Chlamydial Infections.
Cambridge University, Cambridge

Dolin PJ, Faal H, Johnson GJ et al (1998) Trachoma in The
Gambia. Br ] Ophthalmol 82:930-933

El-Asrar AM, Geboes K, Al-Kharashi SA et al (2000)
Expression of gelatinase B in trachomatous conjunctivitis.
Br ] Ophthalmol 84:85-91

Emerson PM, Bailey RL, Mahdi OS et al (2000)
Transmission ecology of the fly Musca sorbens, a putative
vector of trachoma. Trans R Soc Trop Med Hyg 94:28-32
Emerson PM, Bailey RL, Walraven GE et al (2001) Human
and other faeces as breeding media of the trachoma vector
Musca sorbens. Med Vet Entomol 15:314-320



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

134 9 Trachoma

Emerson PM, Cairncross S, Bailey RL et al (2000) Review
of the evidence base for the ‘F’ and ‘E’ components of the
SAFE strategy for trachoma control. Trop Med Int Health
5:515-527

Emerson PM, Lindsay SW, Alexander N et al (2004) Role
of flies and provision of latrines in trachoma control: clus-
ter-randomised controlled trial. Lancet 363:1093-1098
Frick KD, Basilion EV, Hanson CL et al (2003) Estimating
the burden and economic impact of trachomatous visual
loss. Ophthalmic Epidemiol 10:121-132

Frick KD, Hanson CL, Jacobson GA (2003) Global burden
of trachoma and economics of the disease. Am J Trop Med
Hyg 69:1-10

Grassly NC, Ward ME, Ferris S et al (2008) The natural
history of trachoma infection and disease in a gambian
cohort with frequent follow-up. PLoS Negl Trop Dis 2:
e341

Harding-Esch EM, Edwards T, Sillah A et al (2008) Risk
factors for active trachoma in The Gambia. Trans R Soc
Trop Med Hyg 102(12):1255-1262

Holland MJ, Bailey RL, Hayes L] et al (1993) Conjunctival
scarring in trachoma is associated with depressed cell-
mediated immune responses to chlamydial antigens. J
Infect Dis 168:1528-1531

Hsieh YH, Bobo LD, Quinn TC et al (2000) Risk factors for
trachoma: 6-year follow-up of children aged 1 and 2 years.
Am J Epidemiol 152:204-211

Jawetz E, Rose L, Hanna L et al (1965) Experimental inclu-
sion conjunctivitis in man: measurements of infectivity
and resistance. JAMA 194:620-632

Kari L, Whitmire WM, Carlson JH et al (2008) Pathogenic
diversity among Chlamydia trachomatis ocular strains in
nonhuman primates is affected by subtle genomic varia-
tions. ] Infect Dis 197:449-456

Katz ], Zeger SL, Tielsch JM (1988) Village and household
clustering of xerophthalmia and trachoma. Int ] Epidemiol
17:865-869

Khandekar R, Mohammed AJ, Courtright P (2001)
Recurrence of trichiasis: a long-term follow-up study
in the Sultanate of Oman. Ophthalmic Epidemiol 8:
155-161

Lietman T, Porco T, Dawson C et al (1999) Global elimina-
tion of trachoma: how frequently should we administer
mass chemotherapy? Nat Med 5:572-576

Mabey D, Fraser-Hurt N, Powell C (2005) Antibiotics for
trachoma. Cochrane Database Syst RevCD001860
Mariotti SP, Pascolini D, Rose-Nussbaumer ] (2009)
Trachoma: global magnitude of a preventable cause of
blindness. Br ] Ophthalmol 93:563-568

Melese M, Alemayehu W, Lakew T et al (2008) Comparison
of annual and biannual mass antibiotic administration for
elimination of infectious trachoma. JAMA 299:778-784

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Miller K, Pakpour N, Yi E et al (2004) Pesky trachoma sus-
pect finally caught. Br ] Ophthalmol 88:750-751
Natividad A, Cooke G, Holland M]J et al (2006) A coding
polymorphism in matrix metalloproteinase 9 reduces risk
of scarring sequelae of ocular Chlamydia trachomatis
infection. BMC Med Genet 7:40

Natividad A, Hanchard N, Holland M]J et al (2007) Genetic
variation at the TNF locus and the risk of severe sequelae
of ocular Chlamydia trachomatis infection in Gambians.
Genes Immun 8:288-295

Natividad A, Wilson J, Koch O et al (2005) Risk of tracho-
matous scarring and trichiasis in Gambians varies with
SNP haplotypes at the interferon-gamma and interleu-
kin-10 loci. Genes Immun 6:332-340

Ngondi ], Ole-Sempele E Onsarigo A et al (2006) Blinding
trachoma in postconflict southern Sudan. PLoS Med 3:e478
Ngondi ], Reacher MH, Matthews FE et al (2008) Risk fac-
tors for trachomatous trichiasis in children: cross-sectional
household surveys in Southern Sudan. Trans R Soc Trop
Med Hyg 102:432-438

Polack S, Brooker S, Kuper H et al (2005) Mapping the
global distribution of trachoma. Bull World Health Organ
83:913-919

Polack S, Kuper H, Solomon AW et al (2006) The relation-
ship between prevalence of active trachoma, water avail-
ability and its use in a Tanzanian village. Trans R Soc Trop
Med Hyg 100:1075-1083

Ramsey KH, Rank RG (1991) Resolution of chlamydial
genital infection with antigen-specific T-lymphocyte lines.
Infect Immun 59:925-931

Rasmussen SJ, Eckmann L, Quayle AJ et al (1997) Secretion
of proinflammatory cytokines by epithelial cells in response
to Chlamydia infection suggests a central role for epithelial
cells in chlamydial pathogenesis. J Clin Invest 99:77-87
Reacher MH, Munoz B, Alghassany A et al (1992) A con-
trolled trial of surgery for trachomatous trichiasis of the
upper lid. Arch Ophthalmol 110:667-674

Reacher MH, Peer ], Rapoza PA et al (1991) T cells and
trachoma. Their role in cicatricial disease. Ophthalmology
98:334-341

Reacher MH, Taylor HR (1990) The management of tra-
chomatous trichiasis. Rev Int Trach Pathol Ocul Trop
Subtrop Sante Publique 67:233-262

Resnikoff S, Pascolini D, Etyaale D et al (2004) Global data
on visual impairment in the year 2002. Bull World Health
Organ 82:844-851

Rottenberg ME, Gigliotti-Rothfuchs A, Wigzell H (2002)
The role of IFN-gamma in the outcome of chlamydial
infection. Curr Opin Immunol 14:444-451

Schachter J, Dawson CR (1990) The epidemiology of tra-
choma predicts more blindness in the future. Scand J Infect
Dis Suppl 69:55-62



63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Schachter ], West SK, Mabey D et al (1999) Azithromycin
in control of trachoma. Lancet 354:630-635

Schemann JE Sacko D, Malvy D et al (2002) Risk factors
for trachoma in Mali. Int ] Epidemiol 31:194-201

Skwor TA, Atik B, Kandel RP et al (2008) Role of secreted
conjunctival mucosal cytokine and chemokine proteins in
different stages of trachomatous disease. PLoS Negl Trop
Dis 2:e264

Smith A, Munoz B, Hsieh YH et al (2001) OmpA genotypic
evidence for persistent ocular Chlamydia trachomatis infec-
tion in Tanzanian village women. Ophthalmic Epidemiol
8:127-135

Solomon AW, Holland MJ, Alexander ND et al (2004) Mass
treatment with single-dose azithromycin for trachoma. N
Engl ] Med 351:1962-1971

Solomon AW, Holland MJ, Burton M]J et al (2003) Strategies
for control of trachoma: observational study with quantita-
tive PCR. Lancet 362:198-204

Solomon AW, Peeling RW, Foster A et al (2004) Diagnosis
and assessment of trachoma. Clin Microbiol Rev 17:
982-1011

Taylor HR (2008) Trachoma: a blinding scourge from the
Bronze age to the twenty-first century. Centre for Eye
Research Australia, Melbourne

Taylor HR, Johnson SL, Prendergast RA et al (1982) An
animal model of trachoma II. The importance of repeated
reinfection. Invest Ophthalmol Vis Sci 23:507-515

Taylor HR, Johnson SL, Schachter J etal (1987) Pathogenesis
of trachoma: the stimulus for inflammation. ] Immunol
138:3023-3027

Taylor HR, Velasco FM, Sommer A (1985) The ecology of
trachoma: an epidemiological study in southern Mexico.
Bull World Health Organ 63:559-567

Taylor HR, West SK, Mmbaga BB et al (1989) Hygiene fac-
tors and increased risk of trachoma in central Tanzania.
Arch Ophthalmol 107:1821-1825

Thylefors B, Dawson CR, Jones BR et al (1987) A simple
system for the assessment of trachoma and its complica-
tions. Bull World Health Organ 65:477-483

Thylefors B, Negrel AD, Pararajasegaram R et al (1995) Global
data on blindness. Bull World Health Organ 73: 115-121
Treharne JD (1988) The microbial epidemiology of tra-
choma. Int Ophthalmol 12:25-29

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

135

References

Ward ME (1995) The immunobiology and immunopathol-
ogy of chlamydial infections. APMIS 103:769-796

West ES, Mkocha H, Munoz B et al (2005) Risk factors for
postsurgical trichiasis recurrence in a trachoma-endemic
area. Invest Ophthalmol Vis Sci 46:447-453

West S, Munoz B, Lynch M et al (1995) Impact of face-
washing on trachoma in Kongwa, Tanzania. Lancet 345:
155-158

West SK, Emerson PM, Mkocha H et al (2006) Intensive
insecticide spraying for fly control after mass antibiotic
treatment for trachoma in a hyperendemic setting: a ran-
domised trial. Lancet 368:596-600

West SK, Munoz B, Mkocha H et al (2005) Infection with
Chlamydia trachomatis after mass treatment of a trachoma
hyperendemic community in Tanzania: a longitudinal
study. Lancet 366:1296-1300

West SK, Munoz B, Mkocha H et al (2001) Progression of
active trachoma to scarring in a cohort of Tanzanian chil-
dren. Ophthalmic Epidemiol 8:137-144

West SK, Munoz B, Turner VM et al (1991) The epidemiol-
ogy of trachoma in central Tanzania. Int ] Epidemiol 20:
1088-1092

West SK, West ES, Alemayehu W et al (2006) Single-dose
azithromycin prevents trichiasis recurrence following sur-
gery: randomized trial in Ethiopia. Arch Ophthalmol
124:309-314

Wolle MA, Munoz BE, Mkocha H et al (2008) Constant
Ocular Infection with Chlamydia trachomatis Predicts
Risk of Scarring in Children in Tanzania. Ophthalmology
116(2):243-247

World Health Organization (2008) The global burden
of disease: 2004 update. World Health Organization,
Geneva

World Health Organization (2003) Report of the 2nd
global scientific meeting on trachoma. World Health
Organization, Geneva

World Health Organization (1998) Global elimination of
blin