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Core Messages

e Mucosa-associated lymphoid tissue (MALT)
is an outpost of the immune system
located at mucosal surfaces of the body.

It can recognize antigens, generate specific
effector cells and provide the mucosal
organs with such cells

MALT also occurs at the normal human
ocular surface and appendage (lacrimal
gland, conjunctiva and lacrimal drainage
system), which together form an eye-asso-
ciated lymphoid tissue (EALT)

EALT makes an important contribution to
the homeostasis of the ocular surface

by maintaining the equilibrium between
inflammatory immune reactions against
pathogens and immune tolerance against
non-pathogenic antigens

Dendritic antigen presenting cells (DC) are
a key regulator of the immune response by
the promotion of different subpopulations
of T-lymphocytes that act via specific sets
of cytokines

Various diseases of the ocular surface
include an immune mediated inflammation

6.1
Introduction

The immune protection at the inner and outer
mucosal surfaces of the body, including the oc-
ular surface, is maintained by a part of the im-
mune system termed the “mucosa-associated
lymphoid tissue” (MALT). This is found in dif-
ferent mucosal organs where the lymphoid tis-
sue for each is designated separately according

with production of cytokines, chemokines,
adhesion molecules and action of lympho-
cytes
e This is conceivably influenced by a dysregu-
lation of EALT and can hence be therapeuti-
cally addressed by immune modulatory
drugs
Different types of dry eye disease contain
an underlying immune modulated inflam-
mation based on a deregulation of the
physiological and normally protective
mucosal immune system
In chronic allergic and vernal keratocon-
junctivitis (AKC and VKC) inflammatory cells
and lymphocytes are activated by mast cell
cytokines and result in an inflammatory
infiltrate and corneal destruction
Local as well as systemic T-cell mediated
immune processes are involved in trans-
plant rejection. CD4+ lymphocytes play an
essential role in the immune response dur-
ing corneal graft rejection and are the main
target ofimmunomodulatory therapy

to an international nomenclature composed of
characteristic acronyms. MALT is most promi-
nent in the gut (termed gut-associated lym-
phoid tissue or GALT) but is also found in the
airways (termed bronchial-associated lym-
phoid tissue or BALT) or in the genitourinary
system. Recently MALT was also described as a
regular component of the normal human ocular
surface and accordingly termed eye-associated
lymphoid tissue (EALT).
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One of the main functions of MALT is to es-
tablish a balance between immunity and toler-
ance in order to prevent destruction of the deli-
cate mucosal tissues by constant inflammatory
reactions, which applies in particular to the eye.
This is maintained by an anti-inflammatory
cytokine milieu in mucosal tissues and is most
likely regulated by antigen presenting dendritic
cells (DC) that act as key regulators of the im-
mune system and normally favour anti-inflam-
matory T- or B-cell responses in mucosal loca-
tions. A major defence mechanism of MALT is
the production of secretory immunoglobulins,
mainly of the IgA and partly of the IgM isotype
by differentiated B cells (plasma cells). In con-
trast to the IgG isotype that prevails in the
blood, IgA has very little complement binding
activity and therefore does not initiate inflam-
matory reactions during host defence.

The lymphoid cells of MALT migrate in a
regulated fashion, guided by specialized vessels,
adhesion molecules and soluble chemotactic
factors. They migrate between the different mu-
cosal organs, which are hence assumed to con-
stitute a functionally interrelated mucosal im-
mune system. By these migration pathways,
MALT is also connected to the central immune
system.

Since the mucosal immune system is a
prominent source of professional immune reg-
ulating cells and soluble mediators that are con-
stitutively present also at the normal human oc-
ular surface, it is also involved in mucosal
disease states as will be pointed out in the pres-
ent paper. In fact research has indicated that
deregulation of the physiological mucosal im-
mune system may contribute as a primary or
secondary pathogenetic factor to inflammatory
diseases such as ocular allergy but also to con-
ditions such as dry eye disease where an under-
lying inflammatory component is shown. The
mucosal immune system is certainly also in-
volved in the course of a corneal transplant and
its potential rejection, which represents a T-cell-
mediated process. This is regulated to a large
extent through the mediation of conjunctival
DC and the newly discovered central corneal
DC.

Advances in the understanding of the differ-
ent mechanisms of ocular mucosal immunity,

concerning for example immune regulatory
cells (e.g. T cells and DC), regulatory molecules
or mechanisms of recirculation that guide the
influx of cells into the respective tissues, may
therefore be applied as future more effective
strategies for some of today’s not infrequently
therapy resistant diseases. The successful appli-
cation of immunosuppressive agents in certain
cases of dry eye disease, for example, has indi-
cated the rationality of this approach.

6.2
Structure and Function of MALT

6.2.1
Structure of MALT

6.2.1.1
Histology of the Mucosa

Mucosal tissues consist of two sheets (Fig. 6.1).
The superficial sheet represents a unilayered or,
at the ocular surface, a multilayered arrange-
ment of epithelial cells. They usually have a
strong mechanical connection by intercellular
adherence junctions (e.g. desmosomes and
zonulae adherentes) and are sealed by an apical
tight junction complex that prevents entrance
of foreign materials including potential anti-
gens. Impairment of the epithelial integrity is a
major reason for a deregulation of mucosal im-
munity and is observed in dry eye disease and
in allergic eye disease but is also caused by the
surgical trauma during corneal transplantation.

The epithelium is separated by a thin base-
ment membrane from the underlying loose
connective tissue of the lamina propria. The
lamina propria not only has mechanical proper-
ties for anchorage of the epithelium but is high-
ly vascularized to serve for metabolic purposes
and to provide migratory pathways for lym-
phoid cells. Lymphoid cells can immigrate in a
regulated fashion via specialized postcapillary
high endothelial venules (HEV) or flat-lined
vessels into the tissue and can leave from the tis-
sue via afferent lymphatic vessels towards the
regional lymph nodes and eventually into the
blood circulation in order to recirculate
(Fig. 6.1). The lamina propria is filled with a
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Fig.6.1 A, B. Structure and function of the mucosal
immune system. MALT consists of a diffuse lymphoid
tissue (A) and of an organized follicular tissue (B),
shown here at different enlargements. Mucosal tis-
sues in general are composed of two sheets, the lumi-
nal epithelium (e) with its basement membrane (bm)
and an underlying lamina propria (Ip), which both
contain lymphocytes. The lamina propria is com-
posed of loose connective tissue with small blood
vessels (), afferent lymph vessels (I) and numerous
cells including lymphoid cells [T-lymphocytes
(black), B-lymphocytes (blue), plasma cells (p)]. Ac-
cessory cells occur like fibroblasts (f), macrophages
(m¢), mast cells (mc) or dendritic cells (dc). Intraep-
ithelial lymphocytes are mainly CD8+ suppressor/cy-

large number of different cell types and macro-
molecules that serve the purpose of nutrition
and protection as maintained, e.g. by im-
munoglobulins and antibacterial peptides. The
lamina propria also enables the communication
of cells with each other and their extracellular
matrix by different types of molecules. Cyto-
kines, chemokines and adhesion molecules
transfer (immunoregulatory) information, guide
the migration by forming a gradient, act as traf-
fic signals anchored to the extracellular matrix
and cells or provide direct cell contacts.

Cells in the lamina propria consist of so-
called fixed cells like fibroblasts that are respon-
sible for the production and maintenance of
the connective tissue itself and free cells (e.g.

totoxic T cells whereas in the lamina propria of the
diffuse tissue (A) they occur in roughly equal num-
bers together with CD4+ T-helper cells. Follicular
lymphoid tissue (B) is formed by accumulations of B-
lymphocytes with parafollicular T-cell zones, vessels
and an overlying specialized follicle-associated ep-
ithelium for antigen transport towards the follicle.
Naive lymphocytes enter follicular regions via blood
vessels (b), come into contact with antigens, antigen-
specific lymphocytes proliferate, differentiate and
leave via lymphatics (). They finally reach the blood
circulation and may later emigrate to populate the
same or other mucosal tissues as effector cells (T cells
and plasma cells)

lymphocytes, plasma cells, macrophages, DC,
eosinophils or mast cells) that can migrate in
and partially out of the tissue and mainly have
protective tasks. Lymphoid cells occur in both
mucosal layers: in the connective tissue as lam-
ina propria lymphocytes (LPL) and plasma cells
and inside mainly the basal layers of the epithe-
lium as intraepithelial lymphocytes (IEL). Anti-
gen presenting DC also occur in the epithelium
and lamina propria. The other free cell types
normally only occur inside the lamina propria.
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6.2.1.2
Conformations of MALT

MALT is divided into two forms [29] (Fig. 6.1).
In the “organized” lymphoid tissue lympho-
cytes are organized into lymphoid follicles
whereas the “diffuse” lymphoid tissue is com-
posed of diffusely interspersed lymphoid cells
along the mucous membranes and their associ-
ated glands.

Follicular MALT is regarded as the afferent
arm of mucosal immunity where antigens are
taken up from the environment by a specialized
follicle-associated epithelium (FAE). Antigens
can be presented to lymphocytes by antigen
presenting cells in the parafollicular T-cell re-
gions around follicles. This leads to lymphocyte
activation, proliferation and eventual differenti-
ation into effector cells of the T- or B-lineage.
Contact with antigens and proliferation of B
cells results in a transformation of the homoge-
neous primary follicle into a secondary follicle
with a bright germinal centre of proliferating B
cells. The mucosal antigen presentation to naive
T cells takes place in parafollicular regions in
order to produce differentiated effector cells.
This can happen in local follicles of MALT but
antigens can also be transported by antigen pre-
senting DC via the afferent lymphatic vessels
into regional lymph nodes.

Diffuse lymphoid tissue is populated by the
arising effector cells and represents the efferent
arm of mucosal immunity. T-lymphocytes [61]
that have differentiated into CD8-positive
suppressor/cytotoxic cells either directly act
against antigens and provide the cellular T-cell
immune response or support immunosuppres-
sion. B cells in contrast that differentiate into
immunoglobulin producing plasma cells,act in-
directly by secreted immunoglobulins. In con-
trast to systemic immunity, plasma cells in mu-
cosal tissues contribute to secretory immunity
by the production of polymeric immunoglobu-
lins that are transported through the overlying
epithelium with the help of an epithelial trans-
porter molecule (secretory component, SC) and
build up a protective layer at the mucosal sur-
face [4].

6.2.1.3
Lymphocytes and Accessory Cells

6.2.1.3.1
Lymphocytes

B-lymphocytes represent the majority of lym-
phocytes in the follicular zones whereas in
the diffuse lymphoid tissue B cells are rare and
T cells predominate together with various other
cell types. CD8-positive suppressor/cytotoxic
cells are usually more frequent in the mucosa
than CD4-positive T-helper cells (CD8+) that
regulate the differentiation of T- and B-lympho-
cytes. CD8+ cells strongly dominate in the ep-
ithelium and frequently bear the human mu-
cosa lymphocyte antigen (HML-1), whereas in
the lamina propria both populations occur in
roughly equal amounts. Since there was indica-
tion that CD8+ suppressor/cytotoxic T cells
may primarily be involved in immune suppres-
sion, it was supposed that their presence charac-
terizes the ocular surface, similar to other parts
of the mucosal immune system, as a highly im-
mune regulated tissue that favours immune
suppression rather than inflammation [6, 53].
However, T cells can also mediate inflammatory
immune responses that represent basic patho-
logical mechanisms in the types of ocular sur-
face diseases considered in the present paper.

6.2.1.3.2
Antigen Presenting Cells

Antigen presentation to naive T cells is per-
formed by so-called professional antigen pre-
senting cells (APC) that are composed of
macrophages, B cells and dendritic cells, all of
which occur in ocular MALT. Only the bone
marrow derived dendritic cells (DC) can direct-
ly stimulate T-lymphocytes and are therefore
the most important APC also at mucosal sur-
faces [2] for the initiation of a T-cell-mediated
immune response. T-cell-mediated responses
are important for most kinds of immunological
reactions, including the humoral immunity by
production of soluble antibodies which is influ-
enced by T-helper cells, and they also determine
the clinical conditions considered in this paper.
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DC occur in the epithelium and also in the
lamina propria of mucosal tissues. Immature
DC prevail, which show an active uptake of anti-
gens but a low surface expression of antigen
presenting MHC-class-II molecules and co-
stimulatory molecules, performing an ineffec-
tive presentation of antigens to T cells [2, 37].
They produce preferably anti-inflammatory
cytokines such as interleukin 10 (IL-10) [19]. If
these DC come into contact with T cells, they
tend to inhibit inflammatory T-cell immune re-
actions and favour the humoral immune answer
with the production of soluble immunoglobu-
lins, as in fact mainly found at mucosal surfaces
(IgA and IgM) [4], or they may initiate immune
tolerance by induction of regulatory T cells [67].

6.2.1.4
Recirculation of Lymphoid Cells

Due to the enormous variety of potential anti-
gens there is only a limited number of lympho-
cytes available with a given antigen specificity
although the total number of lymphocytes is
relatively high (for review see [26]). Therefore
naive lymphocytes continuously patrol through
the body and stay in the blood only for a short
time. They leave in large numbers from the
blood into the tissues, and the term “recircula-
tion” refers to the fact that they finally re-enter
the blood circulation via lymphatic vessels,
lymph nodes and the thoracic duct (Fig. 6.1). In
the search for their specific antigen, naive lym-
phocytes may follow this pathway several times
and after contact with the cognate antigen they
can undergo activation, clonal proliferation and
differentiation into effector cells in order to
mount a specific response. Antigen-specific
memory cells await a second contact with the
antigen to boost a rapid and forceful secondary
immune response [5].

There is no a unified concept for the homing
of lymphoid cells into tissues available so far.
Several studies seem to show a cell type specific
distribution of adhesion molecules (lympho-
cytes homing receptors) on lymphoid cells and
a respective tissue selective distribution of
binding molecules (vascular addressins) on the
vascular endothelium of tissues in order to
guide lymphocyte migration through the body

[5, 61]. Together with previous results and other
data on the isotype specific distribution of the
secretory IgA response [4], this indicates a cer-
tain compartmentalization of the mucosal im-
mune response and a certain tissue specificity
of migration and homing in the mucosal im-
mune system. Other authors have challenged
this concept by lymphocyte migration studies
using adoptive lymphocyte transfer in other-
wise unmanipulated hosts and have found that
events inside the tissue such as local lympho-
cyte retention, proliferation or apoptosis may
contribute equally to the effective accumulation
of lymphocytes inside certain tissues or their
effective movement through these tissues
(reviewed in [63]).

Summary for the Clinician

e Mucosa-associated lymphoid tissue (MALT)
is a part of the immune system that is
located at mucosal surfaces of the body

o It consists of a diffuse lymphoid tissue
populated by effector cells and accessory
cells. T-lymphocytes provide cellular
defence and differentiated B-lymphocytes
(plasma cells) secrete soluble protective
IgA immunoglobulins

o Interspersed organized lymphoid follicles
allow antigen recognition, activation and
differentiation of specific effector cells

6.2.2
Eye-Associated Lymphoid Tissue (EALT)

There has been considerable controversy about
the occurrence and normality of lymphoid cells
at the ocular surface and appendage. Recent re-
sults in whole mounts of complete normal hu-
man ocular tissues have shown that lymphoid
cells are a normal tissue constituent and in fact
form a continuous mucosa-associated lym-
phoid tissue in the lacrimal gland, conjunctiva
and lacrimal drainage system, termed eye-asso-
ciated lymphoid tissue (EALT) [22, 23, 25, 28]
(Fig. 6.2).
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Lacrimal
gland

Fig.6.2. Eye-associated lymphoid tissue (EALT).
The ocular surface is an integral part of the mucosal
immune system of the body. The diffuse lymphoid
tissue with an effector function by lymphocytes and
plasma cells is continuous as indicated by blue line
from the lacrimal gland along the excretory ducts into
the conjunctiva as conjunctiva-associated lymphoid
tissue (CALT) and continues through the lacrimal
canaliculi inside the lacrimal drainage system
as lacrimal drainage-associated lymphoid tissue

6.2.2.1
Organized Lymphoid Tissue in EALT

Organized lymphoid follicles in the human con-
junctiva have been reported in different num-
bers in individuals with a macroscopically nor-
mal conjunctiva (as reviewed in [28]). Apart
from the fact that most of these studies investi-
gated only small tissue biopsies or selected con-
junctival areas which do not represent the
whole organ as found later, the amount of folli-
cles also varies with age [44].

Recent results in normal whole-mount tis-
sues of the human conjunctiva have shown that
even in an old age population about 60 % of tis-
sues contain organized lymphoid follicles with a
distinct topographical distribution. They cumu-
late in the tarso-orbital zone and have a high
(>80 %) bilateral symmetry [28].In the lacrimal
drainage system, a similar lymphoid tissue
occurs and was termed, according to the inter-
national nomenclature, lacrimal drainage-asso-

Conjunctiva

Lacrimal
drainage
system

(LDALT)

(LDALT). The lymphoid tissue of these three organs
together constitutes EALT. Follicular tissue for the de-
tection of ocular antigens occurs in CALT and LDALT.
Effector cells that are primed in follicular tissue
against ocular surface antigens can migrate in a regu-
lated fashion via specialized vessels between the or-
gans of EALT and the other parts of the mucosal im-
mune system and can hence provide them with
effector cells that are specifically directed against
antigens that occur at the ocular surface

ciated lymphoid tissue (LDALT) [22] with lym-
phoid follicles in roughly half of the tissues
(about 41% [45], 44% [22] or up to 56 % of old
age body donors [24]).

6.2.2.2
Diffuse Lymphoid Tissue in EALT

Similar relations of lymphoid cell types as in
other diffuse MALT were found in immunobhis-
tological studies on biopsies of the human con-
junctiva [6, 18, 53] including the regular pres-
ence of mucosa-specific lymphocytes [6, 18].
However, there were different, partly conflict-
ing, reports concerning the amount and loca-
tion of lymphoid cells. This is probably due to
the topographical distribution of these cells as
found in studies on normal human conjunctival
whole-mount tissues. Lymphoid cells in the
subepithelial lamina propria form a lymphoid
layer that can have local inhomogeneities but
still shows an overall distinct topographical dis-
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tribution with a preference for the tarso-orbital
conjunctiva [28].

The components of the secretory immune
system (lamina propria plasma cells positive
for IgA and its transporter molecule SC in the
epithelium) have not been found consistently at
the normal human ocular surface except for the
lacrimal gland, which therefore appeared as the
sole source of specific immune protection,
whereas the same plasma cells in the conjuncti-
va were addressed as inflammatory cells. The
universal presence of a secretory immune sys-
tem that reaches continuously from the lacrimal
gland via the conjunctiva into the lacrimal
drainage system was only recently verified at
the normal human ocular surface by studies
that combined the histological and immunohis-
tological investigation of complete tissue whole
mounts from normal human body donors [22,
23, 25, 28]. Together with ultrastructural results
on the differentiation of the employed cell types
and molecular-biological evidence for the pres-
ence of the mRNA of IgA and SC [21], this
demonstrated the local production of secretory
IgA in the conjunctiva and lacrimal drainage
system.

6.2.2.3
Dendritic Cells in EALT

At the ocular surface the dendritic Langerhans
cells occur as antigen presenting cells similar to
the skin [42]. They have been described in a
number of animal species and humans for sev-
eral decades and have frequently been detected
with antibodies against some of their antigen
presenting surface molecules (e.g. MHC-class-I,
MHC-class-II) in isolated epithelial sheets and
in histology.

In contrast to the conjunctiva and the mar-
ginal cornea that both have relatively frequent
MHC-class-II positive DC, it was found that the
central cornea is almost free of these cells. Only
in inflammatory conditions, for example after
vascularization or after experimental wounding
or irritation, were appreciable numbers of
MHC-class-II positive DC observed in the cen-
tral cornea. These observations seemed to fit
relatively well with the known low percentage of
rejection of corneal allografts compared to re-

sults with transplantation of other organs, e.g.
skin, kidney or heart [50]. Only recently with
new antibodies has it been possible to observe
that even the central cornea in fact contains
numerous DC that are immature and do not
express antigen-presenting surface molecules
[15] under normal conditions.

6.2.2.4
Recirculation to EALT

In EALT, there is only sparse information so far
about homing mechanisms and regulating fac-
tors. The presence of high endothelial venules in
the normal human conjunctiva has been shown
(for review see [26]). The intestinal vascular ad-
dressin MAJACAM-1 is not observed on high
endothelial venules but other adhesion mole-
cules like VAP-1, ICAM-1, VCAM-1 and E-se-
lectin have been found and showed a weak or
sporadic staining. These addressins are thought
to be possibly involved in extraintestinal hom-
ing but may also indicate an inflammatory re-
sponse. The presence of ICAM-1 in the normal
human conjunctiva was confirmed but ICAM-1,
VCAM-1 and E-selectin were found to be in-
flammation dependent and strongly expressed
only under inflammatory allergic conditions

[1].

Summary for the Clinician

e Mucosa-associated lymphoid tissue also
occurs at the normal human ocular surface
and appendage and is integrated into the
mucosal immune system of the body as
eye-associated lymphoid tissue (EALT)

e Itis continuously expressed from the
lacrimal gland throughout the conjunctiva
(as conjunctiva associated lymphoid tissue,
CALT) and inside the lacrimal drainage
system (as lacrimal drainage-associated
lymphoid tissue, LDALT)

e It has the machinery to recognize ocular
surface antigens, generate effector cells
(T-lymphocytes and plasma cells) that are
specifically directed against them and can
provide, via lymphocyte recirculation, the
ocular effector tissues and other mucosal
organs with such cells
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6.2.3
Basic Functions of MALT

MALT modulates between inflammatory im-
mune protection and immune tolerance
(Fig. 6.3). There was a historic misunderstand-
ing of the function and significance of lym-
phoid cells at least at the ocular surface because
they were usually considered an indication for
an inflammatory infiltration of the mucosa.
Consequently lymphocytes and plasma cells
were frequently termed “inflammatory cells”.
In contrast to this term, lymphoid cells have
important functions for the preservation of
the tissue integrity. Mucosal immunoglobulins
(IgA) from local plasma cells are distinctly anti-
inflammatory and perform “immune exclu-
sion”, i.e. the inhibition of antigen penetration
into and the removal of penetrated antigens
from the mucosal tissue [4]. Recent advances in
immunology have furthermore shown that T-
lymphocytes per se are not inflammatory cells
but that there are different types of T-lympho-
cytes with differential functions (Fig. 6.4). Even
those which support a cellular inflammatory
immune answer require, in addition to the mere
presence of antigen, distinct and highly regu-
lated activation procedures in the context of
accessory professional antigen presenting cells
together with co-stimulatory signals (Fig. 6.4).
However, if deregulation of the physiological
mucosal immune system occurs, lymphoid cells

can also be involved as a primary or secondary
pathogenetic factor in several forms of ocular
surface disease as outlined below for some com-
mon ocular diseases.

In contrast to the systemic immunity in the
blood and internal organs which favours the de-
struction of antigens, a main function of mu-
cosal immunity appears to be the generation of
immune tolerance (Fig. 6.3) against the multi-
tude of non-pathological antigens at mucosal
surfaces that are not supposed to cause constant
immune activation [29]. This applies in parti-
cular to the ocular surface which is directly
exposed to the environment.

6.2.3.1
Immune Regulation at Mucosal Surfaces
and the Th1/Th2 Paradigm

To initiate immune responses, antigens must be
recognized by naive T cells in order to activate
them to effector cells. According to the present
concept, two signals are necessary for the acti-
vation of T cells. Besides the correct recognition
of a presented antigen (signal 1) by the interac-
tion of the specific T-cell receptor, the peptide
antigen and the antigen presenting MHC-class-
II molecule on the APC, the presence of co-stim-
ulatory signals (signal 2) such as CD80/86,CD40
or ICAM-1 on the APC is required. This is neces-
sary to initiate the production of a sufficient
amount of the cytokine interleukin-2 (IL-2) by
the T cell that is required for the autocrine stim-

Microbial Normal Non- Normal F}ilg. 6.3. Belts.ic functions of
Bacterial  Pathogenic Tissue the mucosal immune system.
Path ogens Flora Antigens Components One of the main functions of

J N0

IMMUNITY <:> TOLERANCE

the mucosal immune system

is the maintenance of a fine
equilibrium between inflamma-
tory immune protection against
microbial infection and the
generation of tolerance to the
majority of non-pathogenic
antigens that occur at mucosal
surfaces in order to prevent
constant inflammatory reac-
tions that are destructive not

4
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only for the antigen but also
for the tissue itself
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Fig.6.4. Immune regulation by DC. Bone marrow
derived antigen presenting dendritic cells (DC) are
key regulators of mucosal immunity by initiating dif-
ferent types of effector T cells that act through differ-
ent cytokine patterns. Normally DC are in an imma-
ture state that cannot efficiently present antigens to
naive T cells (Th0). ThO cells hence develop into inac-
tive anergic T cells or into immunosuppressive anti-
inflammatory regulatory T cells (termed Th3 or Treg,
according to different nomenclatures) that produce
immunosuppressive cytokines (e.g. IL-10, TGF-f) or

ulation of T-cell proliferation and differentia-
tion. If co-stimulation is missing, non-reactivity
(tolerance) is induced by an anergy or deletion
of the respective antigen of the specific
T-lymphocyte. The requirement of two signals
is assumed to represent a control mechanism in
peripheral tissues (peripheral tolerance)
against accidental activation of autoreactive T
cells that may have escaped the mechanisms of
central tolerance in primary lymphatic organs
(bone marrow and thymus) which produce the
naive lymphocytes.

DC have different functional states in order
to modulate the antigen presentation [37]. The
type and concentration of local cytokines (cy-
tokine milieu) and other external factors influ-
ence the immune regulation by DC and the re-
sulting differentiation of different types of
T-helper (Th) cells, which in turn differ in the
cytokine signals they produce themselves [40]

(antibody production-
tolerance)

they support development of Th2 cells which act
through promotion of B-cell maturation into im-
munoglobulin secreting plasma cells. When “danger
signals” are introduced by microbial infection or tis-
sue destruction the DC start their maturation, upreg-
ulate the antigen presentation molecule MHC-class-II
at their surface together with co-stimulatory mole-
cules (e.g. CD80/86, CD40, ICAM-1) and stimulate
proinflammatory Thi cells. Thi cytokines inhibit Tha
and Treg cells and reverse in order to focus the im-
mune response in a distinct direction

and the immune reactions they initiate or
favour.

In mucosal tissues immature DC prevail that
show an active uptake of antigens but a low sur-
face expression of MHC-class-II and co-stimu-
latory molecules [2] and also produce preferably
interleukin 10 (IL-10) [19]. If such immature DC
present antigens to T cells, they stimulate the
differentiation of T-helper cell type 2 (Th2) that
induce immunoglobulin production by plasma
cells by their cytokines (IL-4, IL-5 and IL-10).
Alternatively, newly (re-)discovered regulatory
T cells (termed Treg or Th3) can arise that are
more strongly immunosuppressive through the
combined production of IL-10 and transform-
ing growth factor f (TGF-f) and can therefore
even inhibit the rejection of transplants [67].

Through the contact with maturation signals
[37],immature DC differentiate into mature DC.
Since the maturation signals are initiated via
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unphysiologic events in the context of infection
or tissue destruction (e.g. contact with micro-
bial pathogens, inflammatory cytokines, trans-
plant surgery), these signals are also termed
“danger signals” [11]. Hereby DC are activated
and mature by expression of high levels of sur-
face MHC-class-II and co-stimulatory mole-
cules (CD80,CD86,CD40). This allows an effec-
tive antigen presentation that leads to the
initiation of a cellular proinflammatory im-
mune answer by T-helper cells type 1 (Th1) and
their cytokines (IL-2, IFN-y, TNF-a).

Thi- and Th2-lymphocytes tend to inhibit
each other by shifting the cytokine milieu in
opposing directions and this Th1/Th2 paradigm
is frequently used to explain the course of im-
mune reactions. However, this paradigm may be
oversimplified because other Th subtypes exist
and because findings from the ocular surface,
e.g. in allergy [38] and in dry eye disease (M.E.
Stern, S.C. Pflugfelder, personal communication),
indicate that both subtypes can be involved in in-
flammatory processes as shown below.

Summary for the Clinician

e A basic function of MALT is the immune
regulation at mucosal surfaces by balancing
between an inflammatory immune defence
of pathogens and a tolerance of the ubiqui-
tous non-pathogenic antigens

o The preference is for a generation of toler-
ance mechanisms in order to avoid constant
inflammatory destruction of the delicate
mucosal surface

e Immune regulation is mainly performed
by a special class of professional antigen
presenting cells, dendritic cells (DC)

e Depending on external influences in the
tissue (cytokine milieu, microbes, cell
wounding, etc.), the function of DC is
biased and leads to the stimulation of
different types of T-helper (Th) cells that
govern different directions of immune
response by differential patterns of secreted
immunomodulatory mediators (cytokines)

e Thi-lymphocytes maintain inflammatory
defence, Th2 cells stimulate the mainly anti-
inflammatory immunoglobulin production
and Th3 (or regulatory T cells) act immuno-
suppressively

6.3
Dry Eye Disease

6.3.1
Introduction

Recent findings have shown that dry eye disease
(keratoconjunctivitis sicca, KCS), similar to oth-
er types of ocular surface disease, frequently
contains an inflammatory component. This is
regulated by immune modulators (e.g. cy-
tokines and chemokines), can affect other parts
of the integrating functional anatomy of the
ocular surface [27] and eventually leads to a
vicious circle of degenerative remodelling of the
ocular surface. In other mucosal organs of the
body it was shown that inflammatory mucosal
disease is initiated by destruction of the surface
epithelium which allows uncontrolled influx
of antigens and leads to a deregulation of the
cells of the mucosal immune system. This
is characterized by a shift of the effector T
cells in the direction of Th1. The main aspects of
this pathogenesis have also been verified at the
ocular surface in dry eye. Consequently, im-
munosuppressive therapy has proven to be ef-
fective in moderate to severe cases of dry eye
disease.

6.3.2
Epidemiology, Definition
and Characteristics of Dry Eye

Dry eye disease is a widespread disruption of
the normal homeostasis of the ocular surface
that affects, depending on the tests applied for
diagnosis in various studies, up to 10-30% of
the population [56]. It is not homogeneously
distributed in the population but more likely
affects elderly people and preferentially women,
which may point to certain risk factors such as
age or hormonal status. It is caused, according
to a definition of the American National Eye In-
stitute (NEI) [30], by an alteration of the tear
film either due to aqueous deficiency or to in-
creased evaporation. This condition leads to a
disruption of the cellular and morphological in-
tegrity of the ocular surface and eventually
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Fig.6.5. Clinical photo of severe dry eye disease. A
severe dry eye shows dryness of the ocular surface
with epithelial staining (if different kinds of vital
stains such as fluorescein or rose bengal are applied).
The corneal reflex is disturbed and the transparency
of the cornea is decreasing. The eye is severely in-
flamed and shows neovascularization with new ves-
sels that grow from the limbus onto the cornea

causes the symptoms that are presented to the
ophthalmologist [48]. Symptoms can range over
a wide spectrum from mild discomfort and in-
creased fatigue of the eye to redness, itching,
burning and stinging sensations (Fig. 6.5).It can
be associated with usually minor alterations of
visual acuity but may in severe cases lead to
severe inflammation, scarring and blinding.

The dry eye syndrome appears as a complex
deregulation of the functional anatomy of the
ocular surface [27] and deficiencies of the tear
film can originate, for example, from alterations
of the lid shape, blinking mechanism or inner-
vation, from alterations of the endocrine net-
work, from the presence of meibomian gland
disease or from chronic mechanical irritation of
any kind (e.g. contact lenses).

In recent years evidence has accumulated
from intensive investigations that various forms
of dry eye disease are associated with inflam-
matory alterations [41, 48, 58] of the ocular sur-
face and appendage that are associated with
inflammatory factors inside the tissue and tear
film.

6.3.2.1
Lacrimal Gland Contribution
to Dry Eye Disease - Sjogren’s Syndrome

The lacrimal gland is an associated gland of the
ocular surface that functionally and embryolog-
ically constitutes an integral part of the ocular
surface. Similarly, from the viewpoint of mucos-
al immunology, it is an integral part of the ocu-
lar mucosal immune system (EALT) [23] togeth-
er with the conjunctiva-associated lymphoid
tissue (CALT) and the lacrimal drainage-associ-
ated lymphoid tissue (LDALT). It contains simi-
lar cell populations of T- and B-lymphocytes
and DC [64].

T-cell-mediated inflammatory alterations of
the lacrimal gland have been known for a long
time; they appear to be associated with an im-
pairment of the innervation that triggers the
final release of aqueous secretion, and Sjogren’s
syndrome is a major cause for tear deficiency
[7]. Alterations of B-lymphocytes are also de-
scribed in Sjogren’s syndrome. The aetiology of
the disease is unknown, but it may originate
from activation of the acinar epithelial cells due
to viral infection by Epstein-Barr [52] or other
viruses which stimulate a production of inflam-
matory cytokines and can lead to presentation
of epithelial autoantigens by upregulated MHC-
class-IT and ICAM-1 production and expression
at the epithelial surface. A number of respective
autoantigens are characteristic for Sjogren’s
syndrome and can be used to support the diag-
nosis (e.g. SS-A, SS-B, a- and B-fodrin, M3 re-
ceptor). A distinct repertoire of antigen recep-
tors was found on T and B cells in Sjogren’s
patients. This can lead to a breakdown of the
physiological peripheral self-tolerance and re-
sults in an activation of lymphocytes that carry
receptors for self antigens and happen to have
escaped the central tolerance mechanisms in
primary lymphoid tissues. An accumulation of
mainly CD4+ T-helper cells, DC and smaller
amounts of B cells in the salivary and lacrimal
glands has been reported [46]. This results in
the destruction of acinar epithelial tissue by
binding of the self-intolerant cytotoxic T cells to
acinar cells and lymphocyte induction of acinar
apoptosis via release of cytotoxic molecules.
The lymphocytes, and to a certain extent also
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epithelial cells, produce a large amount of main-
ly inflammatory Thi-type cytokines (IL-2, IL-6,
IFN-y, TNF-at). Th2 cytokines (IL-4, IL-5,IL-10)
are produced in smaller amounts and prefer-
ably in areas of occasional B-cell accumulations
[43]. The presence of inflammatory cytokines
induces a further influx of more lymphocytic
cells by upregulation of adhesion molecules on
glandular vessels and leads to an activation of
stromal cells with release of matrix metallopro-
teinases that cause a degenerative remodelling
of the extracellular matrix around the epithelial
acini.

Since only about half of the secretory acinar
cells are destroyed by this process, it appears
likely that the remaining intact acinar cells are
inhibited from secretion by negative interfer-
ence with innervation [7, 8]. Suggested mecha-
nisms include an observed reduction of density
of innervating nerve fibres, the inhibition of
release of neurotransmitters by inflammatory
cytokines or the blockade of innervation effects
in the epithelial cells by autoantibodies against
their muscarinic M3 receptor [7].

Androgen deficiency is shown as an impor-
tant predisposing factor for the initiation of in-
flammatory reactions as well as alterations of
the secretion of the lacrimal and meibomian
glands resulting in tear deficiency [60].

6.3.2.2
Conjunctival Contribution
to Dry Eye Disease - Non-Sjogren’s Dry Eye

Inflammatory affections in dry eye disease are
not only found in the lacrimal gland. Even in the
clinically inflammation free and primary tear
deficient non-Sjogren’s dry eye an elevation of
inflammatory cytokines (ILia, IL6, IL8, TNFx)
is found in the tear film and inside the tissue of
the conjunctiva [48]. The ability of conjunctival
epithelial cells to release inflammatory cy-
tokines has