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Introduction

I. Introduction

A. General introduction

The mucosal immune system in the female reproductive tract has evolved to meet
the unique requirements of dealing with sexually transmitted bacterial and viral
pathogens, allogeneic spermatozoa, and the immunologically distinct fetus.

Despite years of immunologic investigation, the mechanisms that regulate this
mucosal immune system in the human reproductive tract have received only little
attention. This is due to the complexities of the immune and endocrine system and
also to the difficulties of conducting experiments in this field.

During the last years there has also been an increasing awareness of the need for
further investigation of this area due to the continuously rising prevalence of
sexually transmitted diseases (STDs), among them the pandemics caused by the
human immunodeficiency virus (HIV)/acquired immunodeficiency syndrome (AIDS).
Also in another field of gynecology and obstetrics, the reproductive medicine, the
knowledge of immunological mechanisms and disturbances has gained growing
attention.

However, recent progress in the field of genital tract immunology has shed light on
some of the mechanistically most important functions of this immune system. Most
importantly, we are beginning to understand how immune responses should best
be stimulated at the genital tract mucosal level. On the basis of this information,
the attempt to construct new mucosal vaccines specifically targeted to the genital

tract is one of the ambitious goals of research in this field.

B. Methods and goals of this study

The objective of this work was to systematically review and discuss recent studies
and articles dealing with the subject of the immunology of female genital tract
tissue.

To this purpose, a computerized search of PubMed databases was first performed
on general terms such as “immunology of genital tract”, “mucosal immunology”,
“mucosal immunity”, or “immunology in gynecology”. On the basis of references of

these newer articles, other studies or older literature could be found as well.
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Introduction

To further explore studies on this topic, the comprehensive database of medical
magazines (DocumentWeb) of the Ludwig-Maximilians-Universitit Munchen was
used. Archives of relevant magazines dealing with immunology and/or gynecology

were searched with the help of these general terms again.

Particular attention was then given on a more specialized computerized search
concerning the chapters on immunology of genital tract infections and immunology

of reproductive medicine by using more defined keywords.

Besides research via internet databases, I have used public institutions and
libraries such as the Bayerische Staatsbibliothek Miinchen, Medizinische
Universitatsbibliothek Munchen GrofShadern and the Deutsche Zentralbibliothek

fiir Medizin Koln.

After giving a brief introduction on the basic principles of human innate and
specific immunity, and further of mucosal immunology, the overall goal of the first
chapter is to define the mucosal immune system in the female reproductive tract.
The focus is thereby to identify what is known about humoral and cellular factors of
this particular mucosal immune system and to define the regulatory influences by
sex hormones and cytokines. The unique immunologic characteristics of the female
genital tract are then considered in respect to the design of mucosal vaccines for

the protection against microbial disease.
The second chapter deals with the most important infections of the female genital

tract and describes the latest results on innate and adaptive immune responses

and vaccine development for each infection.
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These are the following:

Viral infections

Herpes simplex virus (HSV)
Human immunodeficiency virus (HIV)

Human papillomavirus (HPV)

Bacterial infections

Neisseria gonorrheae
Chlamydia trachomatis

Bacterial Vaginosis (BV)

Mycoses

Candida albicans

Parasites

Trichomonas vaginalis

The third chapter then reports on different important fields of immunology in
reproductive medicine. After describing immunologic principles at the fetomaternal
interface during normal pregnancy and labor, another emphasis lies on different

disturbances in maternal-fetal interactions and their immunologic background.

These are:

Preeclampsia
Preterm labor/preterm birth
Fetal growth retardation

Early pregnancy loss

Furthermore, the topic of infertility is further elucidated from an immunological

point of view. The remarks on latest developments on immunocontraception

conclude this chapter.
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Immunology of the genital tract

II. Immunology of the genital tract

A. Fundamentals of immunology

1. Concepts of innate and specific immunity

The term immunity derives from the Latin word immunitas which stands for the
privilege of the Roman senators to be protected from legal punishment or exempted
from certain public duties (1). At all times immunity has been described as the
protection against illness, especially infectious illness. In modern times immunity is
more exactly defined as reaction of the body against unknown substances and the

capability to distinguish infectious nonself and non-infectious self.

The immune system has evolved to provide appropriate defense systems at various
levels of innate or unspecific and acquired or specific immune responses (578).
Innate immunity is the ancient part of the host defense mechanisms and lies
behind most inflammatory responses. Acquired immunity can provide specific
recognition of foreign antigens, an immunological memory of infection and
pathogen-specific adaptor proteins. However, the adaptive immune response is also

responsible for allergy, autoimmunity and the rejection of tissue grafts.

In most cases, components of both systems interact to create an appropriate
immune response to an infectious agent. But it is not only the protection from
penetration by foreign or modified cells but also the elimination of old and deficient

cells which characterizes a functioning immune system.

a) The innate immune response to infectious agents

Recognized as the first line of defense, innate immunity consists of different
mechanisms which are already available before exposition with pathogens or
unknown molecules and do not need prior activation or induction. Innate immune
responses do not change in type or magnitude if there is more than one encounter
with the same antigen and differences between unknown substances cannot be
distinguished (302). In the following, a short overview of the different factors of

innate immunity is given (Table 1).
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Mechanical and chemical barriers

Skin, mucosal surfaces

Enzymes (lysozyme), peptides (defensins), fatty acids, acidic pH, etc.

Cellular factors

Mononuclear phagocytes (blood monocytes/tissue macrophages)
Granulocytes
Dendritic cells
Mast cells
Natural killer cells

Humoral factors

Complement

Acute-phase proteins

Interferons

Table 1: Factors of the innate immune system

Preventing microorganisms from gaining access to the body is achieved by
mechanical barriers such as skin and surface epithelia (1019). These are also
equipped with additional chemical features including fatty acids in the skin, low pH
in the stomach or antibacterial enzymes in saliva, for example. Once the pathogen
has crossed the epithelial barrier, cellular effector mechanisms involving
granulocytes and mononuclear phagocytes are activated to eliminate the intruder

by phagocytosis (1213).

To recognize foreign structures that are not normally found in the host, the innate
immune system relies on conserved germline-encoded receptors that recognize
conserved pathogen-associated molecular patterns (PAMPs) found in groups of
microorganisms (615). These are conserved products of microbial metabolism
produced by microbial pathogens but not by the host, such as lipopolysaccharide
(LPS) in the outer membrane of gram-negative bacteria. Recognition of these
molecular structures allows the immune system to distinguish infectious nonself

from non-infectious self (615, 909).

Among receptors for PAMPs which are expressed on cells of the innate immune

system, Toll-like receptors (TLRs) are of particular importance. Signaling through
II-5
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TLRs in response to PAMPs leads to recruitment of other immune cells and
production of antimicrobial factors that kill invading microbes as well as link innate
and acquired immunity (16). Studies have found ten different subtypes of
mammalian TLRs spread on the surface of different immune cells (534).

Among the cells that bear innate immune or germline-encoded recognition are
mononuclear phagocytes, dendritic cells (DCs), mast cells, granulocytes, and

natural Kkiller (NK) cells (615).

(1) Cellular factors

Phagocytic cells are located at strategically important spots in the organism (

Table 2) and are all derived from pluripotent stem cells of the bone marrow.

Localisation | Phagocytic cells
Blood Monocytes
Neutrophils (Eosinophils, Basophils)
Lung Alveolar macrophages
Liver Kupffer cells
Brain Microglia
Bone Osteoclasts
Kidney Mesangial cells in glomeruli
Joint Synovia-A-cells

Table 2: Localisation of phagocytic cells

Monocytes circulating in blood vessels and macrophages in other tissues like lung,
liver and lymph nodes as well as granulocytes are capable of Killing
microorganisms. After activation by cytokines, especially interferon-y (IFN-y),
macrophages produce toxic effector molecules as reactive oxygen intermediates
(ROI) and reactive nitrogen intermediates (RNI) which are interactively able to kill
the pathogen. RNI have proved to be the most effective defense mechanism in
murine macrophages but also an increasing amount of studies supports RNI
production of human macrophages (667). Lysosomal enzymes within the
phagosome or depletion of intraphagosomal iron function as other mechanisms of

phagocytic cells to kill intracellular pathogens (412, 817).

The group of granulocytes consists of neutrophils, eosinophils and basophils but

the uptake and intracellular killing of microorganisms is in the first place the task
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of neutrophils. By expriming Fc receptors for immunoglobulin (Ig) G (CD16) and
receptors for activated complement factors (C3b), neutrophils can phagocyte
pathogens coated by antibodies or complement factors (1266). Neutrophils are able
to release azurophil granule with myeloperoxidase and lysozyme, specific granule
with lactoferrin or alkaline phosphatase as well as superoxid radicals, which leads
to an inflammatory reaction of tissue (1266).

Extracellular Kkilling of large parasites such as helminths is performed by
eosinophils. They also provide surface receptors for complement factor C3b and
release their granule with major basic protein (MBP), cationic protein and anti-
inflammatory enzymes (1213).

Basophils play an important role in allergic reactions and in immune responses
against parasites where they release mediators such as histamine or heparine and
chemotactic factors and therefore cause an anaphylactic reaction. They have
surface receptors for both IgE and activated complement factors C3a and Cba
(1266).

Other cellular components of the innate immunity are NK cells which are large
granular lymphocytes making out 5-10% of the peripheral lymphocytes in the blood
(1266). They exprime surface receptors for IgG (CD16) as well as T cell markers
such as CD8 and are able to mediate antibody-dependent cellular cytotoxicity
(ADCC). Thereby, they are able to destroy target cells such as cancer or virus-
infected cells by binding these antibody-loaded cells to the Fc receptor of NK cells
via the Fc region of the antibody (1266).

(2) Humoral factors

The complement system is a multicomponent triggered enzyme cascade (Figure 1)

and is used to attract phagocytic cells to the pathogens.
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[Classical complement pathwayl| |Alternative complement pathway]
Antigen-antibody-complex Surface of pathogens
! !
C1 D
! !
Cc4 C3
! !
c2 B

IC3-Convertase

C3a, C4a, Cba

/ CSb\ :

Membrane attack Binding to receptors Phagocytes
complex on phagocytes
! !
C5-C9 Opsonization of
! pathogens

Osmotic cell lysis

Figure 1: Components and effector mechanisms of the complement system (616)

Complement activation can start via the classical pathway with Igs in complex with
antigens binding to complement protein C1. As it requires the presence of specific
antibodies this way is delayed upon microbial infection (177). The alternative
pathway beginning with the binding of complement factor C3b on different activated
bacterial surfaces is initiated in the absence of antibodies and therefore is the more
important one among the humoral mechanisms of the innate immune system (667).
Both ways lead to the splitting and activation of factor C3 whose activated
fragments enable the opsonization of antigens or bacteria surfaces. The terminal
components C5-C9 form a membrane attack complex (1213) which enables the

osmotic lysis of the pathogen.

Other humoral factors of the innate immune system involve IFNs and acute-phase
proteins (1266). IFN-a produced by leukocytes and IFN-f synthesized by fibroblasts
and other cell types block viral replication in virus-infected cells. C-reactive protein
as the most common representative of acute-phase proteins promotes the binding of

complement to bacteria and facilitates their phagocytosis.
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b) Specific acquired immunity

If the intruding microorganism cannot be eliminated by the effector mechanisms of
the innate immune system mentioned above, the components of the specific or
adaptive immune system are activated. Specific immunity is characterized by an
adaptation to the first reaction to an antigen (1213). The following responses to the
same antigen are specific and quantitatively and qualitatively different from the
primary response. This specificity is achieved through usage of clonally distributed
antigen receptors, i.e. surface Ig on antibody-producing B lymphocytes and T cell
receptors (TCR) on the surface of T lymphocytes. Another feature of the adaptive
immune system is that it develops memory which allows a faster response of

specific effector cells when encountering the relevant antigen a second time (667).

Responding to antigens is either realized by producing specific antibodies (humoral
immunity) or direct specific lymphocyte contact with host cells expressing foreign
antigenic peptides (cell-mediated immunity). The cell-mediated response needs the
cooperation of different subclasses of T cells, macrophages and perhaps NK cells.

Humoral responses involve the interaction of B cells, T cells and antigen-presenting

cells (APCs) (302).

(1) The major histocompatibility complex (MHC)

T and B lymphocytes need a system to be able to distinguish between “self” and
“nonself”, which is done by the MHC (1482). This group of genes encodes for several
proteins, also called human leukocyte antigens (HLA) (Table 3). MHC class I
molecules, which include HLA-A, HLA-B and HLA-C, are being expressed by all
nucleated cells whereas MHC class II molecules including HLA-DR, HLA-DP and
HLA-DQ are being expressed by APCs, B and T cells (1266).

MHC class Ia HLA-A, HLA-B, HLA-C

MHC class Ib HLA-E, HLA-F, HLA-G

MHC class II HLA-DP, HLA-DQ, HLA-DR

MHC class III Complement components, TNF-a, TNF-3

Table 3: MHC classes with examples for encoding proteins

II-9



Immunology of the genital tract

(2) B lymphocytes

After the process of B cell differentiation in bone marrow each mature B cell bears a
surface receptor, an Ig, which is different in its antigen specificity from all other B
cells. These mature but naive B cells circulate in the blood, lymph and secondary
lymphoid organs waiting to encounter antigen. By interaction with antigen, B cells
produce and secrete large amounts of antigen-specific memory B cells and effector
plasma cells which generate large amounts of soluble but otherwise identical

versions of the membrane-bound Ig (1).

This clonal selection hypothesis (1387) explains why following responses to the
same antigen are more effective and longlasting as in the initial response (302). In
the first encounter with antigen, a primary antibody response is generated; later, a
re-encounter with the same antigen causes a more rapid secondary response,
producing high levels of antibodies with a high binding affinity for the target

antigen. This process is also exploited in prophylactic vaccination.

Characteristic for the primary immune response are primarily IgM class antibodies
whereas the secondary and all subsequent responses to the same antigen may be of
the IgG, IgE or IgA subclasses, depending on the location (302). Proliferation and
differentiation of B cells as well as the Ig isotype class switching are driven by
cytokines, especially by interleukins (IL)-4 and -5 (1266). The differences between
the Ig subclasses shows Table 4.

In addition to their unique role as antibody-producing plasma cells, B cells have the
capacity to present antigen to T lymphocytes. Upon binding of antigen to
membrane-bound Ig, antigen-antibody complexes are internalized and degraded.
Antigen-derived peptides are then introduced to MHC-II-dependent pathways and
can be presented to peptide-specific CD4+ T cells (1482)
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IgG IgA IgM IgD IgE
Monomer Pentamer
Form Monomer Monomer Monomer
Dimer Hexamer
Subclasses G1,G2,G3,G4 Al,A2 — — —
Percent of
75-85 7-15 5-10 0,3 0,019
Ig
Macrophages Mast cells
Binds to NK cells Lymphocytes Lymphocytes — Basophils
Neutrophils B cells
Complement
Classical Alternative Classical — —
fixation
Cross
Yes — — — —
Placenta

Table 4: The different classes of immunoglobulins

(3) T lymphocytes

In contrast, T cells only recognize antigen when it is presented by appropriate MHC
molecules on APC such as DCs or macrophages (667).

During their differentiation in thymus, T lymphocytes learn to recognize MHC
molecules and develop the cluster of differentiation (CD) 4 and 8 surface receptors
which mark them as CD4+ T helper cells or CD8+ cytotoxic T cells (CTL).

Antigenic peptides presented to T cells by MHC class I molecules stimulate the
CD8+ T cells whose primary function is to destroy intracellular pathogens. Peptides
presented by MHC class II molecules stimulate the CD4+ T cells which are able to
eliminate both intracellular and extracellular pathogens. They produce various
cytokines required for the activation of leukocytes and are therefore also termed T

helper (Th) cells (667).

Activation of T cells requires signaling mediated through both the TCR and
costimulatory receptor-ligand interactions which involve the costimulatory
molecules CD80 (B7.1) and CD86 (B7.2) on APCs (667). These can bind to T cell
surface molecule CD28 and CD125 (CTLA-4).

As CD4+ Th cells produce different cytokines upon antigenic stimulation to activate
B cells and macrophages, they can be divided into the two subpopulations of Th1l
and Th2 cells (977). Thl cells are characterized by secretion of INF-y and IL-2,

II-11



Immunology of the genital tract

whereas Th2 cells produce IL-4, IL-5 and IL-10 (977). Th2 cells are therefore
important for the induction of humoral immune responses by controlling B cell
activation while Th1l cells initiate cell-mediated immune responses by activating
macrophages by IFN-y and CD8+ T cells by IL-2 (667, Table 5). The differentiation of
these subsets from ThO precursor cells is driven by cytokines, especially by IL-

12/IL-18 and IL-4, respectively (667).

Tho
\I}—4/IL—10
>

IL-12/1IL- 1‘8/
y

/ IFN-y/IL-4 \

IL-2 IL-4
IFN-y IL-6
TNF-a IL-10

[Cell-mediated immunity]|

[Humoral immunity]

Activation of cytotoxic T cells —
Protection against viruses
Macrophage activation — Protection
against intracellular microbes

Ig class switch to IgG (complement
activation/opsonization) —
Protection against extracellular
microbes

Th1 activation — Protection against

all microbes and viruses

B cell maturation — Protection
against extracellular microbes,
virions and helminths

Ig class switch to IgE (mast cell,
basophil, eosinophil) — Protection
against helminths

Ig class switch to IgG (neutralization)
— Protection against virions, toxins
Ig class switch to IgA (mucosa) —
Protection against many pathogens
Eosinophil activation — Protection

against helminths

Table 5: The role of Thl and Th2 cells in immunity, adapted from Kaufmann et al.

(667)

A third category of T cells, regulatory T cells (Tregs) with the phenotype
CD4+CD25+, usually secretes IL-10 and tumor growth factor-p (TGF-B). Cells with

this phenotype are thought to recognize self-antigens and function to prevent
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autoimmunity, but they also regulate responses to exogenous antigens, and have

been implicated in chronic and immunopathologic viral infections (1220).

CTLs are able to eliminate virus-infected cells or tumor cells by lysis or apoptosis
(1266). Cytotoxicity is mediated by pore-forming proteins (perforins) and enzymes
(granzymes) that perforate the target cell. CTLs can also trigger apoptosis, i.e.
programmed cell death, in target cells through receptor-ligand interaction (667).
Upon activation, CTLs are induced to express Fas-ligand (FasL) which interacts

with the corresponding receptor Fas expressed on virus-infected target cells.

The division of the immune system into innate and specific immunity (Table 6) does
not mean the strict separation of both when encountering pathogens. Instead, it is
required that both systems closely cooperate and that components of both activate
each other. Over the recent years, it has become increasingly clear that the two
systems cannot be seen separately and that the innate immune system is even

instrumental for the development of the adaptive immune response.
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Innate immune system

Adaptive immune system

First line of defense

Specific recognition of

foreign antigens

General No specificity and no Immunological memory
characteristics adaptation following antigen Responsible for allergy,
exposure autoimmunity, rejection of
tissue grafts
Physical and chemical Skin Immune systems of skin and

mucosal membranes

Natural Kkiller cells

barriers Mucosal membranes
Antibodies in secretions
Circulating molecules Complement Antibodies
Macrophages/Monocytes
Cellular factors Granulocytes Lymphocytes

Soluble mediators

effective on other cells

Cytokines like
a- and B-interferons,
tumor necrosis factor

(derived from macrophages)

Cytokines like
y-interferons

(derived from lymphocytes)

Genes encoded in germline

Encoded in gene segments

effectors

Receptors

DNA, no gene rearrangement Rearrangement necessary

Conserved molecular patterns Details of molecular
Recognition

(PAMPs) structure (proteins, peptides)
Self-Nonself Perfect (selected over Not perfect (selected in
discrimination evolutionary time) individual somatic cells)
Immediate activation of Delayed activation of

Response

effectors

Table 6: The concepts of innate and specific acquired immunity, adapted from

Janeway and Travers (616)

2. Mucosal immunology

The immune system can be divided into two compartments that display
considerable functional independence; on the one hand, the systemic compartment
represented by the bone marrow, spleen, and lymph nodes, and on the other hand,
the mucosal compartment, represented by lymphoid tissues in mucosae and
external secretory glands. Numbers and types of cells involved in immune
responses and their soluble products, primarily antibodies, are remarkably different
in the mucosal and systemic compartments of the immune system, which should

be further elucidated here.
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A particular immune system of mucosal surfaces in humans was first presumed
during the times of Paul Ehrlich in the 19t century (1266). Further anatomical and
biological studies of a common mucosa-associated immune system go back to the
seventies where Tomasi started to describe the function of secretory (S)-IgA and
cellular immune mechanisms of a common mucosal immune system as

components of mucosa-associated immune system (1423).

Several hundred square meters comprise the surface areas of mucosal membranes
where antigens from ingested food or inhaled air and resident pathogens represent
the most important exogenous stimulants (762). Due to the high antigen load of
mucosal surfaces the mucosal immune system exhibits immunologic
hyporesponsiveness or unresponsiveness to most antigens, on the other hand, it
must also be capable of inducing effective cell-mediated and antibody-mediated
immune responses towards selected antigens. To meet this task, mucosal surfaces
possess a unique immune system that tightly controls the balance between
responsiveness and non-responsiveness (tolerance). Besides mechanical barriers,
humoral factors such as lysozyme, peroxidase and specific antibodies as well as

cellular mechanisms contribute to the protection of mucosal surfaces (Table 7).

Mechanical barriers and peristalsis

Desquamation of epithelial cells with attached microorganisms

Humoral factors: Mucin, acids, lysozyme, lactoferrin, peroxidase system
antimicrobial proteins, interferon-a, complement

Specific antibodies: IgA>>IgG>IgM

Cellular factors: Phagocytic cells, T cells, NK cells

Table 7: Protection of mucosal surfaces, adapted from Kutteh and Mestecky (762)

Immune responses generated by organized lymphoid structures in the mucosa-
associated lymphoreticular tissue (MALT) result in the development of B cells
capable of producing antigen-specific Igs that can reach the draining lymph nodes
and other mucosal tissues where they differentiate into plasma cells (1018). A
second major outcome of the entry of antigen and antigen presentation by DCs is
the activation and differentiation of T cells that can subsequently migrate out of the

MALT and reach mucosal as well as peripheral non-mucosal tissues.

The mucosal immune system is structurally and functionally divided into sites for

antigen uptake and processing at inductive sites on the one hand, and effector sites
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engaging lymphocytes, granulocytes and mast cells on the other hand (1018).
Besides the nasal-asssociated lymphoreticular tissue (NALT), the gut-associated
lymphoreticular tissue (GALT) is the prototype of MALT and posesses APCs, T
lymphocytes and IgA-committed B cells.

a) S-IgA as the major Ig subclass in the mucosal immune system

Igs of all isotypes have been detected in various human external secretions. The
predominant Ig isotype in normal human serum is IgG, followed by IgA and IgM. In
contrast to serum, the major isotype in human excretions such as saliva, tears,
bile, urine and milk is IgA (762).

IgA is the most important subclass of Igs that can actively and efficiently be
secreted through epithelia (1). Due to the size of mucosal surfaces the total amount
of daily IgA production was quantified by 66mg/kg body weight, which is more than
twice the rate of IgG (247). Approximately 1500mg/day IgA are produced
systemically in bone marrow, lymph nodes or spleen but twice as much IgA is

released in the mucosal immune system.

Most of the serum-IgA is found in a monomeric form with two heavy and two light
chains whereas S-IgA is mainly polymeric with presence of a J chain and the so-
called secretory component (SC). IgA is produced by plasma cells in the lamina
propria and combined with the SC, a glycoprotein expressed on the surface of
mucosal epithelial cells (ECs). This protein then handles the active transport of
polymeric IgA into the intestinal lumen where IgA is released by proteolytic cleavage
again (1). Investigations concerning the origin of S-IgA have demonstrated that it is
produced locally at the mucosal sites and is not derived to a significant degree from

the circulation (764).

The two different molecular forms also show different effector functions, which is

illustrated in Table 8.
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Secretory-IgA Serum IgA
Molecular form polymeric monomeric
Subclass IgAl > IgA2 IgAl >>> IgA2
SC-mediated transport into secretions Yes No
J-chain expression Yes Mostly no
Peyer’'s
Bone marrow, no patches, IgA
Origin of precursor cells
circulation cells in
circulation
Neutralization of antigens Yes Yes
Inhibition of bacterial adherence Yes ?
Loss of bacterial plasmid Yes ?
Inhibition from antigen uptake from mucosa Yes No
Enhancement of innate factors Yes Yes (?)
Suppression of inflammatory effects
(phagocytosis, lysis, NK cell activity etc) ves Yes

Table 8: Effector functions of secretory and serum IgA (762)

IgA can also be divided into two subclasses IgAl and IgA2 which differ in primary
structure, carbohydrate composition and their sensitiveness to bacterial proteases.
Neisseria gonorrhoeae, for instance, is evidently a producer of IgA protease which
constitutes its most important virulent factor.

In serum, the monomeric IgAl predominates over IgA2 whereas in external
secrections almost exclusively polymeric forms of approximately equal proportions
of IgA1 and IgA2 are found (925). Furthermore, specific antibodies to viral antigens,
including HIV, are often found in the IgAl subclass, whereas IgA2 antibodies in
external secretions are associated with specificity for common structural microbial

antigens as LPS and lipoteichoic acid (922).

b) Inductive sites of the mucosal immune system, in the example of

the GALT

The primary inductive sites for mucosal immune responses are organized lymphoid
aggregates such as Peyer's patches placed in the wall of the intestine or tonsils in
the upper respiratory tract. The Peyer's patches of the GALT consist of a follicle-

associated epithelium with specialized ECs known as membranous epithelial (M)
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cells, a subepithelial dome overlying B cell follicles, and interfollicular regions
enriched in T cells (1528, Figure 2).

Following ingestion, antigens and microorganisms are transported from the gut
lumen to the dome region through specialized M cells (237) where they encounter
APCs such as DCs leading to cognate interactions between APCs and T cells. DCs
can also migrate to the interfollicular regions which are enriched with T cells and
containing high endothelial venules (HEV) and efferent lymphatics to initiate
immune responses upon antigen uptake. DCs as the APCs bind bacterial products
with their TLRs, process antigen as relative immature cells and then migrate to the
T cell region and present antigen to naive T cells. There they have the properties of
mature and immunogenic DCs with high surface expression of costimulatory
molecules such as CD40, CD80, and CD86 and adhesion molecules such as CD44
(843).

GALT

Antigens

Follicl =
Inter- e _‘-'

follicular

region /\ CP

HEW

B-cell responses T-cell responses —

Figure 2: Inductive site of the GALT, adapted from Neurath et al. (1018)

After antigen uptake via M cells B cells are induced to switch into IgA-secreting
cells. Following IgA switch and affinity maturation, B cells migrate from the Peyer's
patches to the mesenteric lymph node via efferent lymphatic vessels and finally to
the lamina propria where they undergo terminal differentiation to plasma cells.

Peyer's patches are an enriched source of IgA precursor cells capable of lodging in
the recipient’s gut as well as in other glands and mucosal tissue (762). Depending
on the type of antigen and the duration of stimulation, ingestions of pathogens
induce local and systemic immune responses with parallel appearance of specific S-

IgA in saliva, milk and tears, for example. The production of IgA is therefore
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induced in lymphoid follicles such as the Peyer's patches from where the cells
recirculate through lymph and blood to diffusely populate other mucosal tissues
and exocrine glands where terminal differentiation into IgA plasma cells under the

influence of locally produced cytokines occurs.

This provides the mucosal immune system with the ability to induce responses at
sites that are distant from the immediate inductive environment, or even in different
mucosal tissues. This has led to the concept of generalised functioning of mucosal
tissues with some cross talk between them (857). Substantial dissemination of
primed immune cells from GALT to exocrine effector sites beyond the gut is also the

rationale for many desired oral vaccines.

c) Effector sites of the mucosal immune system, in the example of

the GALT

Following induction in the MALT, mature lymphocytes leave the inductive sites and
migrate to the effector sites such as the lamina propria where they can induce
proinflammatory as well as suppressive immune responses. Effector mechanisms
that protect mucosal surfaces include CTLs and effector CD4+ T cells for cytokine
production and IgA response (1528).

Lamina propria T cells are mainly CD4+ Th cells (60-70%), the majority of which
also express the TCR, just as in peripheral blood. However, lamina propria T cells
are in a more activated state than blood lymphocytes and have a mature or memory

phenotype, indicated by the surface markers CD44bhigh, CD62low, CD45RO+ (1264).

Cytotoxic CD8+ T cells account for about 30-40% of T cells in the lamina propria.
They control the level of viral infection and have a cellular memory (1266). A more
restricted T cell population, the intraepithelial lymphocytes (IEL), mainly CD8+ T
cells, may play a role in maintenance of epithelial integrity and in class switching to
IgA (219, 1528). Zytologically, they are T lymphocytes but their function is

equivalent to NK cells of the innate immunity.

Besides an inflammatory phenotype T cells can adopt immunosuppressive function.
These cells have been termed Th3 and Treg cells, and it is currently not clear if
these cells are identical cell types or different immunoregulatory cells (537). Treg

cells can actively inhibit activation or differentiation of other T cells and also
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express the CD25 marker besides their CD4 marker (1266). Treg cells have been
shown to produce large amounts of IL-10 and/or TGF-f and their immune-
suppressive properties are most likely explained by the ability of these cytokines to

inhibit APC function and to mediate direct antiproliferative effects on T cells (866).

Another task which is presumably done by T cells is the constant distinguishing of
harmless antigens in food and on commensal bacteria from pathogenic microbes.
Oral tolerance is defined as the induction of a state of systemic immune non-
responsiveness to orally administered antigen upon subsequent antigen challenge
(1528). This mechanism seems to prevent the development of an immune reaction
or allergy against intestinal intraluminal antigens. T cells appear to be the major
target of tolerance and the reduction in antibody responses after antigen exposition
are due to the reduction in T helper activity rather than to a tolerization of B cell
directly.

In addition to active suppression by Treg cells, tolerance is also maintained by
deletion and anergy of T cells specific for luminal antigens (537, 1528). Deletion of
specific T cells occurs by apoptosis whereas anergy of mucosal T cells is believed to

be induced when cells are stimulated without proper costimulatory molecules.

d) Cytokine regulation of the gut mucosal immune response

The differentiation into different Th cells and Treg cells in the mucosa results in
secretion of proinflammatory cytokines such as IFN-y and TNF-a by Th1l cells; Th2
cells secrete IL-4, IL-5, IL-6, IL-10, IL-13 and promote IgA expression, Th3 cells
secrete TGF-p and Treg produce predominantly IL-10 (1266, Table 9).

Several reports suggest that the level and type of costimulation a naive T cell
receives influences whether Thl or Th2 cells develop. Further, different types of
APCs may selectively trigger either Th1l or Th2 responses (824); however, the same

APC cell can function equally well for inducing a Th1 or Th2 response.
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Th
Cytokine production Effect on IgA response
subset
IL-2 Synergizes with IL-5/TGF- — IgA synthesis
Thl IFN-y Ig switch to IgG2a
Lymphotoxin 3 Development of Peyer's patches
IL-4, IL-5 Differentiation to plasma cells
Th2 IL-6 IgA synthesis
IL-10 IgA synthesis
Th3 TGF-B IgA isotype switching
Suppression of immune responses
Trl IL-10, TGF-B
Downregulation of Th1

Table 9: Cytokine help for the regulation of mucosal immunoglobulin response (1528)
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B. General immunology of the genital tract

1. Distinct features of the genital mucosal tissue

Mucosal surfaces have evolved to handle potential pathogens against a background
of selective physiological functions. The mucosal immune system of the female
genital tract has developed to meet the unique requirements of dealing with the
presence of a resident population of bacteria in the vagina with periodic exposure of
antigens in the uterus and fallopian tubes as well as with the presence of sexually
transmitted pathogens. It also has to balance allogenic spermatozoa and the
longterm exposure of an immunologically distinct fetus which should also be part of

this review later on.

The lower genital tract in women is comprised of four discrete anatomical regions
(1146):
*» The introitus, which is covered by a keratinized stratified squamous
epithelium resembling skin
= The vaginal mucosa, which is covered by an aglandular non-keratinized
stratified squamous epithelium
= The ectocervix, which is covered by a mucosal layer histological similar to
that of the vagina
= The endocervix, which consists of a simple columnar epithelium with

numerous glands

The transformation zone represents an abrupt transition between ectocervix and
endocervix. The susceptibility of these regions to infectious organisms differs. The
transformation zone is the main target of HPV infection whereas Candida albicans
and Trichomonas vaginalis colonize the vagina, and the cervix is susceptible to
infection by Chlamydia trachomatis and Neisseria gonorrhoea (1146).

Among the tissues of the female reproductive tract, the upper genital tract
consisting of the endometrium, the myometrium, the fallopian tube and the ovary
needs to be investigated as well. These separate compartments have evolved to meet

the different challenges and are precisely regulated by the endocrine system.

The reproductive tract has various systems of defenses against the risk of infection,

which appear complementary and synergistic. These defenses comprise non-
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immune strategies, namely passive factors such as pH, mucus, epithelial barrier on
the one hand as well as active factors such as inflammatory reaction and secretion
of humoral soluble factors on the other hand. Pre-immune humoral and cellular
defense strategies are also possibly involved in rapid protection before antigenic
stimulation. When these initial lines have been failed, a third strategy which is
acquired and antigen-specific, occurs and associates humoral response with S-
IgA/IgM and locally produced IgG as well as cellular immune responses. The latest

knowledge of these lines of defense should be reviewed here.

Although the genital tract is considered to be a component of the mucosal immune
system, it displays several distinct features not shared by other mucosal tissues or
the systemic compartment. Differences include the endogenous flora, the
predominance of IgG, hormonal fluctuations that may modify mucosal immunity,
and the need to be tolerant to sperm and to a developing fetus but also the ability to

respond to sexually transmitted bacterial and viral pathogens.

Despite of the fact that genital and intestinal tract share a common embryologic
origin and remain in anatomical proximity, these two compartments display distinct
immunologic features that reflect their very different physiologic functions (Table

10).
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Genital tract Intestinal tract
Dominant Ig isotype IgG > IgA IgA >>> 1gG
Hormonal regulation +++ -
Contribution of Ig from
the circulation + (50%) - (1%
Inductive site for local
and generalized humoral -to+ ++
responses
Effector site + ++

Expression of homing CCR9. CCR10. CCL25

receptors on LFA-1, ICAM-1,
CCL28, MAdCAM-1,
lymphocytes and ligands VCAM-1, a4p1
a4p7, aER7
on ECs
Response after intranasal
++ +
immunization
Resident commensal
flora in vagina vs Induction of effective cell-
exposure to sexually mediated and antibody-mediated
Dominant function transmitted pathogens immune responses towards
Acceptance of selected antigens
histoincompatible Oral tolerance

sperm/allogenic fetus

Table 10: Comparative characteristic features of humoral compartments of the human

genital and intestinal tract, adapted from Mestecky et al. (924, 779)

A major difference between the genital tract and the intestinal tract is that part of
the genital mucosa is sterile, lacking the presence of a microbial flora. The female
reproductive tract can thus be divided into two compartments, the vagina and
ectocervix which host a commensal flora with predominantly lactobacilli which may
play an important part in host defense, and endocervix, the uterus and fallopian

tubes which are sterile (630).

Sterility in the endocervix depends on the hormonal phases of the menstrual cycle,
which should be discussed in further detail later (1151). The epithelium of the
vagina and ectocervix therefore is required to provide a strong barrier whereas the
epithelium of uterus and endocervix is less afflicted by microorganisms. A
sophisticated barrier function is also given by the cervical mucus that filters

bacteria but allows sperm to ascend to the uterus (630). Whether related to the
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microbial flora or not, the vagina seems to be in a hypo-responsive state. This may
be a protective measure as a result of the massive antigenic load in the lower
genital tract. By contrast, the endocervix, uterus and fallopian tubes respond to

bacteria with distinct patterns of cytokines and chemokines (1151).

Several basic characteristics of mucosal immunity in the intestine and respiratory
tract are absent in the genital tract. Mucosal lymphoid nodules and M cells for
antigen uptake overlaying organized lymphoid tissue like in the intestinal tract are
missing in the reproductive tract (630). There are lymphoid aggregates in the basal
layers of the uterus but their presence and distribution strongly varies under the
hormonal influence. Besides lymphoid aggregates, the genital tract mucosa
contains APCs such as macrophages and DCs as well as genital ECs. Due to the
specialized functions of the genital tract immune system it seems reasonable to
assume that this system hosts unique regulatory cells. Both pregnancy and
infection are associated with increased numbers or alterations of function of T cells

which is discussed later on more specifically.

The mucosal immune system of the female genital tract is under strong hormonal
control that regulates the transport of Igs, the levels of cytokines, the distribution of
various cell populations, and antigen presentation in the genital tissues during the
reproductive cycle (1512). In addition to protecting against infectious agents, it
must adapt to a spectrum of physiological events that includes fertilization,
implantation, pregnancy, and parturition. A balance is maintained by sex hormones
throughout the menstrual cycle to respond to the challenges of bacteria, yeast, and
viruses without interfering with events that surround conception.

The hormonal influence on the ability to respond to antigen is considerable,
because vaginal immunization only in the follicular, but not in the luteal, phase
gave strong local IgA antibody responses (745). Also the ability to present antigen is

a property that is under strong hormonal control.

Although sometimes disputed, several recent studies have revealed that human
urine, seminal plasma, and cervicovaginal washings collected at various stages of
the menstrual cycle contain IgG rather than IgA as the dominant isotype (764). In
contrast to the predominance of IgA-producing cells in most mucosal tissues, the
endocervix was found to contain a high proportion of IgG-secreting cells whose

product, IgG, reaches the cervical fluid by a currently unknown mechanism (273).
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2. Functions and regulations of innate immune responses in the

human reproductive tract

While much attention has been paid to innate immune function in other mucosal
tissues like lung and intestine, very few studies have investigated presence and
function of the innate immune system in the female reproductive tract. What is
becoming clearer is that the innate immune system is present throughout the
reproductive tract and functions in synchrony with the adaptive immune system to
provide protection in a way that enhances the chances for fetal survival, while

protecting against potential pathogens.

The focus of the next chapter is on the different cells of the innate immune system
defining the role of ECs, macrophages, DCs, neutrophils, and NK cells throughout
the female reproductive tract, their functions and regulation during the menstrual
cycle, and the ways in which these cells communicate with the adaptive immune

system.

a) Epithelial cells in mucosal immunity

The epithelium of endocervix, uterus and fallopian tubes is composed of polarized
ECs connected by tight junctions. This single cell layer was initially thought to
reside in a sterile environment that was only infrequently exposed to bacteria
constituitively present in the ectocervix and vagina (1514). However, studies
demonstrate that polarized ECs of the reproductive tract are exposed to bacteria at
a frequency not previously appreciated (1093). Furthermore, routine histological
analysis has determined that uterus and fallopian tubes have a relatively low

incidence of chronic infections (1514).

Once thought to function only by providing a physical barrier between the lumen
and internal tissue, mucosal ECs are now known to be a part of the mucosal
immune system, protecting against the organisms present throughout the
reproductive tract. They function as sentinels that recognize antigen and also
respond in ways that lead to the production of antimicrobial molecules that either
leads to killing or inactivation of the pathogen (1514). Their ability to signal to
underlying immune cells when pathogenic challenge exceeds their protective

capacity is also investigated. Estradiol and progesterone regulate their proliferation,
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apoptosis, secretions and effects on pathogenic microbes. Finally, uterine ECs are
involved, through their cytokine and chemokine secretions, in normal physiological

processes such as menstruation and receptivity (1513).

(1) The role of epithelial cells as mechanical barrier

Throughout the reproductive tract ECs form an uninterrupted physical barrier
between the lumen and underlying cell layers. This aims at preventing
opportunistic and pathogenic microbes from infiltrating the body. However, they
also permit the transport of sperm or ovum to the site of fertilization and

implantation or support the conceptus through gestation (1512, 1514).

Each site of the female reproductive tract has a unique morphological form of ECs.
Whereas the vagina and the lower part of the cervix are lined with stratified
squamous ECs, uterus and fallopian tubes have a columnar epithelium as well as
the upper part of the cervix (1146). For the integrity of these cell formations the
presence and maintenance of tight junctions is essential. Paracellular permeability
is regulated by these most apical epithelial intercellular junctions which form a
regulated, semipermeable barrier and act as a fence that segregates protein
components of the apical and basolateral plasma membrane domains (1034). Built
of several different proteins, tight junctions seal off the lumen from the basolateral
compartment. However, this barrier is continuously regulated by calcium,

cytokines, leukocytes and, above all, hormones (1034).

When being established in culture, ECs from the female genital tract form polarized
monolayers with distinct luminal and basolateral surfaces. They also establish an
electrochemical gradient and a transepithelial resistance (TER) which illustrates the
tightness of the epithelial barrier (372). Grant-Tschudy et al. demonstrated lately
that estradiol significantly decreased TER within 24 hours when incubated with
polarized uterine ECs from mice (474). ICI 182,780, an estradiol receptor (ER)
antagonist, neutralized this effect whereas incubation with progesterone, cortisol,
aldosterone and dihydrotestosterone had no effect on uterine epithelial TER. This
demonstrated that epithelial monolayer integrity is directly influenced by estradiol

via ER.
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(2) Stromal cell regulation of epithelial cell function

Stromal cells and ECs in the genital tract act as a single unit with each cell type
producing factors to regulate each other (1514). The stroma is critically important
for endometrial function by influencing epithelial development and differentiation.
Conversely, ECs influence stroma cell function through soluble factors and cell-cell-
contact. Stromal cells from neonatal tissues are able to change the phenotype of
adult epithelium (277). Regional differentiation in the reproductive tract epithelium
is therefore directed by the inductive capability of the stroma.

Uterine stromal cells also communicate with ECs via soluble factors to maintain
epithelial barrier function, i.e. TER, and secretory activity. Previous studies showed
that human uterine stromal cells modulate the barrier function of ECs by

decreasing TER (372).

Also the influence of stromal cells on the release of the cytokines TNF-a and TGF-3
by ECs was object of studies. Mouse uterine ECs, which reach confluence as
indicated by high TER, set free TGF-f into the basolateral compartment and TNF-a
into the apical lumen. When brought together with mouse uterine stromal cells in
culture, release of TNF-a of ECs went down whereas the amount of released TGF-3
was not affected (473). This indicated that uterine stromal cells communicate with
ECs via soluble factors to maintain uterine barrier function and epithelial secretory
activity. They produce soluble factors that regulate EC® TER and release of TNF-a
without effecting TGF-f3 release (473).

The proliferation of ECs due to estrogen is also dependent on underlying stromal
cells and their release of mediators. Several studies suggested that estrogen
regulation of EC proliferation is mediated indirectly by uterine stroma (250, 595,
1121). Also mediated by uterine stroma is the effect of estradiol on EC TNF-a
release (476). While estradiol treatment on ECs alone led to a significant decrease in
TER, the amount of released TNF-a did not change. But when ECs were cocultured
together with stromal cells and treated with estradiol, apical TNF-a release was
significantly decreased (476). However, the amount of released TGF-f was not
altered by estradiol. One can conclude that estradiol directly influences epithelial
electrical integrity whereas its effect on TNF-a release is dependent on the presence
of uterine stromal cells.

Further aim is to identify the mechanisms of stromal cell effects on uterine
epithelium. Estradiol acts through the ER to regulate uterine growth and functional
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differentiation. Studies detected that epithelial ER is neither necessary nor
sufficient for estradiol-induced uterine epithelial proliferation. Instead, estradiol
induction of epithelial proliferation appears to be a paracrine event mediated by ER-

positive stroma (250, 278).

Stromal fibroblasts release soluble factors such as hepatocyte growth factor (HGF),
insulin-like growth factor (IGF) and keratinocyte growth factor (KGF) as mediators
of estrogen-induced proliferation of uterine ECs.

HGF, a mesenchymal growth factor, is expressed by uterine stromal cells and
mediates EC proliferation via HGF-receptor. HGF was shown to increase TER so
that it was concluded that stromal cells act through HGF receptors on ECs to
increase TER (475). At the same time, HGF was shown to decrease apical TNF-a
release. Both effects could be blocked by incubating epithelial and/or stromal cells
with anti-HGF or anti-HGF receptor antibody. HGF receptor, which is located at the
basolateral surface of ECs, seems to mediate the effect of HGF on TER and TNF-a
release. Moreover, as neutralization of stromal media failed to affect TNF-a
secretion, these results suggest that other growth factors, in addition to HGF, affect
EC cytokine production (475).

(3) Production of antimicrobial molecules

To encounter microbial pathogens, the genital tract ECs produce soluble factors of
the innate immune system with microbicidal effects. Among these secretions of ECs
that inhibit the growth of pathogens are the enzymes lysozyme and lactoferrin,
defensins, secretory leukocyte protease inhibitor (SLPI) and the tracheal
antimicrobial peptide (TAP) among other peptides (1512).

Defensins

Defensins, also called “natural antibiotics”, are small cationic peptides with proven
effectiveness against bacteria, fungi and some viruses and contribute to mucosal
immune responses at epithelial sites (436). Defensins are abundant in microbicidal
granules of polymorphonuclear leukocytes and epithelia, including human
intestinal Paneth cells or bovine tracheal epithelium (1436). Human defensins can
be divided into two classes, the a- and B-defensins, which are both expressed in
ECs and granulocytic white cells (325). The crucial step in defensin-mediated
antimicrobial activity and cytotoxicity is the permeabilisation of target membranes;

they seem to kill pathogens via creating pores in their membranes (436, 1271).
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ECs at mucosal surfaces, and especially in the genital tract, are known to produce
human B-defensins (HBD)-1 and -2.

HBD-1 is an essential part of epithelial secretions in the genitourinary tract and
was detected in the epithelial layers of vagina, cervix, uterus and fallopian tubes as
well as in vaginal secretions (1436). The highest concentrations of HBD-1 were
noted in the urine of pregnant women, intermediate concentrations in nonpregnant
women, and the lowest concentration in men (1436). Exposure to microbial
products, microtrauma and hormonal influences may regulate HBD-1 synthesis.
HBD-2 was originally isolated from psoriatic skin lesions and is inducibly expressed
in inflamed skin lesions and lung tissues upon treatment with bacterial LPS and
cytokines (1023). It was shown that its expression is increased at infection or
inflammation sites, for example the endometrium, and that HBD-2 is a potent

chemoattractant of human neutrophils.

The expression of these defensins may be regulated by cycle-associated changes in
sex hormones. Fleming et al. demonstrated that HBD-1 expression was highest
during the secretory phase while HBD-2 expression peaks during menstruation
(415). The use of the oral contraceptive pill downregulates expression of both which
may among other factors contribute to altered susceptibility to infection.

Concerning HBD-3 and HBD-4, it was shown that HBD-3 messenger ribonucleid
acid (mRNA) expression in the human endometrium is highest during the secretory
stage of the menstrual cycle, HBD-4 mRNA expression peaks in the proliferative
phase (707). Expression is altered due to hormonal contraceptive use which may
contribute to differential infection rates in oral contraception users relative to non-
users. HBD-3 is also upregulated during infection allowing an increased immune

response at that time.

Concerning the a-defensins, leukocytes express human neutrophil peptides (HNP)
1-4 whereas human defensin (HD)-5 and -6 are expressed mainly by intestinal cells.
Lately, HD-5 was detected in female genital tract epithelia with variable expression
in upper genital tract, but also in the lower genital tract (1152). It was also found in
cervicovaginal lavages (CVL), with its highest concentration during the secretory
phase of the menstrual cycle.

In addition to their bactericidal activity, defensins have also been shown to have
multiple functions in innate immunity. For example, (3-defensins have been shown
chemotactic for immature DCs and memory T cells by binding to the chemokine
receptor CCR6 (1554). Uterine ECs also produce CCL20/macrophage inflammatory
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protein (MIP) 3a, a chemokine ligand of CCR6, which has significant homology to

defensins and has been shown to have significant antimicrobial activity (564).

SLPI

SLPI is a mneutrophil elastase inhibitor which also has antibacterial and
antiinflammatory properties (704). It is not only produced by macrophages but also
by uterine and cervical ECs and is active against a variety of pathogens including

gram-positive and gram-negative bacteria and HIV-1 (557).

King showed that the primary site of its synthesis in the endometrium is the
glandular epithelium and that secretory peaks are higher in the progesterone-
dominated late secretory phase than in the proliferative phase of the menstrual
cycle (704). Expression of endometrial SLPI has been shown to be upregulated by
estrogen in the rat (214) and by progesterone in the human (709). Studies also
proved that uterine SLPI productions of premenopausal women were significantly
higher than those of postmenopausal women (376). These results confirm the
suggestions that expression of SLPI varies in cervical mucus during the different
stages of the menstrual cycle and menstrual status.

Furthermore, it increases in amniotic fluid during gestation and labor (323). This
may be to modulate proinflammatory paracrine interactions for the maintenance of
pregnancy and limit those occurring at parturition within the uterus. There is also a
positive correlation between SLPI expression and implantation as well as early
pregnancy which could be a benefit due to its antibiotic action and anti-
inflammatory effects of inhibiting elastase and nuclear factor- kB (NF-xkB) (1512).
NF-xkB is responsible for the production of inflammatory cytokines in response to

pathogens.

Surfactant protein A and D

Previous studies have demonstrated the essential role of Surfactant protein A (SP-
A), a member of the collectin family of proteins, in protecting the respiratory system
from infections (811). MacNeill et al. have now identified SP-A in two layers of
vaginal epithelium which makes SP-A an essential component of the host defense
system in the genital tract as well (855). SP-A can facilitate phagocytosis by
opsonizing bacteria, fungi and viruses. It can also modulate proinflammatory
cytokine production by phagocytic cells and provides a link between innate and

adaptive immunity by promoting differentiation and chemotaxis of DCs.
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SP-D, originally detected in alveolar cells type II, was also recently demonstrated in
cells lining the epithelium and secretory glands in the vagina, cervix, uterus,
fallopian tubes and ovaries (809). Endometrial presence of SP-D varied according to
stage of menstrual cycle with highest concentrations in the secretory phase. SP-D
may play a role in preventing intrauterine infection at the time of implantation and

during pregnancy.

(4) Cytokine and chemokine production

In the reproductive tract, growth factors and cytokines are synthesized in
abundance at almost every level as partly mentioned above. There is evidence that
they are not only regulators of immune function but also local modulators of steroid
hormone action. Cytokines are small secreted proteins regulating immunity,
inflammation and hematopoiesis by either acting on the cells that secrete them
(autocrine action), on nearby cells (paracrine action) or distant cells (endocrine
action). Although still considered a subclass of cytokines, chemokines are
developing their own identity (674). Their hallmark is their ability to induce
chemotaxis, but they are also involved in cellular proliferation and differentiation,
angiogenesis and inflammation.

The known chemokines form a large subsets of cytokines and basically consist of
four families, CC, C, CXC and CXXXC, their receptors (-R) and ligands (-L)
corresponding (674). The CC chemokines are functionally and structurally different
from the CXC chemokines, stimulating multiple cell types such as monocytes,
lymphocytes, basophils and eosinophils. In contrast, most of the CXC chemokines
are specifically chemotactic for neutrophils with only minor effects on other cells

(1249).

Cytokines are the mediators of communication between ECs as first line of defense
and other immune cells and therefore guarantee a successful interactive immune
response. They are produced by ECs, macrophages and T lymphocytes and act
through different receptors in the reproductive tract to regulate differentiation,
maturation and recruitment of lymphocytes (1514). Cytokine and adhesion
molecule expression are also decisive for endometrial growth in preparation for
fertilization, implantation and successful pregnancy but also for the renewal of the

uterus during each menstrual cycle.
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Several studies described the production of numerous cytokines including
granulocyte-macrophage colony-stimulating factor (GM-CSF), granulocyte colony-
stimulating factor (G-CSF), TNF-q, IL-1, IL-6, leukaemia inhibitory factor (LIF), TGF-
B and of chemokines such as MIP-1, monocyte chemoattractant protein-1 (MCP-1),
RANTES (regulation upon activation, normal T cell expressed and secreted) and IL-8
by endometrium ECs (374, 672, 673, 674).

They are constitutively produced by the polarized ECs, preferentially secreted
apically and contribute to the resident and temporary populations of immune cells
in the subepithelial layers of the endometrium, for example by recruiting
neutrophils, monocytes and T cells (374).

Besides HBD-2 (1023), another chemokine of uterine ECs, MIP3a/CCL20, attracts
B cells, memory T cells and immature bone-marrow derived DCs. Its levels
significantly increased together with levels of TNF-a by the presence of Escherichia
coli and PAMPs (265, 264). Chemokines could also account for the influx of
leukocytes and lymphocytes that form lymphoid aggregates observed during the
secretory phase of endometrium (1560).

Kayisli et al. stated that IL-8 and MCP-1 among others produced by endometrial,
myometrial and trophoblast cells also display specific roles in endometrial
angiogenesis, apoptosis, proliferation and differentiation (674). IL-8 takes part in
cervical ripening and parturition and is also found at high levels in the peritoneal
fluid of women with endometriosis. Besides mesothelial cells that form the majority
of the peritoneal cells, macrophages and endometrial cells are potential sources of
this chemokine. It was found that there are menstrual cycle-dependent changes in
IL-8 mRNA in the endometrium (48). IL-8 mRNA levels in the late secretory and
early to midproliferative phase samples are higher than the level observed in the
middle of the cycle. It can be speculated that IL-8 may modulate the timely

recruitment of neutrophils and lymphocytes into the endometrium.

Endometrial stromal and ECs produce IL-6 in response to hormones and other
activators. Besides its role in inflammation and cell differentiation of
immunocompetent cells, it also regulates ovarian steroid production,
folliculogenesis, and embryo implantation. Endometrial stromal cell IL-6 protein is
induced by IL-1f or IL-1a, TNF, platelet-derived growth factor (PDGF) and INF-y. IL-
6 is said to inhibit the proliferation of human endometrial stromal cells, dependent
on cell density, which suggests that IL-6 may play a role in epithelial-stromal

interaction in the normal uterus (1574).
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IL-6 fluctuations during the menstrual cycle reflect an inverse relationship to
estrogen action; IL-6 levels are high during the secretory phase and low during the
proliferative phase (1382). Yoshioka et al. observed that IL-6 has no effect on the
growth of endometrial stromal cells from the proliferative phase, but it inhibits

proliferation of endometrial stromal cells from the secretory phase (1564).

Concentrations of cytokines and chemokines vary in the endometrium during
physiological processes as well as pathological conditions. Many cytokines such as
GM-CSF, TNF-a, TGF-$ and LIF show temporal release patterns and are regulated
by sex hormones.
Four different patterns of cytokine expression related to the menstrual cycle were
identified in CVL obtained from healthy ovulating women (880):
= LIF, RANTES, and MIP-1a are detectable at menses only
= JL-8, IL-6, TGF-B, and IL-1p are detected throughout the cycle but at highest
levels at menses
= M-CSF and epidermal growth factor (EGF) are found throughout the cycle
but peak during the late proliferative phase
= JFN-y and TNF-a are detectable in a subpopulation of women during non-

menses stages of the cycle and may be associated with inflammatory events

For example, progesterone withdrawal results in upregulation of MCP-1 and IL-8
leading to chemotaxis and activation of monocytes and neutrophils (268). A
correlation between high levels of IL-6, IL-8 and MCP-1 and amniotic microbial
infections has been found in cervicovaginal fluids and amniotic fluids from women
in preterm labor (610, 1512). However, low cervicovaginal concentrations of IL-6
and IL-8 were found in patients with chorioamnionitis in early pregnancy (1307).
The conclusion was that low concentrations of multiple cytokines indicated a broad
immune hypo-responsiveness that could create a permissive environment for

infection whereas high levels correlated with a dangerous infection.

Among other cytokines, GM-CSF, which regulates granulocyte and macrophage
proliferation, is released by ECs of the pregnant and non-pregnant uterus, which
Robertson et al. have shown in mice (1205). They also demonstrated that GM-CSF
synthesis and release by uterine EC cultures is stimulated by estrogen and
moderately inhibited by progesterone (1204). GM-CSF can synergize the effect of IL-
8 of attracting neutrophils (1292).
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TNF-a plays a dominant role in inflammatory processes and had been demonstrated
in both normal pregnancies and conditions of pregnancy loss (470). It is also
promoted by estrogen in uterine mast cells whereas studies in macrophages
suggested that TNF-a expression is unaffected by estrogen but inhibited by
progesterone (580).

TGF-$ seems to regulate cellular proliferation, migration, differentiation and protein
expression. Diethylstilbestrol, a synthetic estrogen, was proved to increase TGF-3
mRNA expression and protein for TGF-1, -2 and -3 in the immature mouse uterus
(1386).

(5) Regulation of Ig secretions into the lumen

At genital tract mucosal surfaces, the polymeric Ig receptor (pIgR), a
transmembrane glycoprotein created by ECs, is responsible for transporting
polymeric IgA across ECs (1514). It was shown that SC as the external part of the
PIgR was synthezised by ECs and tended to accumulate in the apical compartment,
especially in endocervix and ectocervix. It binds polymeric IgA at the basolateral
surface of ECs and builds a receptor-ligand-complex which is internalized and
transported to the apical surface. There the ectoplasmic portion of the receptor is

cleaved from the transmembrane and cytoplasmic part.

The female sex hormones estradiol and progesterone influence the local production
and Ig transport in ECs in the reproductive tract (1519). During the estrous cycle
and after the administration of estradiol in rats, IgA, SC and IgG accumulation are
stimulated in the uterine lumen and are inhibited in cervicovaginal secretions (CVS)
(1519, 1520).

In the uterus, estradiol increases vascular permeability, which results in serum
transudation of IgA and IgG into the uterine tissues. In contrast, movement of IgA
and IgG in CVS is inhibited by estradiol and progesterone. Estrogen increases
expression of pIgR and therefore IgA transport into the lumen when ECs were
cultured with IL-4 and IFN-y (918). IgG, however, moves down a concentration

gradient from blood to uterine lumen under the influence of estrogen.

Other data demonstrated that Ig levels in cervical mucus corresponded to hormonal
fluctuations during the human menstrual cycle (423). Peak concentrations of IgA
and IgG occurred approximately one day before the estradiol peak around ovulation

and decreased from the time of ovulation in cervical mucus secretions of normal
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ovulating women (423, 764). The decrease of Ig levels could represent an effect of
dilution secondary to the increased volume of cervical mucus and estradiol
produced at the time of ovulation. When compared with women on birth control
pills, the mean peak of IgA detected was about one third less in normal ovulating
women. This supports the general agreement that reproductive hormones enhance

immunity.

(6) Antigen presentation

As mentioned in the last chapters, the role of APCs throughout the body as well as
at mucosal surfaces, is central to the generation of immune protection. An effective
immune response requires that exogenous antigen has to be internalized, processed
and returned to the cell surface of APCs in association with MHC class II for
recognition by CD4+ T cells. It can also stimulate MHC class I-restricted T cell
activation after uptake by APCs via a phagocytic pathway. After antigen
presentation, lymphocyte effector functions including cytokine production,

cytotoxicity and antibody synthesis are activated.

Previous experiments investigated mixed cell suspensions from throughout the
genital tract and found cells capable of presenting foreign antigen to autologous T
cells, independent from menstrual status (373). Isolated uterine ECs expressed
MHC class II antigen and were able to process and present tetanus toxoid to T cells,
as well as cells from basolateral subepithelial stroma (1470).

Lately, this was supported by the finding that preparations of endometrial ECs
without being contaminated with professional APCs such as DCs or macrophages
presented tetanus toxoid to autologous T cells (375). ECs also had the ability to
express CD1d and CD40 which shows that these cells interact with CD8+ T cells. In
addition to MHC class II molecules, CD40 and CD1d proteins are another family of
antigen-presenting molecules that bind bacterial and lipid antigens for presentation

to T cells.

Antigen presentation in the female reproductive tract is supposedly regulated by
sexual hormones and soluble factors of stromal cells. Isolated uterine and vaginal
cells from ovariectomized rats treated with estrogen were incubated with sensitized
T cells. ECs from animals treated with estrogen presented more antigen than ECs
from saline controls did. In contrast, uterine stromal and vaginal cells from

estrogen-treated animals presented fewer antigens than the saline control group.
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Estradiol enhances antigen presentation by ECs of rat uterine at a time when
uterine and vaginal stromal antigen presentation is inhibited (1515, 1516).

More recent studies demonstrated that stromal antigen presentation is regulated by
cytokine production by ECs. In response to estrogen, uterine ECs produce TGF-f3

which suppresses underlying APCs in the stroma (1517).

It can be concluded that uterine ECs as well as APCs in the uterine stroma and
vagina are capable of presenting antigen which initiates an immune response in the
female reproductive tract. Moreover, sex hormones play a principal role in

regulating antigen presentation in the genital tract.

(7) TLRs on epithelial cells

As mentioned above, TLR are a newly discovered family of integral membrane
receptors which can stimulate cytokine and chemokine production after ligand
recognition. First, a Drosophila Toll receptor made up of a type 1 transmembrane
protein with a cytoplasmatic protein was described (520). Then, Medzhitov et al.
described a human homologue of this receptor which was similar to the IL-1
receptor (910). The Drosophila Toll and human TLR both act through the NF-xB
pathway.

The eleven known TLRs in mammals comprise a family of structurally related
receptors that recognize specific products of pathogens referred to as PAMPs as well
as endogenous ligands associated with cell damage. Just as TLRs are conserved
from one species to another, PAMP ligands are repeated in a high variety of

pathogenic microbes. An overview of TLRs and their ligands gives Table 11.
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Receptor Ligand Origin of ligand
TLR1 Lipopeptides Bacteria/mycobacteria
Soluble factors Neisseria meningitides
Lipopeptides Various pathogens
Lipoteichoic acid Gram-positive bacteria
TLR2 Peptidoglycan Gram-positive bacteria
Zymosan Fungi
Lipoarabinomannan Mycobacteria
TLR3 Double-stranded RNA Viruses
Lipopolysaccharide Gram-negative bacteria
TLR4 Taxol Plants
Fusion protein RS-Virus
TLR5 Flagellin Bacteria
Diacyl lipopeptides Mycoplasma
TLR6 Lipoteichoic acid Gram-positive bacteria
Zymosan Fungi
TLR7 Single-stranded RNA Viruses
TLRS8 Single-stranded RNA Viruses
TLR9 CpG-containing DNA Bacteria and viruses
TLR10 ? ?
TLR11 ? Uropathogenic bacteria

Table 11: Toll-like receptors and examples for their ligands (15)

Stimulation of different TLRs induces distinct patterns of gene expression which not
only leads to the activation of innate immunity but also instructs the development
of antigen-specific acquired immunity. TLRs are expressed on immune cells such as

lymphocytes or APCs as well as on ECs (1514).

Human uterine EC lines express TLR that are capable of recognising specific
structural components of bacterial, fungal and viral pathogens.

Young et al. first examined the expression of TLRs in the endometrium and
detected TLR1-6 and TLR9 mRNA in both whole endometrium and separated
endometrial ECs (1567). Both whole endometrial samples and purified epithelium
lacked detectable TLR 7, TLR 8 and TLR 10. Since B cells are the predominant cell
type for expressing TLR 10, the absence of TLR 10 is consistent with data
suggesting that B cells are rare in the endometrium.

Constitutive expression of TLR1-6 was observed throughout the female genital tract

by Pioli et al. (1126). They also described the differential expression of TLR2 and
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TLR4 in the human reproductive tract tissue. TLR2 mRNA levels were highest in
fallopian tube and cervical tissues, followed by endometrium and ectocervix. In
contrast, TLR4 expression declined along the tract with highest levels in fallopian
tubes and endometrium. TLR4 is expressed in primary endometrial ECs but not in
cervicovaginal epithelium. This is maybe because gram-negative bacteria in the
upper genital tract are likely to be associated with infection whereas bacteria are
usually found as commensal organisms in the lower genital tract.

Another study showed that TLR1-9 were expressed by the uterine EC line EEC1
and that PAMP agonists of TLR2, TLR4 and TLR9 stimulated expression of IL-6, IL-8
and MCP-1 (1261). However, it is not known if changes in sex hormones affect TLR

expression (91).

More recently, studies were undertaken to examine the expression of TLRs on
human primary uterine ECs and to determine if exposure to the TLR agonist
poly(I:C) would induce an antiviral response. The ligand for TLR3, dsRNA, is
produced by virtually all viruses at some point in their life. When investigating
exposure of poly(I:C), a synthetic dsRNA which binds TLR3 to uterine ECs, the
expression of the proinflammatory cytokines IL-6, G-CSF, GM-CSF and TNF-a, of
the chemokines IL-8 MCP-1 and MIP-13 as well as of MIF and HBD1/2 was
induced (1262, 1263). Also the uterine ECs initiated an antiviral response when
inducing IFN-B and IFN-B-stimulated antiviral genes myxovirus resistance gene 1
and 27,5 -oligoadenlyate synthetase mRNA.

This also suggests that ECs in the female reproductive tract are sensitive to viral

infection and possess the capability to respond to RNA viruses.

To conclude, the following figure shows the multiple functions carried out by
uterine ECs as sentinels of immune protection in the female reproductive tract.
Acting as the first line of defense, ECs provide host protection in a number of ways
that includes providing a mechanical barrier, secreting antimicrobial molecules,
transporting IgA, processing and presenting antigen and communicating with
underlying immune cells by secreting cytokines and chemokines. Sex hormone
regulation of EC function is both direct via ER in ECs and indirect via ER located in

the underlying stromal cells (Figure 3).
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Figure 3: Different immunoregulatory functions of ECs in the female reproductive
tract, adapted from Wira et al. (1514)

b) The role of macrophages in the female genital tract

As mentioned above, monocytes and tissue macrophages are important effector
cells of innate immunity. The phenotypic characteristics of tissue macrophages
reflect the unique tissue environment including cytokines, extracellular matrix and
cellular components. They are identified in tissues by their expression of cell
surface receptors and can execute diverse functional activities, including
phagocytosis of foreign antigens, matrix dissolution and tissue remodelling, and

production of cytokines, chemokines and growth factors.
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(1) Distribution and function

Concerning distribution in the female reproductive tract, macrophages can be found
throughout all tissues and represent about 10% of the total number of leukocytes
(459). Macrophages in mouse, rat and human uteri are distributed throughout the
endometrial stroma and myometrial connective tissue with myometrial

macrophages usually larger in size than endometrial macrophages (584).

A large accumulation of endometrial leukocytes occurs in the periimplantation
phase and during early pregnancy as well as a dramatic influx in the premenstrual
phase and during menses. Pregnancy-associated leukocytes are predominantly a
subpopulation of macrophages and uterine-specific NK cells whereas in the
perimenstrual period there is a dramatic influx of inflammatory-type leukocytes:
neutrophils, mast cells and macrophages (638). Immediately after implantation a
redistribution of uterine macrophages takes place. Macrophages are reported to flee
from the implantation site and are entirely absent from the primary decidua in mice
and rats. They continued to be excluded from the decidua as pregnancy progresses

and are only present in small numbers in maternal blood near the placenta (584).

Besides their role in the regulation of inflammation, macrophages have also been
identified as important effector cells of ovarian function. The distribution of ovarian
macrophages differs during the various stages of the menstrual cycle. The highest
level of macrophages is in the vascular connective tissue and the theca-lutein areas
of the corpus luteum during the periovulatory period (1538).

Their specific localization and variations in distribution in the ovary during different
stages of the cycle as well as their presence in periovulatory human follicular fluid
suggest that they play diverse roles in the folliculogenesis, tissue restructuring at
ovulation and corpus luteum formation and regression. Ovarian macrophages
secrete several cytokines such as TNF-a, IFN-y, IL-1, IL-6, IL-10, IL-12 to regulate

inflammation, as for example the state of ovulation (920).

(2) Regulation by sex hormones

Multiple studies have been examining the influence of estrogen on infectious
diseases where results showed that physiologic levels of estrogen influence

macrophage proliferation and function as well as cytokine production (1512). It
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appears that the ability of estrogen to induce either pro- or antiinflammatory
mediator production is concentration- and cell-context dependent.

Human peripheral blood monocytes and human macrophages have similarly shown
expression of both receptor isoforms, ERa and ERp (1114, 964). Although
macrophages have been showing an effect to progesterone, nuclear progesterone
receptor (PR) was rarely detected on macrophages with the work of Vegeto et al. as
only exception (1451). This paradox between macrophage progesterone
responsiveness and lack of PR expression is explained by cross binding of

progesterone to the glucocorticoid receptor (1495).

There is high evidence that steroid hormones regulate the recruitment of uterine
macrophages throughout the menstrual cycle due to regulation of cytokine and
chemokine expression. The total uterine leukocyte population increased
significantly on treatment with estrogen. This rise in leukocytes was due to a
significant increase in both uterine macrophage populations and NK cells (318).

Human studies have demonstrated that macrophages selectively aggregate into
premenstrual endometrial stroma, concurrent with depression of estrogen and

progesterone levels as the result of luteolysis (639, 656).

One cytokine that controls macrophage migration and activation is MCP-1, which
has also been shown on human uterine ECs (926). Highest levels of MCP-1 in the
endometrium were detected perimenstrually at low estrogen levels and lowest levels
around the time of ovulation when estrogen levels are high. This was coincident
with macrophage accumulation and depletion. Arici et al. have demonstrated that
treatment of endometrial stromal cells with estradiol significantly inhibits
expression of MCP-1, which correlates with suppression of macrophage migration

(48).

Estrogen also plays an important role in the modulation of MIF expression by
macrophages. MIF is produced by monocytes and macrophages as a consequence of
bacterial LPS stimulation and mediates lymphocyte activation and nitric oxide
synthesis as proinflammatory functions (168). As a counterpart of glucocorticoid-
regulated antiinflammatory effects, it stimulates monocyte production of IL-6, IL-8
and IL-1B (1211). Estrogen was demonstrated to downregulate MIF expression by
LPS-activated human monocytes, directly mediated by ER (54).
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¢) Dendritic cells in the female genital tract

The APCs of the vaginal mucosa include the intraepithelial CD1la+, MHC class II+,
fascinbundling protein (p55)+, CD11c+, CD123-, DCSIGN-, CD4+ Langerhans cells
(LC), and CD1la- MHC II+ p55+, DC-SIGN+, and CD4+ DCs in the lamina propria of
the mucosa. LCs are abundant in the epithelial layer of the vaginal and ectocervical
mucosa of women (119), whereas DCs are predominant in the submucosal layers.
These immune cells detect pathogenic invasion and/or damage of epithelial
surfaces. Migration of LCs from epithelial surfaces is triggered by inflammatory
cytokines induced either by pathogen invasion of mucosal surfaces, and/or by

epithelial damage.

DCs as bone marrow-derived professional APCs are initiators and modulators of the
immune response via stimulation of B and T lymphocytes (73). Immature DCs
reside in peripheral lymphoid tissues, acquire antigen by phagocytosis,
macropinocytosis or adsorptive pinocytosis and mature on pathogen stimulation,
for example through LPS. This leads to the upregulation of MHC class II and the
costimulatory molecules CD80 and CD86. After migration to T cell areas of
secondary lymphoid tissue, they undergo terminal maturation through ligaturing of
CD40 with CD154 (CD40L) on antigen-specific T lymphocytes. Terminally mature
DCs are characterized by production of IL-12 which facilitates production of IFN-y-
producing Th1l cells (196).

DCs express mRNA for both ER isoforms at all stages in their differentiation. Data
suggest that nonsteroidal anti-estrogens such as tamoxifen inhibit the
differentiation of immature DCs and therefore the development of inflammatory Th1
responses (737). Anti-estrogens can act as estrogen agonists or antagonists
depending on the target cells and are therefore called selective estrogen receptor
modulators. Human monocytes incubated with GM-CSF and IL-4 in the presence of
anti-estrogen fail to differentiate into immature DCs; however, this was not
mediated by ER (737).

Others illustrated that estradiol promoted the differentiation of functional DCs from
murine bone marrow precursor cells via ER (1060). Ex vivo DC differentiation was
inhibited in steroid hormone-deficent medium and was restored by addition of

physiological amounts of estradiol, but not dihydrotestosterone.

Estrogen has also been demonstrated to modulate the expression of cytokines and

chemokines in human monocyte-derived DCs. Their treatment with estradiol
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increased production of IL-6, IL-8 and MCP-1 (106). Moreover, mature DCs treated

with estradiol had an increased ability to stimulate naive CD4+ T cells.

d) Natural killer cells in the female genital tract

NK cells are large granular lymphocytes that utilize receptors encoded in the
germline DNA to become specifically activated or inhibited and are thus part of

innate immunity. NK cell function can be classified in three categories (Table 12):

Cytotoxicity

NK cells can kill virally infected cells and tumor target cells regardless of their MHC

expression via their cytolytic granules containing perforin

Cytokine and chemokine secretion
Besides production of IFN-y, NK cells also secrete TNF-a, GM-CSF, IL-5, IL-13, MIP-1 and
RANTES. Killing and cytokine secretion seem to be mediated by different subsets of NK

cells characterized by the intensity of expression of the CD56 marker on their surface

Contact-dependent cell costimulation

Serving as a bride between innate and adaptive immunity, NK cells express several

costimulatory ligands including CD40L which allow them to provide a costimulatory

signal to T cells or B cells

Table 12: Different functions of NK cells (1051)

Human NK cells are found in the blood, lymphoid organs, liver and various mucosal
tissues including lung, intestine and uterus. They comprise about 15% of all
lymphocytes and are defined phenotypically by their expression of CD56 and lack of
expression of CD3 (252).

Human blood NK cells can be divided into two major subsets based on the density
of CD56 expression (252, 1051, 1512). CD56dim cells comprise the majority of
peripheral blood NK cells (about 95%) and express high levels of the Fc-y receptor
CD16 and Kkiller cell Ig-like receptors (KIRs) as well as perforin. Thus, they have a
high spontaneous lytic activity. CD56bright NK cells express low levels of CD16, KIRs
and perforin but high levels of cytokines and are thought to be an important
inflammatory subset. This is the primary NK cell subset found in lymph nodes.
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(1) Distribution and characteristics

Distribution

In the female reproductive tract, NK cells can be found in all tissues. Their numbers
as a percentage of leukocytes vary in the different regions from 10 to 30% in
nonpregnant women (459). NK cells account for a substantial presence in the
uterus, and altered NK cell numbers and activity have been associated with a
variety of clinical conditions involving reproductive organs and reproductive failure.
Reduced NK cell activity is associated with an increase in the incidence of ovarian
and endometrial malignancies (848) while higher NK cell activity has been
associated with recurrent pregnancy loss (338).

In the human endometrium, NK cells localize in large numbers especially following
ovulation and account for almost 70% of leukocytes prior to menstruation (459,
584) which again suggests the involvement of sex hormones in regulation of this NK

cell migration.

Phenotype

Closer characterization of NK cells in reproductive tract tissues besides the
endometrium has been performed rarely. McKenzie found CD3+, CD8+, CD16+,
CD56-positive NK cells in the ectocervical epithelium which increase in number in
relation to cervical intraepithelial neoplasia (CIN) (902). In fallopian tubes, cervix
and ectocervix there seem to be up to 20% of all leukocytes of the CD45+, CD56+,
CD3- cell type (1512).

Endometrial NK cells also have a unique cell-surface phenotype compared with
peripheral blood NK cells. They have been previously described as endometrial
granulocytes, endometrial stromal cells or decidual NK cells (1512). Uterine NK cells
express CD56 and CD94, few express CD16 and none express CD8 or CD57 (370).
A large amount express KIRs on their surface but unlike blood NK cells, uterine NK

cells express also CD9 and CD69 on their surface (370).

Decidual NK cells were investigated more closely and it was revealed that they differ
in 278 genes from blood NK cells (740). It was indicated that decidual NK cells were
more similar in their gene expression profile to CD56Pright N cells than to CD56dim

NK cells.
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Chemokine receptors

Blood NK cells express a variety of chemokine receptors such as CXCR3, CXCR4,
CCR5 and CCR7 and specific migration of NK cells has been induced by
chemokines in vitro (598, 858). Uterine NK cells demonstrated expression of CXCRS,
CCR5 and CCR?7 (1275). Kitaya et al. investigated the expression of chemokines in
the human endometrium throughout the menstrual cycle (715). The expression of
CCL4, CXCL9 and CXCL10 increases during the menstrual cycle which correlates
with the increasing number of NK cells in the endometrium.

Sentman et al. showed that estrogen and progesterone were able to induce
expression of the CXC chemokine ligands 10 and 11 (CXCL10 and CXCL11), which
suggests that sex hormones induce specific chemokines in nonpregnant human

endometrium that can activate NK cell migration (1275).

Several potential chemokine receptor-ligand pairs have been described in decidua
that could be involved in the leukocyte trafficking during pregnancy. In the
maternal decidua, CD16- NK cells are found in direct contact with the fetal
extravillous trophoblasts. It is yet unknown which factors contribute to the specific
homing of this unique NK subset to the decidua. Hanna and colleagues reported
that CXCL12, a ligand for CXCR4, which preferentially recruits CD56Pright NK cells,
was shown to be expressed in the trophoblast (504). CD56brightCD16- NK cells,
which are the predominant type in decidual leukocyte population, have been
reported to express chemokine receptor CCR5 and that its ligand CCL4 acts as a

strong chemoattractant for these cells (1180).

(2) Functions and hormonal regulation

Functions
Large amounts of NK cells are populating the human decidua, often close to
trophoblasts. These uterine NK cells have several functions in pregnancy (1512):

* Help shield trophoblasts bearing paternal antigens from the maternal

immune system

» Protect the mother from trophoblast invasion and limit their expansion

* Be involved in regulation and restructuring of maternal spiral arteries

* Be a part of the innate immune system, protecting against infection in

the uterus
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NK cells are capable of amplifying an inflammatory response and promoting
macrophage activation and generation of cytotoxic T cells by producing cytokines
and chemokines. Uterine NK cells have been proved to secrete IFN-y, CSF-1, GM-
CSF, and TNF-q, IL-8, IL-10, and TGF-1 (370, 634). Human NK cells cultured in
the presence of IL-12 or IL-4 differentiate into cell populations with distinct patterns
of cytokine secretion similar to Th1l and Th2 cells. NK cells grown in IL-12 produce
IL-10 and IFN-y while NK cells grown in IL-4 produce IL-5 and IL-13 (1107).

These cytokines may have significant effects on decidualization and trophoblast
invasion. Uterine NK cells also produce other cytokines than blood NK cells such as
angiogenic growth factors and LIF which constitutes the hypothesis that uterine NK

cells may play a role in endometrial angiogenesis (815).

In the first trimester of pregnancy uterine NK cells accumulate as a dense infiltrate
around the trophoblast cells and spiral arteries (156). With further progression of
pregnancy these cells disappear from the decidua and are absent at term which
suggests that specific signals are involved in the recruitment and localization of NK
cells within the uterus. Shao et al. found that trophoblast cells induce a subset of
regulatory CD8+ T cells during the first trimester which suggests that these cells
probably regulate T cells as well as NK cell function at the maternal fetal interface
(1288).

Also the general effects of human NK cell deficiency were investigated (1052). These
deficiencies were correlated with an increase in infections, especially viral herpes
infections. But the role of NK cell function alone is difficult to determine as many of
the NK cell deficiencies involve other immune function as well. NK cells have also
been shown to actively recognize fungal infections and to play a role in the immune

response against Cryptococcus.

Regulation through cytokines

NK cells can be activated by several cytokines including IL-2, IFN-a/p as well as by
prolaktin and IL-15 or IL-18 in combination with IL-12 (252, 387, 716). IL-15 and
prolaktin are both produced by endometrium and influence NK cell differentiation.
Uterine NK cell were shown to express prolaktin receptors (1371).

IL-15 is present during the whole menstrual cycle with increasing levels during the
mid-secretory phase and early pregnancy and is produced by endometrial and
decidual stromal cells (209, 348). The role of IL-15 seems to be determined for

survival, proliferation and attachment of uterine NK cells. Perhaps expression of IL-

11-47



Immunology of the genital tract

15 by decidual endothelium is important for specific localization of NK cells close to
spiral arteries (30).

Another immunoregulatory molecule which has been observed to influence NK cell
is TGF-B. Inhibition of uterine NK cell cytokine production by locally produced TGF-
B is a likely mechanism to regulate NK cell function in the human endometrium

(370).

Regulation by sex hormones

There is strong evidence that uterine NK cell numbers and migration are regulated
by sexual hormones. NK cells are found widely within the nonpregnant
endometrium and are associated with other leukocytes in small aggregates (1560).
NK cell numbers are low in the early proliferative phase and increase as the
menstrual cycle progresses (459, 702).

In the late secretory phase prior to menstruation NK cells account for up to 70% of
the leukocytes in the endometrium and are often seen as loose aggregates in the
Stratum functionalis lying next to the upper endometrial glands and the luminal
epithelium. The cyclic nature of uterine NK cell appearance and the role of sex
hormones in modifying changes in endometrium suggest hormonal regulation of NK

recruitment and expansion in the endometrium.

(3) NK cell recognition and interactions

NK cells can distinguish between healthy cells and abnormal cells by using a
sophisticated repertoire of cell surface receptors that control their activation,
proliferation and effector functions (783). There is the hypothesis that NK cells co-
evolved with T cells given that they share common killing mechanism using perforin
and granzymes and a similar pattern of cytokine production. Both of these
lymphocytes are focused on recognition of MHC molecules and in this regard, NK
cells distinguish themselves from phagocytes which rely on conserved pattern-

recognition receptors such as TLRs.

NK cell recognition includes the initial binding to potential target cells, interactions
between activating and inhibiting receptors with ligands available on the target, and
the integration of signals transmitted by these receptors, which determines whether

the NK cell responds or detaches again (783).
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Three families of cell surface receptors, KIR, Ly49 and CD94/NKG2, are expressed
on NK cells which all recognize MHC I ligands and contain both activating and
inhibitory isoforms (1177). They all share a common immunoreceptor tyrosine-
based inhibitory motif (ITIM) in their cytoplasmatic domains and provide protection
for all cells that express normal amounts of MHC I on the cell surface. The MHC-I-
binding inhibitory receptors recruit tyrosine phosphatases which are believed to
counteract activating receptor-stimulated tyrosine kinases. KIRs recognize epitopes
on HLA-A, HLA-B and HLA-C classes while the CD94/NKG2 receptor recognizes
human HLA-E (1177). Many of these receptors or related proteins are also found on

NKT cells, memory T cells and other immune cells (905).

Downregulation of MHC I due to viral infection or transformation of cells would
alleviate inhibition of NK cell positive signaling and may result in initiation of
cytotoxicity and cytokine production. It appears that there is not a single antigen
receptor responsible for NK cell activation but an activity of several receptors
triggering effector function. Activating receptors on NK cells include molecules with
immunoreceptor tyrosine-based activation motifs (ITAM) such as NKG2D that
recognizes MHC-like proteins MICA and MICB as well as 2B4 which binds to CD48
(784). MICA and MICB are expressed by epithelial tumor cells and stressed cells;
CD48 is significantly upregulated in B cell infected with Epstein-Barr-Virus (EBV),
for example (483, 784). NKG2D triggering can induce NK cell lysis of tumor cells

and cytokine secretion.

The invading trophoblasts express HLA-G and can interact with the KIR receptors
on uterine NK cells. Membrane-bound HLA-G has been shown to stimulate uterine
NK cells and IFN-y production and to suppress mononuclear cell effector functions
(1438). NK cell-derived IFN-y seems to be necessary for vascular remodelling of
spiral arteries and placental formation so that the recognition of HLA-G on
trophoblasts by uterine NK cells may be important for placental development.
Uterine NK cell-deficient mice demonstrated failure to sustain decidual integrity

and loss of spiral artery modifications (481).

NK cell interactions with DCs are seen as an important part of forming an initial

immune response. NK cells have been demonstrated to kill immature DCs (313).

DC-derived IL-2 is essential for induction of NK cell production of IFN-y during

bacterial infection. Moreover, IFN-a helps activating NK cell cytotoxicity, and DCs

are a good source of IFN-a after infection. NK cells can interact with endothelial
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cells through adhesion molecules and chemokine receptors. NK cells are able to
recognize and kill endometrial endothelial-derived cell lines, and ECs can produce
cytokines upon exposure to pathogens that can activate NK cells. However, the

interactions of NK cells with these cells are poorly understood so far.

(4) TLRs

Like other innate immune cells, NK cells also express various TLRs. Human blood
NK cells were positively tested for the expression of mRNA of TLR1 to TLR10 (568).
Agonists of TLR2, TLR3 and TLR9 are able to trigger IFN-y production of NK cells
while CpG DNA as the agonist of TLR9 is not certain to activate NK cells directly or
via cytokines such as IL-12, IL-8, IL-15 or TNF-a (749).

Recent data suggest that uterine NK cells express several TLRs such as TLR2, TLR3
and TLR4 whose agonists can trigger these cells to produce IFN-y (1512). The
hypothesis is therefore that microorganisms may initially activate ECs which
produce cytokines and these cytokines in combination with PAMPs will activate NK
cell cytokine production, resulting in further activation of innate immune

respomnses.

e) Neutrophils in the female genital tract

Neutrophils comprise 40 to 70% of circulating white blood cells and have always
been considered as a first line of defense against pathogens (1266). They have a
relatively short lifespan of about 6 hours circulating in blood before being removed
by macrophages of the reticuloendothelial system (RES). When pathogenic
microorganisms infect the host, neutrophils rapidly migrate to the site of infection
during the first 1 to 4 hours.

Produced in bone marrow, they enter the blood stream by inflammatory signals
originating from the infection sites, adhere to the vessel wall at the sites of tissue
damage and transmigrate through endothelial cells to the infection site (600). When
moving with the blood stream they roll along the vessel wall and continuously
interact with the capillary walls to search for inflammation signs, what is called

margination (812).

Tissue cell injury and infection result in increased expression of the adhesion

molecules E- and P-selectins by endothelial cells as well as expression of
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sialomucins which interact with L-selectins on neutrophils. When rolling across the
endothelial surface the integrin molecules on the neutrophils™ surface are activated,
which leads to firmer adhesion. IL-8 is secreted by endothelial cells which induces
shedding of integrins and L-selectin and therefore starts transmigration of
neutrophils (576). By crossing the endothelial barrier neutrophils unpack their
granules with tissue-degrading enzymes and microbicides which facilitate this
passage (382).

Neutrophils follow both endogenous and bacterial chemoattractant signals to arrive
at a site of infection (536). The presence of pathogens are detected by germline-
encoded receptors that recognize PAMPs; human neutrophils express TLR 2 to 10
except TLR3 (525). The final elimination of pathogens is completed either by
phagocytosis or production of toxic oxidate compounds by the cytoplasmatic and
membrane-bound nicotinamide adenine dinucleotide phosphate (NADPH) oxidase
system. Other possible mechanisms are the release of microbicides such as
defensins and serine proteases from intracellular granules (1512). The neutrophils
themselves produce several cytokines, for example IL-1f, IL-8, TNF-a, TGF-f1
(182), that attract more neutrophils, macrophages and other immune cells helping

to initiate the adaptive immune response.

(1) Distribution

Neutrophils can be found in all tissues of the female reproductive tract. Given the
fact that the vagina is colonized by a mixture of commensal microorganisms one
would expect the highest level of neutrophils in these lower regions of the female
genital tract where the most pathogens can be found. However, the highest amount
of neutrophils is recovered from fallopian tube with consistently decreasing
numbers down through the lower genital tract (459).

Patton and colleagues examined vaginal tissue of ovulating and non-ovulating
women during three phases of the menstrual cycle for the number of cell layers and
epithelial immune cells (1098). The number of EC layers underwent a small
reduction from days of menses to the postovulatory phase and non-ovulating
women had a thinner vaginal epithelium than ovulating women which suggests a
hormonal influence on vaginal EC growth. However, the numbers of neutrophils as

well as these of T cells and macrophages remains constant throughout the cycle.

In mice, a large number of neutrophils infiltrate into the vaginal epithelium

accompanied by an increased number of neutrophils in vaginal lavage fluid after
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ovulation (1327). Correspondingly, concentrations of a functional IL-8 homologue,
murine MIP-2 were significantly increased. This indicates the regulation of

neutrophil migration into the vagina by MIP-2 in a sexual cycle-dependent manner.

IL-8 is a potent chemotactic and activating factor for neutrophils and high levels of
IL-8 correlate with high levels of neutrophils in the female vagina (192). This
corresponds with the findings that neutrophils cannot cross the epithelial barrier
unless they are under the influence of a chemokine gradient of IL-8, for example
(692). The same study showed no difference between the number of neutrophils or
concentration of IL-8 in healthy women compared to women with bacterial vaginosis
(BV). When women were experimentally infected with Candida albicans, either a
commensal or a pathogen, there was no neutrophil infiltration in the vagina when
the infection was asymptomatic or did not take place (400). In case of vaginal
infection there was neutrophil infiltration and inflammation. Production of
chemokines that attract neutrophils and neutrophil infiltration seem to occur only
after infection of the vaginal epithelial layer. Vaginal lavage fluid from women with
symptomatic infection, but not those asymptomatically colonized, promoted the
chemotaxis of neutrophils (400).

In animals, a rapid subepithelial influx of neutrophils in the vagina occurs not only
due to insemination but also to sterile liquid solution brought into the vagina (888).
Similar results were produced in women after insemination, although more in

association with the cervix (1074).

Cervix

Compared with other leukocytes, neutrophils represent the highest population with
83% of all leukocytes in human cervical secretions (1414). Both insemination with
increased local production of IL-8 and infection of the cervix increase the number of
neutrophils in the cervix significantly (125). In case of infection, cervical cells
secrete IL-8 to promote neutrophil invasion in response to pathogen-associated
substances such as LPS (1481) but human cervical tissue is generally capable of

producing IL-8 in vitro with decreasing activity postmenopausal (125).

Uterus

The complex cycle of the endometrium is regulated by hormonally controlled

interactions between cytokines, chemokines, endometrial cells and leukocytes.

During most phases of the menstrual cycle the numbers of neutrophils are low.

However, prior to menses a decrease in progesterone levels is responsible for a rise
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in IL-8 production in perivascular cells, epithelia and glands (47, 267). At this time,
there is also a significant increase in endometrial neutrophils which comprise up to
15% of all tissue cells (1249), which serves to guard against infection at this time of
lower epithelial defenses.

Neutrophils may aid in endometrial breakdown as neutrophil granules release
elastase and membrane-type matrix metalloproteinase (MT1-MMP) by chemotaxis
which both are able to activate MMP 2 and 3 (1579). The degranulation of
neutrophils also releases antimicrobial contents such as defensins, SLPI or the
neutrophil protease inhibitor and microbicide related to SLPI, elafin, which also
peaks at menses (706).

Endometrial neutrophils are also capable of producing IFN-y both in vitro and in
vivo (1559), especially in the endometrial stromal layer. This production of IFN-y
also shows no variation during the menstrual cycle. By altering the local cytokine
environment, neutrophils seem to be able to biase immune responses in the

endometrium.

Fallopian tube

The fallopian tubes represent the tissues with the highest number of neutrophils in
the female reproductive tract (459) with most of them distributed in the lamina
propria and a few in the epithelium (1529). The expression of IL-8 is highest in the
late proliferative phase around ovulation (1067). This may suggest a greater influx
of neutrophils at this time but there seem to be no studies on neutrophil number
variation in the fallopian tubes during menstrual cycle (1512). IL-8 was also present
in greater amounts in the distal compared with the proximal tube. The degradative
enzyme aminopeptidase N is found in tubal stromal tissue at the epithelial stromal
border and may limit the effect of epithelial IL-8 in recruiting neutrophils. However,
the exact role of neutrophils in the fallopian tubes as part of the local immune

system remains quite unclear.

Ovary

Also in the ovary neutrophils are present throughout the menstrual cycle. It has
been show that low numbers of neutrophils infiltrate ovarian stroma but high
numbers are present in the wall of the developing ovarian follicle (144). At
ovulation, there was a marked increase in the density of these cells in the follicle
wall, especially in the thecal layer, where they accumulate particularly around the
point of imminent rupture. This suggests an active role for neutrophils in tissue
remodelling during the ovulatory process.
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Following rupture of the follicle and release of the ovum, the empty follicle becomes
the corpus luteum. In the corpus luteum there is a higher density of neutrophils in
the theca lutein area compared with the granulosa lutein area (144). There are no
significant changes in the density during early and late luteal phase.

IL-8 concentrations in follicular fluid vary over the menstrual cycle and have their
peak around ovulation which is consistent with the peak of neutrophil influx
(1225). Exposure to follicle-stimulating hormone (FSH) and luteinizing hormone
(LH) but not estradiol or progesterone increased the IL-8 secretion from granulosa

cells.

(2) Characteristics and functions

The different numbers and distribution of neutrophils in the female reproductive
tract explains the need for investigating the distribution of neutrophil
chemoattractants in the different regions of the genital tract (1512).

It was found that cervical tissue expressed the highest amount of RNA for Gro-y
(CXCL3), ENA-78 (CXCL5), GCP-2 (CXCL6) and IL-8 (CXCLS8). Fallopian tube
expressed the second highest amount of IL-8, but ectocervix was the second to
highest in expression of ENA-78 and NAP-2. Endometrium expressed the least
amounts of RNA for Gro-y, GCP-2, NAP-2 and IL-8. These findings do not correlate
with neutrophil recovery from tissues by enzyme digestion (1512). The cervix should
contain the greatest number of neutrophils if CXC chemokine expression was
proportional to recruitment of neutrophils. Moreover, one would expect a higher
amount of microorganisms at the cervix than in higher regions of the reproductive

tract, resulting in greater need for innate immune protection by neutrophils.

In studies with EC cultures of the reproductive tract the high neutrophil
chemoattractant activity of these cells was the result of synergistic action between
IL-8 and GM-CSF secreted by ECs (1292).

This suggests that relatively low concentrations of GM-CSF can potentiate the
activity of CXC chemokines in induction of neutrophil chemotaxis. Moreover, one of
the many actions of GM-CSF on neutrophils could also be to downregulate
responses when they are no longer necessary (1512). If neutrophils have entered
the lumen of the genital tract after encountering high GM-CSF levels in the
epithelium, a response to IL-8 which might attract the cells back into the tissue

would be counterproductive.
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Concerning neutrophil crossing of the epithelial barrier, it is known that they prefer
to cross monolayers of cultured ECs from the basal to the apical side provided that
an IL-8 gradient exists from apical to basal (692). Wira and colleagues presumed
that unstimulated ECs in the female genital tract secrete chemokines basally to
attract neutrophils to the epithelium. In addition, they produce a higher amount of
chemoattractant on the luminal side that might serve to induce neutrophils to cross
the epithelium and enter the lumen (1512).

Shen and colleagues have concentrated lately on the investigation of neutrophils of
the fallopian tubes as this tissue has the highest numbers of neutrophils per gram
(1512). Fallopian tube neutrophils compared with blood neutrophils expressed
higher levels of the adhesion molecule CD31 (PECAM-1) and CD15.

CD31 is expressed on leukocytes and endothelial cells and is increased on
transmigrated neutrophils (844), which suggests that fallopian neutrophils have
crossed the endothelial barrier and are not only part of the marginated pool
associated with the luminal surface of blood vessels. CD15 is a carbohydrate
antigen involved in the binding of neutrophils to the endothelial lectins, E-selectin
and P-selectin. When stimulated with chemotactic peptides during neutrophil
migration, for example, CD15 is brought to the surface from intracellular pools.
Another point is that CD15 ligation is reported to induce a release of granule
content; the high CD15 expression may be important for innate immune responses
in the fallopian tube.

Fallopian neutrophils have also shown lower amounts of specific granule-associated
molecules which suggests that they have undergone some kind of degranulation.
Furthermore, they also demonstrated high levels of intracellular VEGF and IFN-y
(1512). As VGEF plays an important role in vasodilatation and vascular
permeability (86) it would make a leukocyte infiltration of tissues possible.

In summary, neutrophils in the reproductive tract seem to be regulated by the

hormonal cycle as well as chemokines and cytokines.
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3. Functions and regulations of adaptive humoral and -cell-

mediated immunity in the female genital tract

a) Immunoglobulins in the female genital tract

(1) Distribution of immunoglobulin classes and subtypes

Highly variable information has been reported about the presence of different Ig
classes in human female genital secretions. Such discrepancies seem to reflect both
the differences in the applied sampling method and individual variability such as
age and stage of menstrual cycle (1090). The dominance of IgA in the majority of
external secretions, such as intestinal and nasal fluids, saliva, tears and milk, has
for decades been considered a cardinal characteristic of the humoral arm of the
mucosal immune compartment.

Waldman et al. found in 1971 already that S-IgA was the predominant Ig class
(45%) in normal CVS; the remainder consisting of monomeric IgA (20%) and IgG
(30%) (1467). In the same study, IgA levels were found to decrease with age in
contrast to IgG which increases.

In more recent studies results partly differ from those findings. Latest studies have
revealed that humane urine, seminal plasma and cervical or vaginal washings
collected at various stages of the menstrual cycle contain a higher proportion of IgG
than IgA (608). Some studies showed a predominance of IgG in cervical secretions
but a higher proportion of specific IgA antibodies in secretions from women with
colonized group B streptococci in their cervix or rectum (566). Hocini et al. came to
the result that IgG is also predominant in normal vaginal fluid (556) which fits to
the findings of Quesnel et al. with IgG dominating in vaginal fluid and IgA in
mucus mostly from endocervix (1155). However, Kutteh et al. showed in 1996 with
the method of cervical washing the predominance of IgG also in cervical mucus with
a peak before the time of ovulation together with smaller preovulatory peaks of IgA
and IgM (764). Parr and Parr reported in their article that in several reports IgG
appears to be the predominant Ig in CVS, but the ratios of IgG to IgA vary from 2:1
to 10:1 (1090). Measurements of Ig in humane uterine fluid also indicated the

predominance of IgG; nevertheless, the uterus may be the primary source of IgA in
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vaginal fluid since the concentration of IgA in vaginal fluid from hysterectomized

women was only about 10% of normal (612).

IgG occurring in genital secretions was deemed to be mainly serum-derived, but a
significant enrichment of the IgG1l subclass suggested also some local influence
(656). However, the mechanisms involved in the appearance of IgG in cervical
secretions remain unclear. There are strong suggestions that specific activity of IgG
antibodies in genital tract secretions often correlates with that in serum which
shows that part of IgG originates from circulation. Others discuss that part of IgG is
secreted by plasma cells residing in genital tissues (1227). How IgG reaches the
lumen whether by active transport or passive diffusion remains unknown.

Concerning IgM antibodies, very little is known so far. A short-lived IgM response

has been found during herpes simplex infection.

Concerning the IgA subclasses, female genital tract secretions resemble secretions
of the lower intestinal tract rather than the upper intestinal or respiratory tract
where IgA antibodies mostly belong to the IgAl subclass (922). Both IgAl and IgA2
are found in equal proportions in the female genital tract as well as in the rectum

and the large intestine (Figure 4).

igA2 []

igA1H

L 10 20 30 40 &0 B0 7O BO o 100

Bone Marmow

Spleen
Lymph Nodes

MNasal Mucosa

Salivary Glands

mMammary Glands

Stomash

Small Intestine

Large Intestins

Famale Genital Tract

100 Qi:l BO i &0 L] 40 30 200 10 0

%
Figure 4: Distribution of IgAl- and IgA2 producing cellls in systemic and mucosal

tissues in humans (925)

I1-57



Immunology of the genital tract

With respect to the molecular forms of IgA, the female genital tract secretions are
again unique. In contrast to plasma in which monomeric IgA constitutes 90-99% of
total IgA or to saliva and milk in which 95% of IgA is polymeric, cervical mucus
contains about 70% polymeric IgA and vaginal secretions contain almost equal
proportions of polymeric and monomeric IgA.

The ratios of IgAl and IgA2 and the predominance of polymeric IgA in cervical
secretions indicate that much of the IgA originates from local production, not from
plasma (764). However, the high representation of the serum monomeric form of IgA
in the vagina clearly demonstrates that, contrary to other mucosal surfaces, the
genital tract relies heavily on antibodies derived from serum and systemic
immunity. Because of the intrinsic resistance of IgA2 to IgAl proteases of many
pathogenic bacteria, the increased proportions of IgA2 may provide functional

advantage to certain specific antibodies (763).

To conclude, antigen-specific IgA, IgG and IgM antibodies and SCs can be detected
in the external secretions of the human genital tracts. IgG levels in the lower genital
tract secretions seem to equal or even exceed the levels of S-IgA whereas the
dominant isotype of other mucosal secretions is S-IgA (763). IgG and IgA are under
hormonal influence and are derived from the systemic compartment, as well as

being locally produced.

(2) Production of immunoglobulins in female genital tract tissue

Cervix, fallopian tubes and vagina

IgA and IgG antibodies in genital tracts can be transported from peripheral blood
and can also be produced by resident Ig-secreting cells. Studies showed that the
presence of antibody-containing and antibody-secreting cells is higher in the
uterine endocervix than in the ectocervix, fallopian tubes and the vagina (273, 759).
IgG and IgA-secreting plasma cells are abundant in the lamina propria of the
endocervix and almost all IgA-producing cells contain J chain, a marker of
synthesis of polymeric IgA. The immunocyte class proportions were similar to those
reported for small intestine mucosa, with a striking predominance of IgA-producing
cells.

Immunohistochemical examinations by Mestecky and Kutteh (759) found out that
the number of Ig-producing cells of IgA, IgG and IgM is different at various spots in
the female genital tract (Table 13). The endocervix and the ectocervix displayed the

highest accumulation of Ig-forming cells and that such cells predominantly produce
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antibodies of the IgA subtype, among that almost equal proportions of IgAl and
IgA2 subtypes.

Tissue IgA IgAl IgA2 IgM IgG
Fallopian

67 55 45 22 11
tube
Endocervix 73 57 43 12 15
Ectocervix 79 59 41 10 11
Vagina 79 45 55 14 7

Table 13: Distribution of immunoglobulin-producing in different tissues of the female
genital tract in percentage of total Ig-containing cells, adapted from Kutteh et al.
(759)

However, in a study by Crowley-Norwick et al. on cervical cells with ELISPOT, at
least four times more IgG- than IgA-producing cells were detected (89% versus 17%)
(273). Brandtzaeg proposed that immunohistochemical studies have
underestimated the IgG class because of interstitial staining (141). Moreover, the
quantification of Ig-producing cells is difficult to perform due to their uneven
distribution. The actual quantities of Ig-producing cells were measured as density
by number of cells/10 low-power fields without any accurate definition of the
evaluated tissue compartment. The endocervix was found to have the largest
number followed by ectocervix, fallopian tubes and vagina (761).

While the expression of both CD19 and CD20 is lost in terminal differentiation of B
cells, CD38 is strongly expressed by plasma cells. Johansson et al. could not
detect any CD19- or CD20-expressing cells in cervix and vagina which agrees with
the results of Crowley-Norwick et al. (626). CD38 plasma cells were abundant and
scattered in subepithelial stroma reinforcing that the genital tract contains

antibody-producing cells.

Mestecky et al. also found out that the ECs of fallopian tubes, uterus, endocervix
and ectocervix express the pIgR, the extracellular part of which is called the SC
(923). Thus, all components for an active transepithelial transport of polymeric IgA
are present which takes place in the same manner like in other mucosal tracts.

As the pIgR is not distributed equally throughout the genital tract, secretion of S-
IgA takes place primarily in the cervix and to a lesser extent in the fallopian tubes
and uterus. Uterine expression of polymeric IgA is under the control of hormones,

in a way that estradiol elevates whereas progesterone partly reverses this effect.
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Moreover, in case of infection or inflammation its expression is also increased,
possibly by cytokines such as IFN-y, TNF-a and IL-4 (1227).

Table 14 shows an overview of the presence and frequency of IgA, IgG, J chain and
SC in different female genital tract mucosa. Data suggest that the endocervix is

likely to be a focal point for mucosal immunity in the genital tract.

IgA J chain SC/sIgA IgG
Myometrium — — — _
Fallopian tube + + + +
Ovary — — — —
Endometrium +/— +/— + +
Endocervix +++ +++ ++ +/+++
Ectocervix ++ + +/— +
Vagina + + +/— ++

Table 14: Summary of results form different studies concerning relative distribution
of IgA, IgG, SC, and J chain in the tissues of the female reproductive tract (conflicting

results exist for IgG production in cervical mucosa), adapted from Brandtzaeg (141)

Endometrium

Studies have reported that only quite rare and scattered Ig-producing cells are
present in the normal human endometrium (759). Others reported the
predominance of IgG-containing cells in the human endometrium regardless of the
stage in menstrual cycle (141), followed by IgM and IgA-containing cells.

When evaluated without the prefixation washing procedure, the endometrium’s
stroma contained scattered IgG and less IgA but there was an accumulation of IgA
within the glandular lumina and apically in the epithelium without the presence of
IgA immunocytes (140). This strongly suggested selective external transport of
serum-derived polymeric IgA, which was supported by staining for J chain.
Monomeric IgA without co-localization of J chain was detected in vessel lumina,
which supports this hypothesis.

Also the preferential epithelial localization of IgM compared with IgG supported the
idea that polymeric Igs derived from serum can actively be transported externally
through endometrial glands. This was underlined by the general appearance of SC
throughout the endometrial epithelium, particularly in the glands (141). Glandular
uptake of antibody molecules from the interstitial fluid therefore seems to be

dependent on SC acting as pIgR with additional paracellular diffusion of IgG (141).
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SC-expression and IgA uptake in the endometrium proved to be dependent on the
phase of the menstrual cycle, showing a rise from the proliferative to the mid- and
late secretory phase (118). The same study showed that the endometrial glands
contained significantly more of all components of the secretory immune system in
the mid- and late luteal phase than in the early half of the menstrual cycle (Figure
5).
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Figure 5: Scatter diagram displaying the percentage distribution of human
endometrial glands containing different humoral immune components throughout the
menstrual cycle; each thin line representing one specimen, thick lines connecting

medians, adapted from Bjerke and Brandtzaeg (118)

(3) Regulation of Ig levels by sex hormones

Sex steroid hormones may be important in regulating both the systemic and
secretory immune system. Estrogens, progesterone, and androgens directly and
indirectly modify numerous immunological functions (1408).

Estrogens drive differentiation of CD4+ helper T cells toward Th2 regulation,
increase production of Igs, and downregulate cell-mediated immunological
processes. In contrast, androgens, such as dehydroepiandrosterone (DHEA), drive
differentiation of CD4+ helper cells toward Th1l-regulated functions and antagonize
certain estrogen-mediated immunological effects. Progesterone increases the activity

of suppressor T cells.
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There is clear sexual dimorphism in the immune responses of males and females
which is shown by higher Ig levels in females as compared with males. Together
with more vigorous antibody responses to exogenous antigens of females this
indicates a higher humoral immunity in females than in males (929). In addition,
females seem to have a reduced incidence of tumors, a better resistance against
viral and parasitic infections and seem to reject allograft more rapidly as compared

with males which also suggests a higher cellular immunity in females (135).

From an endocrine point of view, each organ in the female genital tract acts like a
discrete reproductive organ whose contribution to reproductive success is
controlled by the ovarian release of estradiol and progesterone. They also enhance
or suppress immunocompetency of the genital tract.

IgA and IgG levels in uterine secretions in rats were shown to change markedly
during the reproductive cycle with highest levels at ovulation (1518). When
ovariectomized rats were treated with estradiol, IgA and IgG levels in uterine
secretions were elevated compared to saline controls (1519). In CVS, however, levels
of IgG, IgA and SC were lowered in response to hormones (1520). This suggests that
changes in hormone levels may have different effects on immune responses in
different regions of the female reproductive tract.

Estradiol also upregulates the expression of pIgR on uterine ECs and thereby
increase the transcytosis of polymeric IgA into the uterine lumen of intact and
ovariectomized rats (1518, 1519).

Kutteh et al. demonstrated that Ig levels of IgA, IgG and IgM in cervical mucus are
dependent on the stage of menstrual cycle reaching a peak before the time of
ovulation (764). Previous experiments on IgA concentrations in cervical mucus and
cervicovaginal secretions also show a decrease at ovulation from preovulatory peaks
(1467). This relationship between estrous cycle and specific antibody levels likely
reflects the changes that occur in the female reproductive tract during the course of
the estrous cycle. Preovulatory until the time of ovulation, or at the time of mating,
the female genital tract is subjected to numerous pathogens (1144). In fact, sperm
has been shown to be a vector for bacteria, whereby the bacteria attach to the tails

of sperm as they move up the reproductive tract.

Estrogen has been shown to increase total IgG and IgM production by human

peripheral blood mononuclear cells (PBMCs) from normal individuals (1058, 661).

In the former study, the Ig-enhancing effects of estradiol were due to inhibition of

CD8+ suppressor cells (1058), while in the latter study the effect of estradiol was
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neutralised by anti-IL-10 antibody (661) and the authors suggested that the
increased IgG production was mediated by secretion of IL-10 by monocytes in the

PBMC cultures.

b) Prevalence of T lymphocytes

Givan et al. estimated that leukocytes represent 6 to 20% of the total number of
cells in fallopian tubes, endometrium, cervix and vaginal mucosa with greater cell
numbers in the upper tract (459). B cells are present in low but measurable
numbers but T cells accounted for about 50% of all leukocytes, with CD8+ T cells
predominating over CD4+ T cells.

This was confirmed some years later in a study by Johansson and colleagues who
also showed a characteristical distribution of immune cells (626). They found that
both CD4+ and CD8+ T cells were concentrated in a band beneath the epithelium
and dispersed in epithelium and lamina propria. They also found several lymphoid
aggregates consisting of T cells and B cells in one cervical sample.

Also another study detected aggregates consisting of an inner core of B cells
surrounded by mainly CD8+ T cells and an outer halo of macrophages in the
human endometrium (1560). Size was found to vary with the stage of menstrual
cycle with larger size during secretory stage than those at proliferative stage. The
absence of these aggregates in uteri of postmenopausal women provided further
evidence that these aggregates are under hormonal control (1560). These aggregates
had multiple features of inductive lymphoid tissue, for example aggregated
lymphocytes in follicle-like structures, lymphocyte invasion of overlying epithelium
and the presence of HEV. This suggests that these structures represent an
organization of immune cells that are not dependent on the presence of infection or
malignancy.

White et al. used hysterectomy specimens cocultured with IL-2 that contained
CD3+CD8+ T cells to demonstrate cytolytic activity in the genital tract (1497).
Cytolysis by CD3+ CD8+ T cells was found throughout the reproductive tract and
appeared to be hormonally regulated, since in the uterine endometrium, the
capacity for CD3+ T cell cytolytic activity was present during the proliferative phase
of the menstrual cycle and absent during the subsequent secretory phase. In
contrast, in postmenopausal women the entire reproductive tract, including the

uterus, retains the capacity for strong CD3+ T cell cytolytic activity (1497).
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A study by Pudney et al. showed that in women without inflammation, T cells and
APCs were most prevalent in the cervical transformation zone and surrounding
tissue (1146). Intraepithelial lymphocytes were predominantly CD8+ T cells; most
CD8+ cells in the transformation zone and endocervix, and a proportion of cells in
the ectocervix, expressed T-cell internal antigen-1, a marker of cytotoxic potential.

In contrast, the normal vaginal mucosa contained few T cells and APCs. Cervicitis
and vaginitis cases had increased numbers of intraepithelial CD8+ and
CD4+lymphocytes and APCs. The menstrual cycle and menopause had no apparent
effect on cellular localization or abundance in any of the lower genital tract tissues.
These data indicated that the cervix, especially the transformation zone, is the
major inductive and effector site for cell-mediated immunity in the lower female

genital tract (1146).

Other data demonstrated that changes in circulating levels of estrogen can regulate
the recruitment of bone marrow-derived cells to the uterine endometrium. In a
study by DeLoia et al., the total uterine leukocyte population increased
significantly when the women received oral estrogen, which resulted in higher
serum estrogen levels (318). This rise in leukocytes was due to a significant increase
in both the uterine NK cells and the macrophage populations whereas T-cell
numbers did not change relative to circulating estrogen levels.

While further studies will be required to determine the effects of sex hormones on T
cell function, receptors for estradiol have been demonstrated on both CD8+ and
CD4+ T cell populations whereas the presence of progesterone receptors on T

lymphocytes remains controversial (91).

To conclude, the human systemic and mucosal compartments of the immune
system, especially the female genital tract, display a remarkable degree of
independence. In contrast to other mucosal systems, the genital tract mucosal
system is characterized by a significant contribution of the systemic compartment
with respect to Ig isotype distribution, unique distribution and phenotypes of B and
T cells, strong hormonal dependency and lack of typical lymphoepithelial inductive
sites (Table 15).
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Humoral immunity Cellular immunity
Ig-
J T cells NK
producing pIgR MA | DC N
chain CD4 - CD8 | cells
cells
Myometrium - - - - - - _ _ _
Fallopian tube + + + ++ ++ + + + +++
Ovary - — - + + _ +/— | +/- +
Endometrium +/- +/- ++ ++ ++ ++ + — ++
Endocervix +++ ++ +++ ++ ++ + + ++ ++
Ectocervix ++ + + +++ -+ + + ++ ++
Vagina + + - +++ + + ++ ++

Table 15: Components of humoral and cellular immunity at different sites of the
female reproductive tract; MA=macrophages, N=neutrophils, adapted from Kutteh et
al. (763)

4. Immunization studies

Based on the concept of a common mucosal immune system through which a
fraction of lymphocytes activated at one mucosal site can disseminate immunity not
only at this specific site, but also to other mucosal tissues, there has been much
interest in the possibility of developing vaccines against mucosal infections in the
genital tract (287).

Although the concept of the common mucosal immune system has been the
dominant paradigm in mucosal immunology for more than two decades, it has
become increasingly clear that there is a substantial degree of
subcompartmentalization with the human reproductive tracts representing a
component of this system with unique features, as discussed in the last chapters in
detail. Indirect evidence suggests that female genital tract tissues may be
preferentially supplied by cells from inductive sites located in intestine, rectum and

nasal cavity.

It has been well established that the dissemination of cells from the inductive to the
effector site is regulated by characteristic homing receptor-ligand interactions
operational in mucosal tissue. In order to recruit leukocytes to mucosal tissue, the
endothelium of the vessels expresses adhesion molecules, or addressins, that serve
as ligands for homing receptors on the cells. Johansson et al. described the

expression of intercellular adhesion molecule-1 (ICAM-1), VCAM-1, vascular
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adhesion protein-1 (VAP-1) and P-/E-selectins in cervical and vaginal tissue (626).
However, none of the samples expressed mucosal addressin cell adhesion molecule-
1 (MAACAM-1). MAdCAM-1 has been shown in the gut-associated lymphoid tissue
and is the only known vascular adhesion molecule that specifically directs
lymphocytes to mucosal tissue via binding to the lymphocyte integrin a4p7 (1364).

Immunization that produces secretory immunity in the female reproductive tract
against STDs could have important practical applications. Investigators have
attempted to elicit secretory immunity in the genital tract by using different routes
of immunization. These local, remote and parenteral routes should be briefly

outlined here.

a) Vaginal immunization

Earlier studies of immunization in the human uterine lumen with sperm, for
example, failed to detect immune responses in the reproductive tract (966).
Comparative studies have demonstrated that antibody titers in luminal fluids of the
mouse female tract after intravaginal immunization are low in comparison with
titers produced by systemic immunization (1410). Adjuvants increased local
immune responses to intravaginal immunization in mice as they are likely to
damage the uterine epithelium thus allowing antigen to reach lymphoid cells and
vessels in stroma (1409).

However, in 1973, Ogra and Ogra observed that immunization with inactivated
poliovirus placed in the uterine lumen resulted in IgG antibodies in uterine
secretions but not in serum (1041).

More recent studies with the potent mucosal immunogen cholera toxin (CT) B
yielded analogous results. In one study by Kozlowski et al. women were
immunized three times either orally, rectally, or vaginally with a cholera vaccine
containing the recombinant CTB subunit with or without killed Vibrio cholerae cells
(743, 744). All three immunization routes increased levels of specific IgG in serum
and specific IgA in saliva to similar extents. Only vaginal immunization significantly
increased both specific IgA and specific IgG in both the cervix and the vagina but
did not generate antibodies in the rectum (743, 744). As the quality of humoral
immune response is significantly influenced by the time of immunization during the
menstrual cycle, it may be necessary to administer vaccine during the follicular

phase of the menstrual cycle in case of the vaginal route (745).
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b) Rectal immunization

Follicular structures analogous to Peyer's patches are also found in the appendix
and the large intestine, with especially pronounced accumulations in the rectum.
The fact that the distribution of plasma cells produces almost equal amounts of
IgAl and IgA2 subclasses in the large intestine and female genital tract suggests
that rectal lymphoid tissue may be an important source of IgA precursor cells
destined for the genital tract.

The potential importance of rectal lymphoid tissues as an inductive site for
stimulation of humoral immune responses in the human female genital tract has

been subject of several studies (272, 743, 744, 745, 760).

In the studies by Kozlowski et al., rectal immunization was superior to other
routes for inducing high levels of specific IgA and IgG in rectal secretions but was
least effective for generating antibodies in female genital tract secretions (743, 744).
In the trial of Crowley-Norwick et al. with influenza virus, rectal immunization
induced significant increases in the concentration of flu-specific IgA but not of IgG
found in cervical secretions within 28 days after vaccination (272). Rectal
administration did not induce significant IgA responses, and only small flu-specific
IgG increases in serum. Six months after administration, IgA and IgG flu-specific
antibody concentrations were significantly higher than baseline levels in

vaginal/cervical secretions.

c¢) Nasal immunization

Animal studies also emphasized the importance of the inductive sites in the nasal
cavity for the generation of mucosal, including genital, and systemic immune
responses that may exceed in magnitude those induced by oral immunization
(1227).

Limited studies on nasal immunization performed on women suggested that
intranasal immunization with CTB or CTB-Vibrio cholerae vaccines induced
respectable titers of anti-CTB IgA and IgG antibodies in vaginal washings and
cervical fluid (111, 625, 1222).

The results of another study comparing nasal and vaginal immunization with CTB
showed that both resulted in significant IgA and IgG anti-CTB responses in serum

(627). Only vaginal vaccination given on days 10 and 24 in the cycle induced strong
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specific IgG and IgA antibody responses in the cervix whereas modest responses
were seen after nasal vaccination. Nasal vaccination was superior in inducing a
specific IgA response in vaginal secretions, giving a 35-fold increase, while vaginal
vaccination only induced a 5-fold IgA increase. It was concluded that a combination
of nasal and vaginal vaccination might be the best vaccination strategy for inducing
protective antibody responses in both cervical and vaginal secretions, provided that

the vaginal vaccination is given on optimal time points in the cycle (627).

When mice were immunized intravaginally with a bacterial protein antigen coupled
to CTB subunit plus CT as adjuvant, weak specific antibody responses in both IgA
and IgG isotypes were detected in vaginal wash fluids 7 days after the last of three
immunizations (1537). No antibodies were detected in saliva and only low levels of
IgG antibodies were found in the serum. In contrast, when the same immunogen
was administered without adjuvant intranasally, mice developed substantially
greater levels of IgA and IgG antibodies in vaginal fluids, and also IgA antibodies in
saliva as well as IgG and IgA antibodies in serum. Analysis of the molecular forms
of IgA antibodies in murine vaginal washes indicated that these were predominantly
polymeric and similar to those found in saliva, consistent with S-IgA, although

smaller amounts of possibly monomeric IgA were also present (1537).

d) Systemic immunization

Systemic immunization is of unique relevance to the induction of the humoral
immunity in the female genital tract. The significant contribution of IgG from the
circulation to the pool of antibodies in the genital tract secretions clearly indicates
that parenteral immunization may be of considerable value (1227). Indeed, systemic
vaccination with the inactivated influenza virus TT elicited specific IgG antibodies in
vaginal and cervical secretions (272). Thapar et al. immunized female mice at two
parenteral sites in the pelvis which generated significant IgG and IgA titers in

vaginal fluid (1410).
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5. Immunology of menstruation - menstruation as an

inflammatory process

In order to be prepared for implantation, the endometrium undergoes predictable,
sequential phases of proliferation and secretory changes. Menstruation results from
partial breakdown of the superficial or functionalis layer of the endometrium and
ends in almost complete loss of the functionalis due to a fall in estrogen and
progesterone. Re-epithelialization occurs simultaneously with the tissue destruction
and is followed by regeneration of the stromal components (1248).

This also occurs by withdrawal of exogenous hormones as in the case of
contraceptive use or by administration of progesterone receptor antagonists such as
mifepristone at the appropriate stage of cycle (424). However, although levels of
these hormones fall significantly with corpus luteum degeneration in all mammals
with oestrous cycle, only women and some primates menstruate. The molecular
mechanisms by which steroids induce these changes involve interactions between

the endocrine and immune system.

a) Classic concepts of menstruation

Markee examined the morphological changes in autologous endometrium
transplanted to the eye of the rhesus monkey in the year 1940 (873). Prior to
menstruation there was vasoconstriction of the spiral arterioles followed by
vasodilatation. His thesis was that the tissue destruction occurred by necrosis
coming from anoxia.

Already 1961 it was observed that menstruation still occurred in primate atrophic
endometrium without such coiled arteries (553). Overall endometrial blood flow is
not reduced just prior to menstruation and the thesis of the presence of anoxia has

not been demonstrated in human endometrium.

Later on it has been demonstrated that the onset of bleeding is clearly not the first
significant event in the process. Prior to bleeding as the first outward sign of
menstruation, one can see degeneration in the basal lamina supporting the
decidualized endometrial cells and the endothelium of blood vessels in the late
luteal phase of the cycle (1201). Small lesions in the luminal epithelium have been

observed on day 28 of the cycle followed by degeneration of the functionalis layer
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(838). The first event in menstruation seems to be the degradation of extracellular
matrix which leads to a loss of blood vessel integrity resulting in bleeding. The
disruption of luminal epithelium then allows the escape of blood into the uterine

lumen.

Since the 1980s the concept of menstruation as the result of an inflammatory event
has been coming up (413).

Several features during the late secretory phase involving the presence of tissue
oedema and decidual cells and the influx of migratory cells have been observed as
well as leukocyte invasion and subsequent production of inflammatory mediators.
The more recent identification of a variety of types of inflammatory cells using
specific markers and also of chemokines and MMPs in premenstrual and menstrual
tissue strongly supports this hypothesis.

Current views of the mechanism of menstruation fall in two different categories,
that supporting a key role for vasoactive substances and that proposing a central
role for tissue destruction. Both theories fit the concept that menstruation is
initiated at the stage when cells bearing proinflammatory molecules dramatically
increase in number in the tissue (1249). During the immediate premenstrual phase
the progesterone withdrawal induces expression of uterine cytokines that attract
leukocytes into the uterine environment and the expression of MMPs by both
endometrial and leukocytic cells. However, the knowledge of the exact local

mechanisms involved is still incomplete.

b) Distinct features of endometrium during menstruation

During the secretory phase one of the characteristic features is a progressive rise in
the number of apoptotic cells within the endometrial glands (1381). Withdrawal of
factors such as ILs as well as of steroid hormones leads to apoptosis in steroid-
sensitive tissues. Estrogen regulates proliferation and apoptosis in endometrium as
studies on animals showed; its withdrawal inducing apoptosis (1384).

Secretory epithelium loses its integrity during the menstrual phase. The loss of key
proteins in cell-cell adhesion may be responsible for the loss of integrity of the
epithelial lining in endometrium during menstruation.

Menstruation is also associated with a compromise in vascular integrity. (1384).
Progesterone withdrawal also involves a severe constriction of the spiral arteries

with consequent hypoxia in the regions closest to uterine lumen (873). There have
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been proposed other endometrial vasoconstrictors besides prostaglandins such as
endothelins and angiotensin II whose activity was increased in perivascular stromal
cells around spiral arterioles in the secretory phase (12).

Kelly has proposed two different phases of menstruation (686). Vasoconstriction
and cytokine changes at the onset of menstruation are initiated by progesterone
withdrawal and probably reversible. Subsequent activation of lytic mechanisms due
to hypoxia is then inevitable. This latter phase seems to be progesterone
independent and involves cells that may not express progesterone receptor such as
uterine leukocytes.

Hypoxia stimulates local mediators such as the angiogenic vascular endothelial
growth factor (VEGF) in endometrial stromal cells. VEGF, a heparin-binding
glycoprotein, is a very potent mitogen for endothelial cells, and induces vascular
permeability and acts as a chemoattractant for monocytes. It is also one of the most
potent angiogenic factors and is produced by monocytes, macrophages and smooth
muscle cells. It has been shown that VEGF protein is localized predominantly in
endometrial glands (1299). Estradiol increases the expression of VEGF gene in
normal human endometrium. Hypoxia, IL-1, PDGF and TGF-, EGF, and
prostaglandin E2 are other factors known to up-regulate VEGF expression. VEGF
also induces expression of certain MMPs in the endometrium (268).

Endometrium repair starts as early as 36 hours after the beginning of menstrual
bleeding while tissue breakdown is still in progress. Macrophages are partly
responsible for the removal of detritus (1248). Cytokines and growth factors
produced by inflammatory cells induce the process of wound healing. Macrophages,
for example, express TGF-a, TGF-B, fibroblast growth factors, PDGF, VEGF and
activin Bs (877).

(1) Non-resident cellular components of human endometrium

Both the extracellular matrix composition and the cellular components of the
human endometrium change parallel with the hormonal changes during the normal
menstrual cycle (1248).

Recently, the contribution of infiltrating cells of lymphomyeloid origin has been
recognized. The population of various lymphomyeloid cells varies with the different
phases of the cycle and has their highest levels during the premenstrual and
menstrual phases. The distribution of inflammatory cells in the endometrium at

three stages of the normal menstrual cycle shows Table 16.
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Proliferative phase Secretory phase Menses
(days 10-12) (days 22-23) (days 26-28)

Macrophages + ++ +++ (6-15%)
Eosinophils - - ++ (3-5%)
Neutrophils - - +++ (6-15%)
Mast cells ++ ++ ++ (3-5%)
T lymphocytes + + + (1-2%)
B lymphocytes +/- +/- +
NK cells - +/++ +++ (5-6%)

Table 16: Relative distribution of specific inflammatory cells in the functional
endometrium at three stages of the normal menstrual cycle, with their percentage of

total endometrial cells at menses (1249)

Evidence has emerged that at any time subsets of these cell types, represented by
different phenotypes, are present in the endometrium and that apparently similar
cells in the endometrium can be functionally different from those in the blood of the
same individual (1497). Thus at least some of the cells which traffic into the
endometrium must change in phenotype in response to the new environment.

However, there is no doubt that during the perimenstrual and menstrual phase
there is a significant influx of inflammatory cells into the endometrium comprising

up to 40% of total cell number within the functional endometrium.

Leukocyte population in the endometrium is dynamic. Fluctuations in the number
of cells are probably a consequence of migration from the blood, -cellular
proliferation within the tissue, apoptosis and cell loss during the shedding of the
functionalis. Eosinophils and neutrophils become apparent in the endometrium
during the premenstrual phase only whereas increased numbers of macrophages

and NK cells can be found earlier in the cycle (Table 16, 1250).

Neutrophils

Neutrophils, the most abundant leukocytes in the human, are closely related to
tissue damage in inflammatory disorders.

During most of the cycle, neutrophils are barely detectable in normal endometrium
but the amount raises perimenstrually, comprising about 6-15% of the total cell
number at this time (1249). Densities compared to those seen during menses are
also reached in areas of endometrial breakdown in patients treated with progestins

(1326).
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Neutrophils may aid in endometrial breakdown as neutrophil granules release
elastase and membrane-bound MT1-MMP by chemotaxis which both are able to
activate MMPs 2 and 3 (1579). The degranulation of neutrophils also releases
antimicrobial contents such as defensins, SLPI or the neutrophil protease inhibitor
and microbicide related to SLPI, elafin which also peaks at menses (706). However,
not all neutrophils have been observed to be immunopositive for MMP-9, activin a
which is responsible for cellular differentiation and MT11-MMP (1248) which
suggests that there is more than one phenotype.

Endometrial neutrophils are also capable of producing IFN-y both in vitro and in
vivo (1559), especially in the endometrial stromal layer. This production of IFN-y

also shows no variation during the menstrual cycle.

Eosinophils

Eosinophils have been detected in the human endometrium by immunolocalization
of eosinophil cationic proteins (ECP) 1 and 2. They are also absent from normal
endometrium during most of the cycle but immediately prior to menstruation
increase dramatically in their numbers. Most of them are found in aggregates and
the extracellular localization of the ECP suggests activation of the cells (623). Also
some eosinophils are positive for MMP-9 and also the eosinophil chemoattractant,
the chemokine eotaxin, and its receptor CCR3 were localized in the endometrial

cells (1580).

Macrophages

Macrophages (CD68+) are present throughout the cycle with an increase in the
early secretory phase and a further increase in the late secretory phase (1250). On
days 27 to 28 their numbers are similar to those of neutrophils comprising
approximately 6-15% of all cells in the functionalis at this time (1249). These cells
are distributed throughout the tissue with some aggregates and some concentration
around endometrial glands. Increased numbers of macrophages are found in
progestin-exposed endometrium, particularly in association with abnormal uterine
bleeding (236). Macrophages also show phenotypic differences concerning the
expression of MMP-9, activin g and MT1-MMP (1248).

Mast cells
Mast cells secrete many vasoactive and proinflammatory molecules and participate
in inflammation through vasodilatation and enhancing leukocyte infiltration as well

as causing direct tissue damage through their proteases.
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Mast cells are to be found in endometrial tissue throughout the cycle without any
changes in their number or distribution. However, by detecting the mast cell-
specific proteases tryptase and chymase one can tell that there are defined phases
of mast cell activation. Activated mast cells are seen in the mid-proliferative (days
10-12) and mid-secretory phase (days 20-23) phase and immediately prior to and
during menstruation coinciding with the phases of tissue oedema (623). The mid-
secretory activation occurs at a time when implantation would be initiated in a
fertile cycle.

Two different phenotypes have been detected in the endometrium; those in the
functionalis are positive for tryptase and negative for chymase while those in the
basalis contain both mast cell-specific proteinases.

Thus, tryptase, more than chymase, seems to have an important function in the
process of shedding of the functionalis (1249). It can activate proMMP-3, a key
enzyme in the activation cascade of MMPs, and could be an important factor in
degradation of the interstitial matrix through its actions on collagen type VI.
Endometrial interstitial stroma contains a matrix composed of collagen type I, III, V
and VI and fibronectin whereas basement membrane structures are composed of
laminin and collagen type IV. As compositional changes during menstruation
includes the depletion of collagen VI during periimplantation period and at times of
oedema (623), tryptase seems to be of immediate relevance to the stromal
disruption and oedematous changes that apparently coincide with endometrial
mast cell degranulation.

Mast cell products histamine and heparine mediate changes in endometrial
vasopermeability, bleeding and angiogenesis. Mast cell activation also has the
potential to stimulate the production of matrix-degrading metalloproteinases

through their expression of ILs and TNF-a.

NK cells

NK cells are among the most numerous haematopoietic cells in perimenstrual
endometrium. Only few can be detected during the proliferative phase but numbers
increase during the secretory phase and their numbers rise up to 15% of the total
number of cells in the stroma perimenstrually (1249). They are found distributed
throughout the stroma and in intraepithelial locations. They are present during the
decidual changes and the very large number of these cells found in the decidua of
pregnancy suggests an important role in the decidualization process (703). In
contrast, the death of uterine NK cells could be an early event in the onset of
endometrial breakdown at menstruation. In premenstrual endometrium, NK cells
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undergo morphological changes with their nuclei becoming pyknotic and
fragmented. Probably they influence the critical decision that the mid- to late
secretory endometrium has to make either to decidualize or to undergo
menstruation.

Due to their expression of CDb56Pright, they seem to be relatives of the CD56dim
CD16+ NK cells in peripheral blood (697). Compared to peripheral NK cells, EGLs
have cytotoxic activity from the late proliferative phase on (637). At this phase the
proportion of ELGs expressing the activation antigens CD69 and HLA-DR is highest
and decreased during the menstrual phase (727) suggesting anti-infectious abilities.
EGLs contain perforin, granzyme A, T cell intracytoplasmatic antigen-1 granules

and MT1-MMP (1248) which all can contribute to cell and tissue degradation.

Lymphocytes

CD3+ T lymphocytes are present in the endometrium throughout the menstrual
cycle and their numbers increase prior to menstruation. Their total numbers are
much less than those of other leukocytes with only 1-2% of the total number of
cells (1249). Concerning their distribution they are found as basal lymphoid
aggregates, in intraepithelial sites and scattered throughout the stroma.

The CD4+ to CD8+ ratio in endometrium is inverted when compared with peripheral
blood T cells (66% of CD8+ to 33% CD4+ in endometrium) (1248). The cells are
cytolytically active during the proliferative phase but not in the same manner in the
secretory phase which could mean that progesterone may downregulate its activity
(1497). T cell activity may be related also to local secretion of cytokines such as IFN-
y, which is apparent in lymphoid aggregates in the stratum basalis but less
consistently in functionalis throughout the cycle. Other T cell activation markers as
CD69 and DR are similar in both proliferative and secretory phase and suggest that
T cells are in a state of persistent activation in the activation (213). At the time
when cytolytic activity is low in these cells in the endometrium it is high in such
cells within the blood, indicating that endometrial CD3+ cells are functionally
different. Subsets of endometrial T cells also express MMP-9 (1248).

CD45RA+ B lymphocytes can also be detected in low numbers during the entire

cycle and are present in perimenstrual tissue in clusters among stromal cells

(1249). So far Ig synthesis or its specificity at this site remains unknown.

I1I-75



Immunology of the genital tract

(2) Regulation of leukocytes in endometrium

Steroid hormones

Although there is also the possibility of leukocyte regulation by estrogen, the
greatest chances in leukocyte numbers and activation occurs during the changes in
progesterone level. Leukocyte numbers are negatively regulated by progesterone in
an ovine endometrium (471) while the influx is coincident with the fall in
progesterone.

It seems to be the PR-expressing cells such as stromal, epithelial and endothelial
cells that regulate the influx and activation of leukocytes. These act as effector cells
that mediate the destruction and remodelling of the endometrial tissue together
with factors produced by resident endometrial cells (1248).

The question arises how inflammatory cells differentiate to different phenotypic
subsets in the endometrium and how are they activated to release their mediators
at appropriate time and place for menstruation. Besides entering the endometrium
from the blood, some leukocytes, especially granulocytes, have been observed to
proliferate in the endometrium, mostly during the secretory phase (1383). CD45+ T
cells, macrophages and CD56+ NK cells express the proliferation markers Ki67 and
BrdU within endometrium throughout the menstrual cycle with a marked increase

in the secretory phase.

Endometrial receptors of both hormones are upregulated during the follicular phase
by ovarian estrogen and subsequently downregulated in the luteal phase by
progesterone (268). The predominant form of the ER in all cell types in the uterus is
ERa with only weak expression of ERP (883). ERa expression in the functionalis
increases in both glandular and stromal cells in the proliferative phase and declines
in the secretory phase due to progesterone suppression (266). ERB, however, has
also been detected in vascular endothelial cells, which suggests a direct influence of
estrogen on endometrial blood vessels. Such direct effects may be involved in
endometrial angiogenesis and vascular permeability changes during the cycle.

The PR isoform PRA is present in human glandular and stromal cells during the
proliferative phase but is present only in stromal cells by the end of the secretory
phase (1474). The other isoform PRB is also detected in both cellular compartments

in the proliferative phase and absent in the late secretory phase.

In rodents, however, steroid hormone receptors have been identified on several
immune cell types with low binding affinities but numerous steroidal effects which
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would support direct actions (940). Studies in sheep suggest that endometrial
leukocytes are negatively regulated by progesterone, either directly or indirectly
471).

The finding of PR on leukocytes would confirm this hypothesis but most studies
show a lack of evidence for PR or ER expression on endometrial leukocytes which
suggests that effects of steroid hormones on human leukocytes may only be indirect
(708, 1356). Except the study of Paldi and colleagues (1065) there was also no
evidence for PR-encoding mRNA in peripheral blood lymphocytes. However, there
are PR-independent effects of progesterone which still have to be investigated in the

case of endometrial leukocytes.

Cytokines and adhesion molecules

Leukocyte migration into the endometrium is likely to be mediated by chemokines,
which bind a large family of G-protein-coupled receptors on their target cells. In
addition to their role in cell migration, they also stimulate degranulation and
promote angiogenesis.

Most of these intercellular mediators are multifunctional and synergistic as well as
antagonistic properties exist for specific cytokine combinations. Different
chemokine receptors expressed on the same cell can induce specific signals, giving
weight to the theory that the receptors couple to distinct pathways (1412). Steroid
hormones could modulate the influx of inflammatory cells via actions on
chemokines.

Most chemokines are stimulated by IL-1 and inhibited by glucocorticoids (105).
Glucocorticoid receptors are similar to PRs; both belong to a superfamily of
homologous transcription factors. Therefore it is highly likely that progesterone
could act in progesterone-dependent tissues in a similar manner than
glucocorticoids in other tissues.

Each of the non-resident cells in the endometrium described above is able to
synthesize and release a variety of cytokines and growth factors. The distribution
pattern of chemokines in the normal endometrium (Table 17) supports their role in
the influx of inflammatory cells prior to menstruation although there are partly

inconsistent data.

IL-8 was detected in the surface epithelium and glands but not in stromal cells (47)
whereas others demonstrated the presence of IL-8 in perivascular cells of blood

vessels increasing in the late secretory phase (639).
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MCP-1 was also detected in perivascular cells of blood vessels and was increased in
both late secretory and proliferative phase (639) while other studies localized MCP-1
in ECs (635). Kelly and colleagues demonstrated that progesterone inhibited the
synthesis of MCP-1 from cell lines (684) and synthesis of IL-8 from endometrial
explants (685). Progesterone withdrawal thus can stimulate the premenstrual rise
in these chemokines.

RANTES production from endometrial stromal or ECs was stimulated by IL-1 and
TNF-a in vitro, but not by sexual hormones (567).

Eotaxin, a chemoattractant for eosinophils which is only detectable in the late
secretory phase, was found in eosinophils, perivascular and decidualized stromal
cells at this stage (1580). The highest concentrations were seen in luminal and
glandular ECs throughout the proliferative and secretory phases of the cycle. Its
CCRS3 receptor was expressed not only by eosinophils but also by endometrial ECs.
Therefore the role of eotaxin and its receptor is not limited to recruitment of
eosinophils premenstrually but they may also have additional functions due to their
overall expression by ECs.

These results may give the conclusion that chemokines modulate the recruitment of
leukocytes into the endometrium and their expression is stimulated by the

withdrawal of progesterone at the end of cycle.

Adhesion molecules are necessary for the attachment of leukocytes to endothelium
and for their extravasation and trafficking through tissues.

ICAM-1 has been demonstrated in the stroma of the functionalis during the
menstrual phase of the cycle (1413). This molecule was also expressed by CD3+
cells in the lymphoid aggregates in the basalis layer and was present on vascular
endothelium throughout the cycle with an overall peak in expression at
menstruation. ICAM-2 expression was just detected in vascular endothelium
without changes during the menstrual cycle. Platelet endothelial cell adhesion
molecule (PECAM) was also stained in stroma during menstruation and in
endothelial cells of all vessel types (1397). VCAM-1 and E-selectin appeared in
stromal cells in the upper functionalis in the secretory phase (1380). It seems likely
that unique cell and site-specific expression of adhesion molecules in the

endometrium may account partly for the distinct distribution of leukocytes.
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Localization in endometrium Cyclic expression
Chemokines
Increase in late secretory
IL-8 (47, 639) Surface epithelium, glands, perivascular
phase
Proliferative and secretory
MCP-1 (501) Epithelial>stromal>vascular
phase
Proliferative and secretory
MCP-2 (501) Epithelial
phase
RANTES (567) Stromal
Epithelial>decidualized stromal Proliferative and secretory
Eotaxin (1580)
cells/perivascular/eosinophils phase

Proliferative and secretory
MIP-1a (17) Epithelial h
phase

Adhesion molecules

Entire cycle, peak at

ICAM-1 (1413) Epithelial, vascular, stromal

menses
ICAM-2 (1413) Vascular endothelium Entire cycle
PECAM (1397) Vascular endothelium, stromal Peak at menses
VCAM/ Glands Entire cycle
E-selectin Vascular endometrium, Secretory phase
(1380) Stromal Secretory phase

Table 17: Distribution of different chemokines and adhesion molecules in

endometrium during the menstrual cycle

(3) Matrix metalloproteinases

The integrity of endometrial tissues is maintained by cell-cell and cell-matrix
interactions and binding as well as an intact fibrovascular meshwork. Shedding of
the endometrium seems to require participation of factors that display the ability to
cause the breakdown of these cell-cell and cell-matrix adhesions and compromise

the integrity of the fibrovascular stroma.

MMPs are a family of highly homologous endopeptidases that degrade components
of both interstitial and basement membrane extracellular matrix (117). The MMPs
can be divided into major subfamilies; collagenases, gelatinases, stromelysins and
MT-MMPs. Most of them are secreted as zymogens that can be activated in vitro by
a number of natural proteases and can be inhibited by specific inhibitors of

metalloproteinases (TIMPs) by the formation of 1:1 complexes (117).
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The sources of various MMPs and TIMPs in the human endometrium gives Table

18.

Most of the MMPs such as MMP-1, -2 and -3 are produced by endometrial
stromal/decidual cells except MMP-7 which is an EC product and MMP-9 which is
mainly produced by leukocytes including eosinophils, neutrophils and macrophages
(1209). MMP-2 and MT1-MMP are distributed more widely and are found in almost

all cells in endometrium (1579).

MMPs are regulated at the transcriptional level by a variety of cytokines, growth
factors and steroid hormones by tissue and cell-specific mechanisms. The patterns
of expression of MMPs during the menstrual cycles are different in normal human
endometrium. MMP1, MMP-3, MMP-7, MMP-9 and MT1-MMP mRNA and protein
are all substantially increased immediately prior to and during menstruation (1209,
1579) which let regard them as the mediators of tissue breakdown at menstruation.
TIMPs have been demonstrated to be present throughout the cycle and can be

localized in most cell types (1582).

II-80



Immunology of the genital tract

MMP Localization in human endometrium Cyclic expression
Collagenases
MMP-1 Increase prior and during
Stroma, connective tissue cells

(1209) menses
MMP-8 Neutrophils
Gelatinases
MMP-2

Stroma, most cells Entire cycle
(1209)
MMP-7 Increase prior and during

Glandular epithelium
(1209) menses
MMP-9 Increase prior and during
Neutrophils, macrophages
(1209) menses
Stromelysins
MMP-3 Increase prior and during
Stroma
(1209) menses
MMP-10
Stroma

(1209)
MMP-11

Stroma, epithelium
(1209)
Others
MT1-MMP Increase prior and during

Epithelium, most cells
(1579) menses
MT2-MMP Increase prior and during
Most cells

(1579) menses
TIMPs
TIMP-1
(1582) Epithelium, stroma, vascular smooth muscle Entire cycle
TIMP-2
(1582) Epithelium, stroma, vascular smooth muscle Entire cycle
TIMP-3
(1582) Epithelium, stroma, vascular smooth muscle Entire cycle

Table 18: Distribution of MMPs and TIMPs mRNA or protein in human endometrium

during menstrual cycle

Leukocytes can produce MMPs and other enzymes with the potential to degrade
components of the extracellular matrix (Table 19). These factors produced by

leukocytes have the potential to stimulate the production of latent MMP produced

by adjacent cells or participate in MMP activation.
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Leukocyte Protease Potential substrate
Tryptase proMMP-3
Chymase proMMP-1, pro-MMP-3
Mast cell
Chymotrypsin broad spectrum
Plasminogen activator plasminogen
Elastase Elastin, proteoglycans, collagens
MMP-8 Collagens
MMP-9 Collagens, elastin
Neutrophil
MT1-MMP ProMMP-2, proMMP13
Heparanase Proteoglycans
Cathepsin G Elastin, proteoglycans, collagens
MMP-1 Collagens
MMP-9 Collagens
Eosinophil
B glucoronidase Proteoglycans
aryl sulphatase Proteoglycans
MMP-9 Proteoglycans
Metalloelastase Elastase, collagens
Macrophage
MT1-MMP Elastase, collagens
Plasminogen activator Elastase, collagens
MMP-2 Elastase, collagens
T lymphocyte
MMP-9 Elastase, collagens
NK cells MT1-MMP Elastase, collagens

Table 19: Leukocyte production of proteases relevant to menstruation (1248)

For example, when MMP-3 is present, a cascade of MMP activation can be initiated
(1248). Besides production of plasminogen activator and chymotrypsin, mast cells
produce tryptase which can activate proMMP-3 and chymase which can activate
proMMP-1 and proMMP-3. Neutrophil elastase acts directly on substrates elastin,
proteoglycan and collagen but they also produce MMP-8, MMP-9 and MT1-MMP
themselves. Eosinophils can produce MMP-1 and MMP-9 while macrophages can
generate MMP-9 and MT1-MMP. Thus activation of leukocytes at any site can result
in substrate-degrading enzyme or activators of such enzymes being released into
the surrounding tissue.

Studies have examined the regulation of MMP production and activation by
endometrial cells in vitro. Endometrial stromal cells were put in culture with the
human mast cell line (HMC)-1, or with peripheral blood neutrophils (1581). HMC-1
produces the mast cell products tryptase, IL-1 and TNFa. The HMC-1 cells
stimulated stromal cell proMMP-1 and proMMP-3 and to a lesser extent also
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proMMP-2, with an increasing stimulation as mast cell numbers increased. When
cultured with peripheral blood neutrophils, proMMP-2, proMMP-3 and proMMP-9
were activated while TIMP-1 and TIMP-2 produced by stromal cells were degraded.
Withdrawal of progesterone may contribute to the recruitment and activation of
leukocytes by inducing the production of cytokines and chemokines by endometrial
and ECs of the endometrium. Furthermore, withdrawal of progesterone may directly
promote MMP production by resident endometrial cells. Several in vitro studies
demonstrate that progesterone is a potentially important player in regulation of
MMPs in the endometrium.

Physiological concentrations of progesterone co-cultured with endometrial explants
almost completely inhibited the release of both latent and active MMPs (868).
Salamonsen demonstrated the upregulation of MMP-1, -2 and -3 productions by
withdrawal of progesterone in a cell culture model (1247). There are several
arguments for indirect actions of progesterone withdrawal accounting for the
upregulation of MMPs at menstruation (1249). Menstruation exclusively happens in
women and some primates while all mammals undergo demise of the corpus
luteum in a nonfertile cycle. Furthermore, withdrawal of progesterone is an
endocrine mechanism and would result in systemic actions whereas MMP
production happens very focal.

There are also many local mediators in endometrial cells that modulate MMP
production which are maximally produced during the late secretory and menstrual
phase. These include TGF-f, TNF-a, IL-1, LIF, GM-CSF and prostaglandins (1249).
In vitro studies support their potential for MMP regulation in the endometrium. For
example, TNF-a and IL-1 are both products of epithelial and stromal cells and
increase MMP-1 and MMP-3 production by stromal cells (1178).

Prostaglandins are present in high concentrations in endometrium where synthesis
and metabolism of prostaglandin is regulated via estrogen and progesterone.
Increased production of prostaglandin F2a induces myometrial contractions and
vasoconstriction whereas other prostaglandins are vasodilatators that work together
with bradykinin to increase pain and oedema (268). Cyclooxygenase 2 (COX2) is the
inducible form of prostaglandin synthetase and is present in human endometrium,
particularly in the menstrual phase (639).

Finally, a summary of the latest hypotheses of menstruation gives Figure 6.
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Figure 6: Summary of menstruation hypothesis (268)
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C. Immunology of genital tract infections

The understanding of the immune system in the genital tract is of critical
importance when considering the increasing prevalence of STDs. The World Health
Organisation (WHO) estimated a global incidence of 340 million curable STDs in
1999 compared to 250 million cases in 1990 (1532). Especially in the developing
world limited access to diagnosis and treatment causes STDs to be the second
leading cause of healthy years of life lost by women of reproductive age (336).

In the United States, it is estimated that approximately 18.9 million new cases of
STD infections occurred in the year 2000, of which 9.1 million (48%) were among
young persons aged between 15 and 24 (1487). Among them, three STDs, HPV,
trichomoniasis and chlamydia, accounted for 88% of all new STI cases (1487).

The epidemiology of each STD is different and dependent of many factors including
individual behaviour, social conditions, pathogen characteristics and access to
treatment. In the following, the latest developments and current studies on the
most essential STDs should be discussed with an emphasis on immune responses

and chances for vaccination.

1. Viral infections of the genital tract

a) Herpes simplex virus

The family of human herpesviridae includes the herpes simplex virus type 1 and 2
(HSV-1 and HSV-2) which are of essential clinical importance in gynecology and
obstetrics (Table 20).

Herpes simplex virus 1
Alpha-herpesviridae | Herpes simplex virus 2

Varicella zoster virus

Cytomegalovirus
Beta-herpesviridae Human herpes virus 6

Human herpes virus 7

Gamma- Ebstein-Barr-Virus

herpesviridae Human herpes virus 8

Table 20: Overview of human herpesviridae (790)
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HSV is an enveloped, linear, double-stranded DNA virus whose only known hosts
are humans. HSV-1 and HSV-2 are distinguished by antigenic differences in their
envelope proteins. There are 11 glycoproteins in HSV, which are inserted into the

envelope of the virus and perform different biological functions (Figure 7).

Double-stranded DNA

Tegument proteins

Core or capsid
protein  —

gB (virus entry)

gE/gl
(Fc receptors

(binds to Hve A, C,
| potent inducer of
II neutralizing antibody)

gC (induces type- gC (binds to cell
specific antibody ~ Neparan sulphate)
to HSV-1 or HSV-2)

gH/glL
(virus entry)

Figure 7: Structural elements and their biological functions of a HSV virion, adapted

from Cunningham and Mikloska (279)

Typically, HSV infects ECs at mucosal surfaces or abraded skin. HSV-1 normally is
associated with oral infections and HSV-2 with genital infections, but either type
can infect a person anywhere on the skin. HSV-2 is usually sexually transmitted
and is clinically manifested in the genital or adjacent area as primary or recurrent
infection. HSV-1 is becoming an increasingly common cause of primary genital

infection but is less commonly a cause of recurrent infection.

The natural history of HSV infection includes an acute or subclinical first-episode
mucocutaneous infection, establishment of viral latency in the dorsal root ganglion,
and subsequent reactivation. With reactivation, the virus travels back down the
nerve root to create a mucocutaneous outbreak, or it may produce no detectable
symptoms (1499).
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Genital herpes infection caused by HSV-2 is one of the most prevalent STDs
worldwide and is the most common cause of genital ulcers. The percentage of HSV-
2 infections varies between 6% and 50% among different populations (1337).
Genital herpes is more common in women than in men, with approximately one in
four women versus one in five men having specific antibodies to HSV-2 (416).
Subclinical viral shedding has been documented in more than 80% of HSV-2-
seropositive persons who report no lesions (1465). Only 10 to 25% of persons who
are HSV-2 seropositive report a history of genital herpes, which suggests that most
infected persons have unrecognized symptomatic or completely asymptomatic
infections. However, once patients are told of their positive antibody status, more
than 50% identify clinically symptomatic recurrences that previously were ascribed
to other conditions. It is thought that viral shedding in persons who are unaware of
their infection is responsible for at least 70% of HSV transmission (1465).

There is a concerning relationship between HIV and genital HSV infection because
the interaction of HSV-2 and HIV-1 may result in more efficient transmission of

HIV-1 and an increased rate of HIV replication during HSV reactivation (1466).

Although oral treatment with aciclovir can reduce the severity of infections,
development of a vaccine to prevent or control HSV-2 infections in the genital tract
would greatly contribute to preventive health care. To achieve this goal, it is
important to understand the host defense mechanisms that are available at genital

mucosal sites to protect against this STD.

(1) Innate immune responses in genital herpes infections

The role of immune factors in the control of HSV infection, especially recurrent
lesions after viral reactivation, appears complex. There is a general difference
between immune responses to primary and recurrent disease, which is clinically
demonstrated in the much longer median duration of lesions and viral shedding in
initial infection. There is a mean of 21 days for lesions and 10 days for viral
shedding in primary infection compared to 10 days for lesions and 4 days for viral
shedding in recurrent infections (279).

Extensive studies have identified responses that are important in limiting viral
replication and spread to uninfected cells (347). These include IFN type 1 responses
which are produced within hours after infection, and neutrophils which are found
within 24 hours after vaginal infection and secrete TNF-a. Moreover, there are

macrophages, NK cells and submucosal DCs which have been shown to capture
11-87



Immunology of the genital tract

HSV-2 antigen and stimulate T cell activation in regional lymph nodes (1584).
Before, basic factors of innate immune responses have also been implicated in the

protection against genital HSV infection.

Acidic pH

The acidic environment of the healthy human vagina with a pH of 4.0 to 4.5
contributes to the first line of innate immune defenses in the genital tract.
Therefore, earlier studies already developed acid-buffering compounds as candidate
microbicides and tested anti-HSV activity provided by acidic pH (1218).

MasCasullo and colleagues found out recently that acidic buffers with a pH < 4.5
irreversibly inactivated HSV-1 or HSV-2 and reduce viral yield at least 1000-fold in
vitro whereas exposure to pH of 5.0 has only little effect (880).

In the next step, a vaginal acid-buffering formulation with pH 3.5 named AmpHora
was tested in a murine model (440). AmpHora significantly protects mice from
genital herpes when challenged with the virus delivered in human seminal fluid

compared to mice that received a placebo gel.

Antimicrobial peptides

Antimicrobial peptides with their subgroups a- and B-defensins and cathelicidines
have a broad spectrum activity against different microorganisms and are also
presumed to contribute to antiviral activity in the genital tract.

HNP1-3 have been demonstrated to protect human cells from HSV in vitro (1557).
Further studies indicated that synthetic HNP-4 is less active than HNP1-3 in
protecting against HSV and that the EC defensins HD-5 and HD-6 also inhibit HSV-
2 infection (880).

Data showed lately that CVS obtained from healthy women by CVL inhibits HSV
infection (633). There was a reduction of HSV-2 infection of at least 90% if cells
were cultured with CVL from healthy women compared to a control group. The anti-
HSV activity of CVL was independent of age, vaginal pH and the presence of HSV
antibodies in serum which suggests that CVS contribute to innate resistance to
HSV-2 infection. The same study indicated that this anti-HSV activity correlated
with the concentration of HNP1-3 in the fluid (633). Both CVL samples and HNP1-3
interacted with virus and prevented virus entry after binding.

Preliminary work failed to demonstrate any in vitro anti-HSV activity for synthetic
HBD-1 and -2 but further studies are needed to assess whether HBD in cervical
secretions contribute to intrinsic anti-HSV activity. The only known human

cathelicidin, LL-37, has also not been tested for its anti-HSV activity (880).
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These findings suggest that CVS contribute to innate resistance to HSV-2 and

identify defensins as contributors to this activity (Table 21).

a-defensins Antiviral activity against HSV-2 References
HNP1-3 Yes 1557, 633
HNP-4 Less 880
HD-5 Yes 880
HD-6 Yes 880

B-defensins

HBD1-2 No; further studies needed 880
Cathelicidins
LL-37 Not tested 880

Table 21: Antiviral activity of antimicrobial peptides against HSV-2

Although SLPI is known to protect human macrophages and CD4+ T cells from HIV-
1 infection (907), not much has been found out about the influence of SLPI in
protection against HSV. Preliminary studies showed that SLPI inhibits HSV-2
infection in vitro, but HSV-2 significantly decreases SLPI in cervical cell culture

supernatants, implying that the virus may downregulate this antiviral protein (880).

Lactoferrin was shown to inhibit HSV-1 infection in vitro by interfering with the
binding of glycoprotein C to cell surface heparin sulphate receptors (869). This may
explain only little anti-HSV-2 activity of lactoferrin as binding of HSV-2 to cells is
primarily mediated by glycoprotein B (221). SP-D was lately demonstrated in the
genital tract mucosa, and may play a role in inhibiting HIV transmission as well as

in protecting against other STDs (921).

Complement

As another factor of innate immunity, complement recognizes infectious agents
using three different molecules. These are C1q, mannose binding lectin (MBL), and
C3, which trigger the classical, lectin, and alternative pathways of complement
activation, respectively. All three of these molecules are detected in vaginal
secretions from healthy women (1104).

Notably, HSV has evolved several strategies to evade immune attack by the classical
and alternative complement pathways, which include inhibiting activities mediated
by C3, C5, and properdin. Specifically, glycoprotein C binds C3 and its activation
products, C3b, iC3b and C3c, and accelerates the decay of the alternative
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complement pathway C3 convertase (429). In a murine genital tract model, viruses
deleted in HSV-1 glycoprotein C are less virulent (835).

Less is known about the role played by MBL and the lectin pathway as a host
defense against genital herpes infection. Recent studies indicate that MBL binds to
HSV-2 in vitro (432). Interestingly, MBL deficiency increases the generalized
susceptibility of an individual to infectious diseases (432), and increased
susceptibility to HIV infection in MBL-deficient individuals has been described
(441).

DCs
HSV-1 has been shown to productively infect immature DCs with progressive loss of
DCs and is associated with downregulation of CD1a, CD40, CD54 (ICAM-1) CD80
and CD86, which may lead to delayed activation of T cells and allows more time for
replication of HSV type 1 in epidermal cells. Thus, this may be yet another novel
strategy of immune evasion (932).
In contrast, Linehan et al. showed in a murine model that HSV-2 infection of the
epithelium induces activation of the phenotype and function of the neighboring
uninfected submucosal DCs (821). Intravaginal inoculation of mice with HSV-2 led
to a rapid recruitment of submucosal DCs to the infected epithelium.
Subsequently, DCs harboring viral peptides emerged in the draining lymph nodes
and were found to be responsible for the stimulation of IFN-y secretion from HSV-
specific CD4+ T cells (1584).
These results demonstrate a role for submucosal DCs in the generation of protective
Th1 immune responses to HSV-2 in the vaginal mucosa, which is also supported by
work from King et al. (711). LCs from the vaginal epithelium did not migrate to the
draining iliac lymph nodes after intravaginal HSV-2 infection. LCs may be inhibited
from performing antigen-presenting functions as a result of the lytic destruction of
the epithelial layer. This notion is supported by the progressive reduction of the
number of LCs in draining lymph nodes after HSV-2 infection (1584).
MasCasullo et al. have recently obtained similar results using immature human
monocyte-derived CD11c+ DCs which showed limited productive viral replication
and increased expression of CD86, CD83, and HLA DR as well as release of
proinflammatory cytokines and chemokines after exposure to HSV-2 (880).
A recent study by Nordstrom et al. showed that blood DCs infected with HSV-2
activated CD8+ T cells which again blocked CD4+ T cell proliferation (1027). These
DC can transform CD25- CD8+ T cells into Treg cells that block both antigen-
specific and allogeneic CD4+ T cell activation in vitro.

11-90



Immunology of the genital tract

NK cells

Several recent studies have also shown a role for NK cells, NK T cells and IL-15 as
regulatory factor in an innate immune response to HSV.

Mice lacking IL-15 or NK/NK T cells are significantly more susceptible to
intravaginal HSV-2 infection than control mice (58). The lack of NK and NK T cells
in these mice, and as a result, lack of early IFN-y response impairs the innate
immune response against HSV-2. A following study by the same group indicated
that IL-15 also has direct antiviral activity independent of NK/NK T cells in
mediating innate defense against HSV-2 infection (453).

A number of examples of NK cell deficiencies in humans have been reported and are

associated with an increase in herpes virus infections as well (1053).

Neutrophils

The role played by neutrophils in the innate immune response to genital herpes in
human beings is not exactly known.

In a murine model, depletion of neutrophils before HSV-2 intravaginal inoculation
did not increase the incidence of infection, suggesting that the small population of
resident neutrophils was ineffective in preventing infection by a viral pathogen
(946).

However, neutrophils did help in virus clearance from the genital mucosa after
primary infection. The mechanisms by which neutrophils mediate antiviral activity
are not well understood. They bind HSV virions or HSV-infected cells in vitro and
kill them by oxygen-dependent or -independent systems (880). Furthermore,
neutrophils may mediate antiviral activity through release of antiviral cytokines

such as TNF-a, IFN-a, IFN-y or oxygen and nitrogen metabolites (182).

TLRs
As mentioned earlier, the recognition of infectious pathogens like HSV-2 by the
innate immune system relies on TLRs. TLR2 and TLR9 seem to be involved in cell
signaling in response to HSV. TLR9 mediates HSV-2 induced IFN-a secretion from
DCs (840) and HSV-1 also elicits inflammatory cytokine secretion through TLR2
(756).

A summary of the innate immune responses of the female genital tract against HSV

shows Figure 8.

II-91



Immunology of the genital tract

N gl Mq _
{HSV SLPI (HSU ™ Dafensins
PHasas M == = 8&%”.2%'2'2 * Vaginal Lumen
sl ;}(f b : = =) Defensins { 9
- Langerhans Cell - ke ) PuNe
Ep'the"a[l cells @ |’F{;ﬁ* }\ﬁ-x O <='> Vaginal Epithelium
. J

JIJ‘J& macrophages E‘_::’j
HEV }—“ g
— - s -
S %M Chemokines a7
~ i {:::2 Cytakines macrophages

vessel W
Draining Lymph node

CD4 P ‘.

Ce

Figure 8: Mucosal innate immune response to HSV in the female genital tract. Viral

Lamina Propia

particles may be inactivated by acidic pH and substances secreted into the vaginal
lumen including defensins, SLPI, or complement. Resident immune cells including
ECs, DCs, NK cells, and PMNs respond to viral exposure by killing virus or virally
infected cells directly or by releasing cytokines and chemokines. These initial
responses trigger the recruitment of additional immune cells, notably monocyte-
derived CD11c+ DCs which endocytose viral antigens, mature, and then migrate to the
draining lymph node to stimulate CD4+ T cells and initiate the adaptive immune

response. Adapted from MasCasullo et al. (880)

(2) Specific immune responses in genital herpes infection

T lymphocytes

For decades, the questions about T cell subtypes and the specific role of
neutralizing antibodies in HSV infection have been the dominating issues.

The longer prevalence of herpetic lesions in AIDS patients as well as the high
frequency in patients after organ transplantation in the 1980s indicates the
dominant influence of T cell responses rather than the persistence of neutralizing
antibodies in recurrent infections (1301). Moreover, only very high levels of
neutralizing antibodies can prevent the axonal spread of HSV-1 to epidermal cells in
vitro contributing to control of HSV spread and shedding (936).

Mice depleted of CD4+ and CD8+ T cells prior to genital HSV-2 infection shed virus

for a prolonged period, confirming a role for T cells in virus clearance (1087).
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Early murine studies of the immunology of HSV infection suggested that IFNs and
macrophages were an important part of the initial immune response and that the
most important protective specific T-lymphocyte response was mediated by CD8+
lymphocytes. However, immunohistology of biopsies of human recurrent herpetic
lesions revealed a sequence of immune cell infiltration beginning with CD4+
lymphocytes and macrophages in the first 2 days around the infected epidermal
cells which also develop strong HLA-DR expression (281). This was followed by an
influx of CD8+ lymphocytes, which normalized the balance between CD4+ and
CD8+ lymphocytes. The CD4/CDS8 ratio is not restored to that of the blood until
after 2 days, indicating an early CD4+ and a later CD8+ lymphocyte influx (281).

A murine model of genital HSV infection by Milligan et al. was utilized to examine
the local T cell response in the genital mucosa and the draining genital lymph
nodes (944). HSV-specific T cells with a higher rate of CD4+ and Thl-like T cells
were first detected four days after vaginal HSV inoculation in the genital lymph
nodes, followed by their appearance in the genital tract one day later. Also
experiments by Kuklin et al. with T cell subtype knockout animals and depletion
with T cell subset-specific monoclonal antibody indicated that immunity following
vaginal HSV challenge was principally dependent on the function of CD4+ T cells
(753).

It was found out that HSV is able to downregulate MHC class I on the surface when
infecting epidermal keratinocytes, which is a mechanism of immune evasion that
allows the infected cell to escape scrutiny by cytotoxic CD8+ lymphocytes (733). The
immediate-early viral protein of HSV, infected cell protein 47 (ICP 47), complexes
with and inhibits the human transporter associated with antigen presentation (TAP)
on the surface of the endoplasmic reticulum in humans but not in mice (1424). TAP
is responsible for transporting small antigenic viral peptides into the lumen of the
endoplasmic reticulum, where it assembles into the MHC class I peptide complex
before transport to the cell surface. Inhibition of TAP inhibits the assembly of MHC
class I peptide and recognition by CD8+ cytotoxic T lymphocytes (544).

However, IFN-y, which is produced by CD4+ lymphocytes in the lesion, partly
restores MHC class I expression on the surface of infected cells by the cellular
production of TAP and also stimulates MHC class II expression (1427). Specific
activated CD4+ lymphocytes are able to recognize infected epidermal cells and
probably uninfected cells expressing MHC class II. This may result in the
production of more IFN-y or destruction of infected cells by CD4 T lymphocytes,
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which is normally mediated by CD8 lymphocytes (281). The restoration of MHC
class I expression on infected epidermal cells allows recognition by CD8 cytotoxic T
lymphocytes, which are then apparently able to destroy the remaining infected
epidermal cells.

A study by Posavad et al. demonstrated HSV-specific CD8+ precursor CTL in HSV-

1 and -2 seropositive persons with recurrent genital herpes (1140).

A summary of the adaptive immune mechanisms with T cell priming in genital

herpes infection gives Figure 9.
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Figure 9: T cell priming in genital herpes infection, adapted from Iwasaki (604) (1) The
virus replicates within the infected keratinocytes which results in the induction of
signals necessary for the recruitment of the CD11b+ DCs to the submucosa beneath
the infected ECs. (2) This signal likely involves chemokines, since pertussis toxin
treatment of mice at the time of infection prevents DC accumulation at the infected
sites. Once recruited, submucosal DCs can take up virus antigens from the infected
keratinocytes and migrate to the draining lymph nodes. (3) By the time the CD11b+
DCs enter the lymph nodes, they assume an activated phenotype, expressing higher
levels of costimulatory molecules such as CD80 and CD86. Within the lymph nodes,
the virus antigen-loaded CD11b+ DCs can stimulate CD4+ T cells, which undergo
differentiation to Th1l cells. It is possible that CD8+ T cells are also stimulated within
the lymph nodes, by a separate group of DCs expressing CD8a. Once activated, the
effector Th1l and CTLs exit the lymph nodes and migrate back to the vaginal mucosa,
where they mediate clearance of infected keratinocytes. (4) The IFN-y secreted from
the Thl cells has multiple effector functions, including upregulation of MHC class II
molecules on the infected keratinocytes, making these cells susceptible to recognition
by CD4+ effector cells. Some of these CD4+ T cells may act as CTLs, and eliminate
infected cells. The IFN-y secreted from the effector Thl cells may also activate
phagocytes such as tissue macrophages and neutrophils directly or via chemokines,

resulting in the clearance of infected cells.
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B lymphocytes

Studies among B cell-deficient mice have been used to further illustrate the
contributions of humoral and cellular immunity in protection against vaginal
infection in the HSV-2 mouse model (509, 1088). In this model, progesterone-
treated adult mice are inoculated intravaginally with a thymidine kinase (TK)-
deficient, attenuated strain of HSV-2. The deletion in the TK gene, which is required
for the reactivation of the latent HSV-2, renders the virus only infectious during the
primary mucosal infection without the neurovirulence associated with the wild-type
(WT) virus.

Although B cell-deficient mice in these studies developed an early transient genital
inflammation upon primary infection with TK-deficient-HSV-2 (509), during
secondary challenge of immune mice with the WT-HSV-2, all of the mice cleared the
infection completely (1088). Further, mice immunized with TK-HSV-2 were
completely protected from subsequent WT-HSV-2 challenge (509, 1088). These
results also indicate that B cells are not the critical APCs required to activate T cells

following TK- HSV-2 infection.

Igs

Despite the fact that S-IgA was the predominant Ig in progestin-treated mouse
vaginal mucus, nearly all specific viral antibody in HSV-immune mice was of the
IgG isotype (1079). This is in agreement with the findings of Milligan et al. who
also found predominantly IgG antibodies to the virus (943). However, these
observations did not eliminate the possibility of contribution of vaginal IgA in
immune protection against HSV-2, since ELISA titers of specific antibodies do not

necessarily predict functional virus neutralization (1092).

The protective role of antibodies in vaginal secretions of mice that were immune to
vaginal challenge with HSV-2 was further investigated by neutralization and passive
transfer (1082). These neutralization studies were carried out by incubation of WT-
HSV-2 in antibody preparations in vitro, followed by inoculation into vaginae of
nonimmune mice.

The results showed that HSV-2 was effectively neutralized by both unfractionated
antibody and by purified IgG from immune vaginal secretions, but not by purified
S-IgA from immune secretions or by unfractionated antibody from nonimmune
mice. The protective effect of IgG in vivo was further investigated by passively
transferring purified serum IgG from immune and nonimmune donors to
nonimmune recipients before vaginal challenge infection (1082). Immune IgG
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significantly reduced the percentage of vaginal epithelium infected, shed virus
protein concentrations in the vaginal lumen, and illness scores, even though the
viral antibody titers in the serum and vaginal secretions of recipient mice at the
time of challenge, were only 29% and 8%, respectively, of those in actively
immunized mice.

Although Igs do not play a critical role during secondary challenge with HSV-2 in
mice immunized with TK-HSV-2, passive transfer of immune IgG can significantly
reduce local virus replication (1082). Further, neutralizing antibodies may be
i