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background: At the interface of the external environment and the mucosal surface of the female reproductive tract (FRT) lies a first-line
defense against pathogen invasion that includes antimicrobial peptides (AMP). Comprised of a unique class of multifunctional, amphipathic mole-
cules, AMP employ a wide range of functions to limit microbial invasion and replication within host cells as well as independently modulate the
immune system, dampen inflammation and maintain tissue homeostasis. The role of AMP in barrier defense at the level of the skin and gut
has received much attention as of late. Given the far reaching implications for women’s health, maternal and fetal morbidity and mortality, and
sexually transmissible and polymicrobial diseases, we herein review the distribution and function of key AMP throughout the female reproductive
mucosa and assess their role as an essential immunological barrier to microbial invasion throughout the reproductive cycle of a woman’s lifetime.

methods: A comprehensive search in PubMed/Medline was conducted related to AMP general structure, function, signaling, expression,
distribution and barrier function of AMP in the FRT, hormone regulation of AMP, the microbiome of the FRT, and AMP in relation to implantation,
pregnancy, fertility, pelvic inflammatory disease, complications of pregnancy and assisted reproductive technology.

results: AMP are amphipathic peptides that target microbes for destruction and have been conserved throughout all living organisms. In the
FRT, several major classes of AMP are expressed constitutively and others are inducible at the mucosal epithelium and by immune cells. AMP
expression is also under the influence of sex hormones, varying throughout the menstrual cycle, and dependent on the vaginal microbiome.
AMP can prevent infection with sexually transmissible and opportunistic pathogens of the female reproductive tissues, although emerging under-
standing of vaginal dysbiosis suggests induction of a unique AMP profile with increased susceptibility to these pathogens. During pregnancy, AMP
are key immune effectors of the fetal membranes and placenta and are dysregulated in states of intrauterine infection and other complications of
pregnancy.

conclusions: At the level of the FRT, AMP serve to inhibit infection by sexually and vertically transmissible as well as by opportunistic bac-
teria, fungi, viruses, and protozoa and must do so throughout the hormone flux of menses and pregnancy. Guarding the exclusive site of repro-
duction, AMP modulate the vaginal microbiome of the lower FRT to aid in preventing ascending microbes into the upper FRT. Evolving in parallel
with, and in response to, pathogenic insults, AMP are relatively immune to the resistance mechanisms employed by rapidly evolving pathogens and
play a key role in barrier function and host defense throughout the FRT.

Key words: reproductive immunology / epithelial barrier / host defense / vaginal microbiome / bacterial vaginosis

Introduction and significance
The mucosal lining of the female reproductive tract (FRT) functions as the
primary barrier to microbial challenge from the external environment.
Residing at the forefront of host barrier defense are a class of peptides
with antimicrobial and immune modulating properties, aptly called anti-
microbial peptides (AMP). AMP are broadly effective against bacteria,
fungi, viruses, and protozoa, hence the term ‘endogenous antibiotics’.
While the role of AMP in the gastrointestinal and respiratory mucosae
has received considerable attention as of late, our understanding of
their importance in the FRT has not fully explained the complex interplay
of AMP in female reproductive health, pregnancy and disease. We will
review evidence for a dynamic expression and role of AMP throughout
the upper and lower FRT, as it relates to their function and distribution.
Additionally, the association of AMP with pelvic inflammatory disease,
fertility and complications of pregnancy are discussed. Collectively, this
review aims to focus on the reproductive tract, to broaden the global
understanding of AMP as an essential barrier component in host
defense and reproduction.

Methods
A comprehensive search of the scientific literature available in the PubMed/
Medline was conducted using the following keywords, MeSH terms and
phrases in combination with one another; ‘human antimicrobial peptides’,
‘human host-derived peptides’, ‘defensins, cathelicidins, whey acid proteins,
S100 proteins, C-type lectins, lysozyme, iron metabolism proteins, kinoci-
dins’, ‘AMP general structure and function’, ‘AMP expression and secretion’,
‘AMP and FRT distribution’, ‘AMP and hormone regulation’, ‘AMP and
microbiome’, ‘AMP and bacterial vaginosis’, ‘AMP and pregnancy’, ‘AMP
and implantation, disorders of pregnancy, ectopic pregnancy, pregnancy

loss and preterm labor’ and ‘AMP and fertility’ through August 2014. Pertin-
ent findings from original data and reviews were integrated to provide a
detailed yet global presentation of the current understanding of AMP in the
FRT. Where possible, data from human studies was used with supplementa-
tion of relevant animal data as needed.

General structure and function
of AMP

Evolution and biochemistry of AMP
Ubiquitous among all life forms and transcending 2.6 billion years of evo-
lution, AMP are among the most ancient components of the immune
system (Yount and Yeaman, 2006; Yeaman and Yount, 2007). AMP func-
tion to directly target and destroy microbes and modulate the local and
systemic immune response qualities that make for ideal host defense
mechanisms (Matsuzaki, 1999). In addition, AMP play pleiotropic roles
in cellular development, repair and signaling to aid in host tissue homeo-
stasis (Fig. 1). AMP are vital to human health, as exemplified by patients
with morbus Kostmann (severe congenital neutropenia) where key AMP
are absent, resulting in severe periodontal disease (Putsep et al., 2002).
Moreover, AMP are ubiquitous throughout all biological kingdoms, and
particularly among those that lack an adaptive immune system (i.e.
plants, fungi and invertebrates), which is evidence of their essential
role in survival of all species (Ganz, 2003a,b; Yount and Yeaman, 2006;
Yeaman and Yount, 2007).

AMP are short (typically , 100 amino acids) peptides that fold into
amphipathic conformations allowing them to interact with membranes
(Ganz, 2003a,b). The vast majority are cationic at neutral pH, but rare
anionic AMP exist as well and possibly act to synergize with their
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positively charged counterparts (Harris et al., 2009a). Cationic peptides
directly, but non-specifically, target negatively charged surfaces including
anionic moieties on the surface of prokaryotic membranes and cell walls,
the phosphate backbone of nucleic acids and glycosylated cellular recep-
tors. Conversely, anionic AMP require a cation co-factor to form a salt
bridge with negative surfaces and unlike cationic AMP, are optimized in
bodily fluids of high salt content (Harris et al., 2009a). While their
primary sequence varies considerably, AMP are sub-classified based
on their secondary structure into five groups: (i) a-helical, (ii) b-sheet
(iii) mixed a-helices/b-sheets, (iv) cyclic, flexible loop, or enriched
with specific amino acids and (v) fragments of parent AMP (Boman,
1995; Brogden, 2005). Disulfide bonds linking cysteine residues stabilize
the secondary structure of b-sheet and loop containing AMP whereas
cysteine-free AMP are unable to form disulfide bonds thus remain of
linear conformation (Brogden, 2005).

Genetic basis of AMP
Much like the major histocompatibility complex antigens and immuno-
globulin genes, a diverse repertoire of AMP is generated at the genetic
level by gene duplication and positive selection (Nusbaum et al., 2006;
Yeaman and Yount, 2007). Thus the exons encoding mature AMP
have extensive gene amplification and hypermutability resulting in an

exceedingly high degree of variance relative to other areas of the
genome (Nusbaum et al., 2006). For example, chromosome 8p23
encodes the defensins, arguably the largest and most diverse family of
AMP, and is also the most variable region of the entire human somatic
genome (Nusbaum et al., 2006). Not only does this redundancy
protect against loss of functional AMP genes, but it also allows for even
further added diversity to the already pleiotropic nature of AMP
(Fig. 1) (Yeaman and Yount, 2007). This diversity allows AMP to
remain not only relatively impervious to rapidly evolving microbial resist-
ance measures, but also to be poised to defend against newly arising or
adapting pathogens.

Microbial targeting and killing mechanisms
Eukaryotic cell-derived AMP target potentially pathogenic prokaryotes
based largely on surface charge (Matsuzaki, 1999; Yeaman and Yount,
2003). Net anionic surface charge, which is exclusive to microbial mem-
branes, electrostatically attracts cationic AMP and is responsible for the
initial binding step of the AMP-microbe interaction (Fig. 2). Conversely,
AMP are indifferent to charge-neutral cell membranes, such as those of
higher order eukaryotes (Matsuzaki, 1999; Yeaman and Yount, 2003).
Anionic inner membrane phospholipids, nuclear material and mitochon-
dria (from prokaryotic origins) attract AMP in damaged or dying host
cells. Conversely, bacterial membranes are extensively comprised of
anionic phospholipids (Matsuzaki, 1999; Yeaman and Yount, 2003)
and are furthermore contained within a peptidoglycan cell wall that
also contains negatively charged moieties, i.e. lipoteichoic acid (LTA)
and lipid A of lipopolysaccharide (LPS) (Matsuzaki, 1999).

Elucidating the targeting mechanisms for lower eukaryotes, including
fungi and protozoa, has been more challenging as their cell membrane
is electrically neutral, similar to humans. While several studies have
found that AMP target the mannans in the fungal cell wall or specific
surface receptors (Harris et al., 2009b), it appears AMP targeting is spe-
cific for each Fungus. Protozoa present further obstacles for AMP as
many undergo a phase of encystment and an intracellular stage of para-
sitism as well as producing surface proteases (Rivas et al., 2009). Among
all classes of micro-organisms, the interaction of AMP with protozoa is
the least understood (Pretzel et al., 2013).

AMP exhibit a variety of antimicrobial activities against viruses
(reviewed by Wilson et al. (2013)). For enveloped viruses (i.e. HSV),
AMP target the glycoprotein surface antigens that mediate attachment
and fusion with host cells. For non-enveloped viruses (i.e. HPV), AMP
target the viral entry, uncoating, replication or escape processes
(Gounder et al., 2012). Thus, AMP generally prevent viral adsorption
or entry into host cells thus limiting viral infection.

AMP expression pathways
Although AMP interact with both innate and adaptive immune sys-
tems, they are mainly derived from cells of the epithelial and myelopoie-
tic lineages (Ganz, 2003a,b). As a general rule, epithelial cells (EC)
secrete AMP into the extracellular space, at the forefront of the
host-environment ‘barrier’, while phagocytic cells secrete AMP mainly
within intracellular compartments (Ganz, 2003a,b). In both cases, eu-
karyotic AMP are ribosomally synthesized as prepropeptides containing
an N-terminal signaling pre-sequence followed by an anionic pro-
sequence (Boman, 1995; Ganz, 2003a,b). Cathelicidins, such as LL-37,
are an exception as they are cleaved from a C-terminal domain to

Figure 1 The pleiotropic functions of antimicrobial peptides. Anti-
microbial peptides (AMP) have diverse biological effects. AMP have a
broad spectrum of activity against Gram-positive and Gram-negative
bacteria and also exhibit antifungal and antiviral activity (blue). Anti-
inflammatory properties (yellow) of AMP are demonstrated by their
ability to suppress bacterial-induced cytokine production. Although
AMP are most recognized for their microbicidal and anti-inflammatory
function, AMP also possess immunomodulatory properties (green)
through regulation, cell signaling, activation of immune cells, and inducing
chemotaxis to injury and/or infection sites. Tissue homeostasis (pink) is
maintained via regulation of AMP pathways triggering cell differentiation,
wound healing and angiogenesis.
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their mature form (Ganz, 2003a,b). AMP are proteolytically cleaved to
their active, mature form before exerting any effects to protect the
host cell from potentially deadly peptide promiscuity (Valore et al.,
1996). Secreted precursor peptides from EC are processed extracellu-
larly by enzymes in the cellular milieu. Conversely, in phagocytes, the in-
active AMP are proteolytically cleaved en route to or within intracellular
compartments and stored there until they are signaled to fuse with pha-
gosomes containing engulfed pathogens or debris, to ultimately form the
phagolysosome (Ganz, 2003a,b). Other hematopoietic-derived cells
also express AMP and include mast cells, eosinophils, basophils, platelets
and even lymphocytes.

Extracellular expression of AMP occurs both constitutively and in re-
sponse to a specific stimulus such as, infection, inflammation or injury
(reviewed in Ganz (2003a,b)). Constitutive AMP expression is generally
a feature of EC and acts as a prophylactic defense. Danger is sensed by
epithelial or activated phagocytes, inducing rapid up-regulation of AMP

expression and degranulation by phagocytes (reviewed in Goldmann
and Medina (2012)). These AMP provide an important chemical
barrier to invading pathogens (Figs 2 and 3).

AMP signaling and regulation
AMP are induced in response to potentially threatening stimuli sensed by
specialized host cell receptors that are highly attuned to sense warning
signals in the form of pathogen-associated molecular patterns (PAMP)
and are thus called pattern recognition receptors (PRR) (Janeway,
1989). Danger-associated molecular patterns (DAMP) are endogenous
(host-derived) products that are recognized as potentially harmful to the
host tissue either due to infection, inflammation, ischemia, trauma, etc.,
whereas PAMP consist of highly conserved microbial products (i.e. pro-
teins, lipids, lipoproteins and nucleic acids among others). The endogen-
ous equivalent of PAMP are alarmins that signal tissue and cell damage.

Figure 2 General mechanisms of action for AMP and host defense in the female reproductive tract (FRT). AMP are mainly secreted by female repro-
ductive tract epithelial cells (FRT EC) and neutrophils (PMN) following exposure to inflammatory or microbial stimuli. These AMP then exhibit diverse
activities that include wound repair, anti-endotoxin activity, bacterial opsonization, inhibition of protease activity and participation in the direct killing of
microbes (bacteria, virus, fungi and parasites). A variety of bacterial membrane disruption models have been proposed and are depicted (barrel stave, tor-
oidal pore and micelle formation); these involve binding of the AMP to lipid moieties in the membrane, resulting in bacterial death. Another mechanism is
specific targeting of cell surface components and intracellular proteins by AMP. The mechanism of immunomodulation includes activation of the innate
immune response that can impact factors including the level of inflammation, cellular differentiation, activation and the initiation of adaptive immune
responses. AMP also induce chemotaxis and recruitment of mast cells, monocytes/macrophages, neutrophils, lymphocytes and dendritic cells to the
site of infection resulting in controlled inflammation and/or pathogen killing and clearance.
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Both PAMP and alarmins serve as ligands for germ-line encoded PRR sta-
tioned on the plasma membrane or within phagosomes of host cells
(reviewed in (Tang et al., 2012)) including EC lining the FRT (Fazeli
et al., 2005; Herbst-Kralovetz et al., 2008).

The four most recognized classes of PRR include the Toll-like recep-
tors (TLR), Nucleotide-binding oligomerization domain (NOD)-like
receptors (NLR), Retinoic acid-inducible gene (RIG)-I-like receptors
(RLR) and C-type lectin receptors (CLR) (reviewed in (Takeuchi and
Akira, 2010)). Engagement of these PRR by their cognate ligands triggers
a signaling cascade culminating in the activation of transcription factors
that target specific immunomodulatory genes for transcription (Takeuchi
and Akira, 2010). This process illustrates how PRR and other receptors
trigger downstream activation of a select number of transcription factors
that activate transcription of AMP in response to microbial stimuli or
other physical, physiological, or oxidative stressors (Oeckinghaus et al.,
2011). Ultimately, this results in expression of stored or de-novo synthe-
sis of AMP and other mediators (i.e. chemokines, cytokines, interferons
and growth factors) that constitute the inflammatory response (Figs 2

and 3). As tight regulation of these pathways is required for a specific
and appropriate response to stimuli (i.e. proliferation, differentiation,
apoptosis, etc.) and dysregulation can lead to aberrant inflammatory pro-
cesses, AMP expression is highly dependent on the integrity of these
pathways (Fig. 3). Throughout the FRT, microbial products (e.g. PRR ago-
nists) have been shown to trigger AMP expression from EC in a site and
tissue-specific fashion (Pivarcsi et al., 2005; Schaefer et al., 2005a;
Herbst-Kralovetz et al., 2008; Radtke et al., 2012; Doerflinger et al.,
2014).

AMP expression, distribution and
barrier function in the FRT
Optimized as both a barrier site and the exclusive site of reproduction,
the FRT is challenged with differentiating non-self friend (fetus) from
foe (pathogen). To balance this dichotomy, the anatomy of the FRT is
segregated into two compartments that allow functional separation of

Figure3 Changes in the microbial milieu influence AMP secretion in the FRT. AMP secretion is regulated in female reproductive tract (FRT) epithelial cells
(EC) following exposure to microbial products or pathogen-associated molecular patterns (PAMPs) from commensal (left) or pathogenic organisms (right
panel) and signaling through pattern recognition receptors (PRR). During homeostasis (left panel), microbial products from commensal organisms (green)
are sensed by the FRT EC (depicted as a single layer for simplification) through PRR and result in constitutive, low level AMP production (physiological
inflammation) resulting in mucosal homeostasis. Depletion of the commensal population and growth of bacterial vaginosis (BV)-associated microbiota
(red) results in high levels and a differential profile of AMP secretion and cytokine/chemokine production. AMP degrade the mucus layer (right panel)
and this allows the pathogens (red) to breach the mucosal barrier and disrupt the epithelial barrier integrity (tight junctions; blue). PAMPs from these
BV-associated microbiota activate NF-kB and inflammasome pathways thereby resulting in increased pathological inflammation and loss of homeostasis
(right panel).
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fetal development (upper FRT) from the external environment (lower
FRT). The vagina and ectocervix constitute the lower FRT made up of
keratinized, stratified squamous epithelium. The endocervix, uterus
and fallopian tubes comprise the upper FRT comprised of single layer
of columnar epithelia. These compartments are anatomically divided
at the level of the cervix and this border is referred to as the ‘transform-
ation zone’ (reviewed in (Hafez, 1982)).

Cellular structures and physiology play a critical role in barrier function
and response of the FRT to external stimuli and insults (reviewed in
Quayle (2002) and Wira et al. (2005)). The stratified squamous epithe-
lium of the lower FRT is multilayered and covered with sparse microvilli
(Hafez, 1982; Hjelm et al., 2010), whereas the upper FRT, are single-
layered, polarized, columnar epithelium is heavily textured with microvilli
and cilia (Hafez, 1982; Blaskewicz et al., 2011). Both uterine and vaginal
EC express intercellular junctions, including tight junctions, adherens
junctions and desmosomes that form an impermeable barrier to chem-
ical, mechanical and microbial insult (Hjelm et al., 2010; Blaskewicz et al.,
2011). The transepithelial integrity of these junctions is influenced by es-
trogen, calcium, growth factors, inflammatory mediators and pathogens
(Blaskewicz et al., 2011). Contributing to the mucosal barrier system is an
array of immune cells that are differentially expressed across the FRT
(reviewed in Bouman et al. (2005), Wira et al. (2005) and Yang et al.
(2011)). Moreover, the mucosal epithelial and immune cells express
PRR to sense and respond to potential pathogens that venture too
close (Aflatoonian and Fazeli, 2008; Yu et al., 2009). Additionally,
AMP-rich mucus produced from endocervical glands and vaginal secre-
tions bathe the lower FRT and dampen the effects of mechanical stress

providing an additional layer of barrier protection (Becher et al., 2009;
Radtke et al., 2012).

Similar to other mucosal and skin sites, the FRT possesses a unique set
of AMP tailored specifically for microbial challenges at this barrier site. To
date, the AMP expressed in the FRT include defensins, cathelicidin, whey
acid proteins, lysozyme, S100 proteins, C-type lectins, iron metabolism
proteins and kinocidins (Fig. 4). Recent findings are emerging that add-
itional AMP exist in the FRT (i.e. histones, BPI, TSP-1, lipophilin, cystatin
A, ubiquitin and phospholipase A2) (Wira et al., 2011) however, since
information is still emerging on these AMP, they will not be discussed
herein.

Defensins
Defensin peptides comprise the largest family of AMP found in humans.
They each contain six cysteine residues that anchor three disulfide bonds
and are further subdivided into a-, b- and u-defensin sub-sets based on
the organization of these cys-cys bonds (Lehrer and Lu, 2012). Each
defensin is produced as a prepeptide and proteolytically cleaved post-
translationally into its active form (Valore and Ganz, 1992; Lehrer and
Lu, 2012). Once mature, the defensin is protected from enzymatic deg-
radation by its disulfide bonds (Lehrer and Lu, 2012). These disulfide
bonds are integral to the antiviral properties, the inhibition of bacterial
toxins and the secretion of inflammatory mediators (Lehrer and Lu,
2012). In addition to their antimicrobial properties, all defensins play a
role in other biological functions (Figs 1 and 2) reviewed elsewhere
(Ganz, 2003a,b; Selsted and Ouellette, 2005).

Figure 4 AMP expression and distribution in FRT (non-pregnant). Expression (mRNA and protein) and distribution of antimicrobial peptides are shown
throughout the human female reproductive tract (non-pregnant). Organs of interest are the ovaries, fallopian tubes, the endometrium, the cervix and the
vagina.
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a-Defensins
There are six human a-defensins, named human neutrophil peptide
(HNP) 1 through4 for their discovery in neutrophils and human defensins
(HD) 5 and 6 which were discovered afterwards (Lehrer and Lu, 2012).
HNP1-4 are predominately made by neutrophils and stored in their
primary (azurophil) granules along with myeloperoxidase, bacterial/
permeability-increasing (BPI) peptide, and four proteases including
protease-3, cathepsin G, elastase and azurocidin (Faurschou and Borre-
gaard, 2003; Nathan, 2006). In the bone marrow, promyelocytes synthe-
size HNP1-4 as propeptides that are cleaved to their mature form before
being sorted into the azurophil granules where they are stored in granules
as active AMP (Faurschou and Borregaard, 2003). As the developing neu-
trophils mature to myelocytes and beyond, any additional defensin that is
made is secreted constitutively in its propeptide form (Faurschou and
Borregaard, 2003). Azurophil granules have limited participation in de-
granulation, thus defensins stored in these granules are primarily
intended for engulfed pathogens within the phagolysosome (Faurschou
and Borregaard, 2003; Nathan, 2006). In addition to FRT leukocytes,
HNP1-3 are also expressed by natural killer cells, monocytes, immature
dendritic cells (DC), gdT lymphocytes, eosinophils and B lymphocytes
(Agerberth et al., 2000; Rodriguez-Garcia et al., 2007; Driss et al.,
2009). HD5 is expressed as a propeptide by secretory mucosal cells
(Ghosh et al., 2002; Porter et al., 2005) and expressed throughout the
FRT from endometrial, cervical and vaginal epithelium (Quayle et al.,
1998; Klotman et al., 2008). HD6 mRNA is expressedbyendo- and ecto-
cervical cells, however, the mature peptide, that is known to be
assembled into microbial ‘nanonets’ (Wu et al., 2009), has not been
found in the FRT.

b-Defensins
There are four human b-defensins (HBD), designated HBD1-4, which
are primarily expressed by EC (Pazgier et al., 2006). Human b-defensins
are encoded by the DEFB genes and only four peptides are naturally
synthesized (HBD1-4) (Schutte et al., 2002). Susceptibility to specific dis-
eases are tied to single nucleotide polymorphisms (SNP) in these genes,
including two that are pertinent to female reproductive health. In particu-
lar, several SNP in the DEFB1 gene (encoding HBD1) and copy number
variation in the DEFB104 gene (encoding HBD4) have been implicated in
HIV-1 viral load during pregnancy, HIV-1 replication in breast milk and
mother-to-child HIV-1 transmission (Braida et al., 2004; Segat et al.,
2006; Baroncelli et al., 2008; Ricci et al., 2009). However, discrepancies
among these studies suggests that caution should be exercised when
interpreting the role of DEFB gene SNP in HIV-1 transmission (Segat
et al., 2009). Four or less DEFB104 gene copies is also associated with
increased risk of cervical cancer (Abe et al., 2013).

HBD1 is constitutively expressed by EC throughout the FRT (Valore
et al., 1998; King et al., 2002), but can be selectively up-regulated by
TLR3 agonist stimulation (Schaefer et al., 2005a; Radtke et al., 2012).
HBD2 and 3 are largely expressed upon stimulation with minimal consti-
tutive expression. HBD2 is expressed and inducible at all sites except the
fallopian tubes (King et al., 2002; Fleming et al., 2003; Pivarcsi et al., 2005;
Schaefer et al., 2005a,b; Keller et al., 2007; Han et al., 2010; Jiang et al.,
2012; Radtke et al., 2012; Patel et al., 2013; Doerflinger et al., 2014)
while HBD3 and 4 are only expressed in the endometrium and cervix
(Garcia et al., 2001; Schaefer et al., 2005a; Jiang et al., 2012; Radtke
et al., 2012) (Fig. 4). b-Defensins are chemotactic for CD4+ memory

T lymphocytes, monocytes (Rohrl et al., 2010), macrophages (Garcia
et al., 2001), monocyte-derived DC (Presicce et al., 2009), mast cells
(Niyonsaba et al., 2002a) and neutrophils (Yang et al., 1999; Niyonsaba
et al., 2004). b-Defensins also induce maturation of monocyte-derived
DC with increased expression of co-stimulatory molecules and cytokine
secretion (Presicce et al., 2009), promote mast cell maturation, degranu-
lation and production of prostaglandin E2 (Niyonsaba et al., 2001,
2002a), inhibit the complement cascade (Bhat et al., 2007), and maintain
epithelial tight junctions (Kiatsurayanon et al., 2014).

u-Defensins
u-Defensins (i.e. mini-defensins) are circular AMP that hold much
promise as both an antiviral and antibacterial in the FRT (Yasin et al.,
2004; Hooven et al., 2012). Humans have six DEFT genes encoding
three human u-defensins that are expressed and transcribed in cervi-
covaginal tissue, bone marrow, thymus, spleen, skeletal muscle and
testis (Selsted, 2004; Venkataraman et al., 2009). The pseudogene that
prevents full translation can be corrected with the topical application
of aminoglycoside antibiotics, which interchanges a single base pair in
the stop codon nucleotide triplet to allow for read through of the se-
quence and thus full translation of a functional peptide (Zingman et al.,
2007; Venkataraman et al., 2009). When synthetically revived, these
human u-defensins are called retrocyclins and display full antimicrobial
functionality (Leonova et al., 2001; Tran et al., 2002). As these
u-defensins are remarkably effective against two high profile STI, includ-
ing HIV-1 (Cole et al., 2002), HSV (Yasin et al., 2004), and the
BV-associated bacteria, Gardnerella vaginalis (Hooven et al., 2012), the
potential to develop the AMP as a vaginal microbicide has spurred
attempts to resurrect the human u-defensin peptides in humans.

Cathelicidins
Cathelicidins are a large family of AMP that contain a signature ‘cathelin’
domain (Zanetti et al., 1995). While the cathelicidin family of AMP is vast
in other species, humans produce only one. The human version of this
peptide is encoded by the CAMP gene on chromosome 3p21.3 and is
synthesized as a prepropeptide called hCAP-18 (human cationic anti-
microbial protein of 18 kDa) (Agerberth et al., 1995; Cowland et al.,
1995). Serine protease cleavage of the cathelin and signaling domains
results in a mature AMP called LL-37 (leucine, leucine 37) (Sorensen
et al., 1997).

LL-37
LL-37 was first discovered in neutrophils, where it is synthesized and
stored as hCAP18 with lactoferrin and zymogens (i.e. MMPs, collagenase
and gelatinase) in the peroxidase-free specific (secondary) granules
(Cowland et al., 1995; Sorensen et al., 1997; Faurschou and Borregaard,
2003). Given its cytotoxic effects, LL-37 is synthesized and stored in its
propeptide form intracellularly and only activated extracellularly upon
proteolytic release (Shaykhiev et al., 2005). Upon degranulation,
hCAP-18 and lactoferrin are exocytosed simultaneously and then
cleaved to their active forms extracellularly (Sorensen et al., 1997).
LL-37 is also constitutively secreted and inducible from NK cells, gdT
cells, B cells, monocytes and mast cells (Agerberth et al., 2000;
Di Nardo et al., 2003). Within the FRT, LL-37 is expressed from the
endometrium (Bals et al., 1998) and EC of the cervix and vagina
(Frohm Nilsson et al., 1999; Radtke et al., 2012) (Fig. 4). Enhanced pro-
tection of the FRT following sexual intercourse is also provided by an
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alternative form of cathelicidin called ALL38 (LL-37 with an additional
leading alanine residue), that is produced by epididymal EC, delivered
by seminal fluid and spermatozoa and activated on contact with acidic
vaginal fluid (Malm et al., 2000; Sorensen et al., 2003).

Unique among AMP, LL-37 is induced through a vitamin D mediated
pathway (reviewed in Gombart (2009)). LL-37 is also induced by
hypoxic-induced factor 1a (HIF-1a) (Peyssonnaux et al., 2008; Berger
et al., 2013) under low oxygen concentration and reciprocally protects
HIF-1a from ubiquitin-proteasome-dependent degradation (Li et al.,
2000). Moreover, LL-37 is induced by, and is synergistic with, a variety
of other AMP including HNP1 (Nagaoka et al., 2000), HBD2 (Ong
et al., 2002), lactoferrin and lysozyme (Bals et al., 1998).

In addition to AMP activity, LL-37 is immunomodulatory. These func-
tions include neutralization of lipopolysaccharide (LPS) (Larrick et al.,
1995; Nagaoka et al., 2001), modulation of cytokine release (Davidson
et al., 2004), activation of immune-modulating genes (Braff et al., 2005;
Niyonsaba et al., 2007), up-regulation of chemokine receptors (Scott
et al., 2002), and programmed cell death by preventing apoptosis in neu-
trophils (Barlow et al., 2006; Nagaoka et al., 2006) and keratinocytes,
while promoting apoptosis in macrophages. LL-37 can complex with en-
dogenous DNA and RNA (Lande et al., 2007; Ganguly et al., 2009),
induces DC maturation (Davidson et al., 2004), induces mast cell de-
granulation (Niyonsaba et al., 2001) and inhibits biofilm formation
(Overhage et al., 2008; Dean et al., 2011). LL-37 also stimulates
wound healing (Shaykhiev et al., 2005; Carretero et al., 2008) and angio-
genesis (Koczulla et al., 2003) bystimulating migration and proliferation of
epidermal, stromal and endothelial cells. Lastly, LL-37 is chemotactic for
peripheral blood monocytes, neutrophils, CD4+ T lymphocytes, mast
cells, eosinophils and mesenchymal stem cells, but not DC (Agerberth
et al., 2000; De et al., 2000; Niyonsaba et al., 2002b; Tjabringa et al.,
2006; Coffelt et al., 2009).

Whey acid proteins
Proteases, a vast group of enzymes involved in protein digestion, can be
released excessively as part of a massive inflammatory response or from
cancer cells. Protease inhibitors limit this activity to protect against the
potentially damaging effects of an over-zealous immune response to
host tissues. Moreover, many of these protease inhibitors also exhibit
antimicrobial and immunomodulatory activity to further reduce
sources of inflammation and have hence been classified as formal
AMPs (Fig. 2). In the FRT, there are three peptides that are all
encoded in the same gene locus and are structurally similar (Clauss
et al., 2002) encoding at least one characteristic gene sequence called
the whey acidic protein (WAP) domain (Ranganathan et al., 1999).
Thus, together these proteins, along with 15 others found in humans,
comprise the tightly knit WAP-four disulfide core (WFDC) protein
family (Bingle and Vyakarnam, 2008).

The three WFDC peptides that are expressed in the FRT include se-
cretory leukocyte protease inhibitor (SLPI), elafin and human epididymis
protein 4 (HE4). All exhibit antimicrobial and immunomodulatory prop-
erties,but only SLPI and elafin possesseskey leucine residues and the spe-
cific cysteine residue spacing that confers protease inhibition (Bingle and
Vyakarnam, 2008). Of note, while only these three WFDC peptides have
been identified in the FRT, these and several other WFDC proteins (e.g.
Eppin and ps20) in this family areexpressed in the male reproductive tract
(Clauss et al., 2002; Bingle and Vyakarnam, 2008).

SLPI
SLPI, also called anti-leukoprotease (ALP) or mucous protease inhibitor
(MPI), contains two tandemly repeated WFDC domains and inhibits
elastase, cathepsin G, trypsin, chymotrypsin and mast cell chymase
(Thompson and Ohlsson, 1986; Boudier and Bieth, 1992; Walter
et al., 1996). However, despite its antiprotease activity, SLPI is not
itself immune to proteolytic cleavage from endogenous (Taggart et al.,
2001) and pathogen-derived proteases (Sponer et al., 1991; Into et al.,
2006), including Trichomonas vaginalis (Draper et al., 1998). SLPI is
expressed by a variety of epithelial and several immune cells, including
mast cells (Westin et al., 1999), neutrophils (Sallenave et al., 1997) and
macrophages (Mihaila and Tremblay, 2001). In the FRT, SLPI is expressed
constitutively and is inducible in the fallopian tube (Ota et al., 2002; King
et al., 2009), endometrium (mostly in glandular cells) (King et al., 2000,
2002) and cervix (Casslen et al., 1981; Heinzel et al., 1986; Franken
et al., 1989; Fichorova and Anderson, 1999; Moriyama et al., 1999;
Radtke et al., 2012) (Fig. 4). SLPI promotes wound healing (Ashcroft
et al., 2000; Zhu et al., 2002), cell proliferation (Zhang et al., 2002), mod-
ulates macrophage function (Zhang et al., 1997), suppresses neutrophil
activation (Grobmyer et al., 2000; Zhu et al., 2002), suppresses macro-
phage matrix metalloprotease (MMP) production via indirectly blocking
PGE2 (Zhang et al., 1997), inhibits LPS (Jin et al., 1997), regulates cyclin D
expression (Zhang et al., 2002; Velarde et al., 2005; Simpkins et al., 2008)
and inhibits NF-kB activation (Lentsch et al., 1999; Song et al., 1999;
Taggart et al., 2002, 2005). SLPI is also aberrantly expressed in a
number of malignancies including several of the FRT (e.g. endometrial,
cervical and ovarian cancer) and is associated with increased aggressive-
ness and metastatic potential (Bouchard et al., 2006).

Elafin
Also known as skin-derived antileukoprotease (SKALP), elafin is pro-
duced from the proteolytic cleavage of trappin-2 (transglutaminase sub-
strate and WAP domain containing protein) (Schalkwijk et al., 1999).
Pairing of these domains affords trappin-2/elafin with both the ability
to inhibit specific proteases (e.g. leukocyte elastase and protease 3)
and bind transglutaminase (Schalkwijk et al., 1999). However, as a sub-
strate of transglutaminase, elafin can be cross-linked to a number of
extracellular matrix proteins including laminin, collagen IV, fibrinogen,
fibronectin, B-crystallin and elastin (Nara et al., 1994; Guyot et al.,
2005; Muto et al., 2007) where it aids in maintaining the barrier integrity
of skin and mucosa. In the skin, elafin cross-links to involucrin and is es-
sential in the epidermal keratinocyte cornification process (Steinert and
Marekov, 1995; Nakane et al., 2002). Elafin also protects the expression
of zona-occludens in tight junctions along the respiratory and gut mucosa
(Li et al., 2010; Galipeau et al., 2014), but has not yet been investigated in
the context of FRT intercellular junctions. Regardless, all EC lining the
FRT express elafin (Pfundt et al., 1996; King et al., 2003a,2009; Chen
et al., 2006; Narvekar et al., 2007; Ghosh et al., 2010; Budatha et al.,
2013; Patel et al., 2013) as do macrophages (Mihaila and Tremblay,
2001) and neutrophils (King et al., 2003a). Dysregulated expression of
elafin is also associated with pelvic organ prolapse (Budatha et al.,
2013), and urinary stress incontinence (Chen et al., 2006), which may in-
dicate participation of elafin in FRT tissue integrity, as in the skin.

HE4
Although initially described as a peptide exclusive to the epididymis of the
male reproductive tract, expression of HE4 in the FRT has since been
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described. HE4 is expressed constitutively in the FRT by epithelia of the
fallopian tubes, uterus, cervix and bartholin glands and is up-regulated
during microbial dysbiosis (i.e. bacterial vaginosis) (Leth-Larsen et al.,
2004; Drapkin et al., 2005; Galgano et al., 2006; Orfanelli et al., 2014).
Notably, HE4 is also expressed at excessively high levels by a number
of cancers deriving from cells with no known native HE4 expression. Per-
tinent to the FRT, these include endometrial and ovarian carcinoma
(Galgano et al., 2006). HE4 is approved by the US FDA as an ovarian
cancer biomarker, in combination with CA125 and menopausal status,
for pre-operative assessment of a pelvic mass as part of the Risk of
Ovarian Malignancy Algorithm (ROMA) criterion as it is more effective
than CA125 alone (Wang et al., 2014). In addition, preliminary data
support HE4 as a biomarker for early detection of endometrial cancer
predicting recurrence in high-risk populations and for use in monitoring
and detecting recurrence (Simmons et al., 2013; Brennan et al., 2014).

Lysozyme
Originally described in 1922 by Alexander Fleming for its ability to ‘lyse’
bacterial colonies, lysozyme is considered the first human-derived AMP
discovered (Ganz, 2003a,b). Within the FRT, lysozyme is expressed in
the cervix (Eggert-Kruse et al., 2000; Keller et al., 2007) and vagina
(reviewed in Wira et al. (2011)). Lysozyme is also stored in the
primary, secondary and tertiary granules of neutrophils (Faurschou and
Borregaard, 2003). While lysozyme expression has not been reported
from endometrial epithelia or stromal cells, it is expressed in an array
of endometrial pathologies associated with macrophage-derived foam
cells and monocyte-derived histiocytes (Kim et al., 2002; Fukunaga and
Iwaki, 2004). Lysozyme induces bacterial wall degradation by hydrolysis
of the 1,4 glycosidic bonds found in peptidoglycan of primarily Gram-
positive bacteria (Wiesner and Vilcinskas, 2010). Given that the outer
cell membrane protects peptidoglycan in Gram-negative bacterial cell
walls, lysozyme is relatively ineffective against this group of bacteria
(Wiesner and Vilcinskas, 2010). Despite the extensive history of lyso-
zyme and that it is known to be a component of cervicovaginal lavage
(CVL) and virtually all fluids of the human body, the exact role of lysozyme
in the FRT is not well established (Chimura et al., 1993; Eggert-Kruse
et al., 2000; Hein et al., 2001).

S100 proteins
Calprotectin
Calprotectin is a heterodimer complex of two calcium-binding proteins,
S100A8 (or myeloid-related protein (MRP-8) and S100A9 (MRP-14), an
abundant protein found in the cytosolic fraction of neutrophils. Calpro-
tectin is predominantly secreted by stimulated neutrophils and mono-
cytes or released by apoptotic cells (Hashemi et al., 2001).
Neutrophils appear to be the primary source of calprotectin in CVL
and as such could serve as a marker for cervical inflammation (Kunimi
et al., 2006). S100A8, S100A9 and S100A8/S100A9 function as
potent neutrophil stimulators and chemoattractants (Ryckman et al.,
2003). The heterodimer S100A8/S100A9 was found in the highest con-
centration in cervical mucus, positively correlated with inflammatory
cytokines and was not shown to be hormonally regulated (Kunimi
et al., 2006). According to a comprehensive proteomic analysis,
S100A9 is the most abundant protein in human CVL (Zegels et al.,
2009). Both antibacterial (Escherichia coli and Staphylococcus aureus)

and antifungal (Candida albicans) activity have been attributed to calpro-
tectin (Yui et al., 2003; Striz and Trebichavsky, 2004).

During pregnancy, calprotectin has been found in the human placenta,
amnion and cervix (Sato et al., 1999; Espinoza et al., 2003). Increased
levels of calprotectin in amniotic fluid, along with other AMP (HNP1-3
and BPI), has been correlated to complications during pregnancy (Espi-
noza et al., 2003). The distinct spatial and temporal gene expression of
S100A9 in the pregnant uterus indicates that it may be associated with
the onset of physiologic labor at term (Havelock et al., 2005). In addition
to pregnancy and labor, calprotectin plays a role in many pathological
conditions that impact the FRT including infection and inflammation, as
well as ovarian, endometrial and cervical cancer.

Psoriasin
Psoriasin (S100A7) is constitutively expressed by squamous EC of the
vulva, vagina and ectocervix that ends abruptly at squamocolumnar junc-
tion of cervix (Mildner et al., 2010). In addition, the fallopian tube and the
apical surface of EC have been shown to express psoriasin (Teijeiro and
Marini, 2013). During pregnancy, psoriasin has been shown to be present
in the third trimester amniotic fluid and to act as a chemoattractant
(Porre et al., 2005). This AMP is expressed in the fetal squamous epithe-
lium, vernix caseosa and skin (Yoshio et al., 2003).

Psoriasin expression is also inducible by exposure of keratinocytes to
supernatants of E. coli or the microbial product flagellin (Glaser et al.,
2005; Abtin et al., 2008). Psoriasin is highly concentrated in the CVL
(up to 3% of the total protein) from healthy individuals and has potent
E. coli-cidal activity (Mildner et al., 2010). The high levels of constitutively
expressed psoriasin in the vaginal epithelium and secreted psoriasin in
the vaginal fluid, suggests that this AMP may play a role in defending
against other reproductive infections or STI in the lower FRT (Mildner
et al., 2010).

C-Type lectins
Lectins are carbohydrate-binding proteins. A sub-set of this superfamily,
is the C-type (calcium-dependent) lectins that have both collagen-like
and carbohydrate-binding domains (Zelensky and Gready, 2005).
These carbohydrate-binding domain aids in pattern recognition of PRR
ligands, including LPS and mannan (Janeway and Medzhitov, 2002).
Among the collectin family are two proteins with antimicrobial proper-
ties that are expressed in the FRT (Fig. 4) and secreted by EC: surfactant
protein A and D (SP-A and SP-D). Both can inactivate virus and aid in
phagocytosis of microbes through opsonization and phagocytic functions
including simulation of oxidative burst and production of proinflamma-
tory cytokines from these cells (Benne et al., 1995; LeVine et al., 2000)
as depicted in Fig. 2. As such, these AMP can direct adaptive immune
responses by modulating differentiation of monocyte-derived cells in-
cluding DC (Brinker et al., 2003).

SP-A
SP-A has been detected in serum, tears, amniotic fluid, sputum, seminal,
vaginal and synovial fluids (MacNeill et al., 2004; Kishore et al., 2006).
SP-A is found in both the intermediate and superficial layers of the
human vaginal epithelium and in both pre- and post-menopausal tissue
(MacNeill et al., 2004; Macneill et al., 2012). SP-A is hormonally regulated
as evidenced by vaginal fluid collected throughout the menstrual cycle
(Fig. 5) (Macneill et al., 2012). In addition, SP-A has been shown to be

Antimicrobial peptides in female reproductive tract 361
D

ow
nloaded from

 https://academ
ic.oup.com

/hum
upd/article-abstract/21/3/353/675538 by guest on 23 February 2020



present in the human fetal membranes and myometrium and to play a
role in parturition (Garcia-Verdugo et al., 2010).

SP-D
In the FRT, SP-D is expressed by the ciliated epithelium of the fallopian
tubes, EC of the endometrial surface and uterine glands, endothelium
of the uterine arteries and veins, epithelium of the uterine cervix and cer-
vical glands, and vaginal stratified squamous epithelium, and is hormonal-
ly regulated (Stahlman et al., 2002; Leth-Larsen et al., 2004; Oberleyet al.,

2004). SP-D is also expressed by cuboidal EC of the ovaries and endothe-
lium of the ovarian vasculature, but is not expressed by stromal cells
(Leth-Larsen et al., 2004). Within the ovary, SP-D is expressed by
theca interna cells of the developing follicle, but not granulosa cells
glands (Leth-Larsen et al., 2004). Following ovulation, both the lutein-
laden thecal and granulosa cells of the corpus luteum express SP-D (Leth-
Larsen et al., 2004) (Fig. 5).

Iron metabolism proteins
Iron is an essential nutrient for nearly all life forms and is critical for a
number of cellular processes, including synthesis of nucleic acids and pro-
teins, electron transport, cellular respiration, oxygen transport, enzyme
function, regulation of gene expression and indirectly cell proliferation
and differentiation (Lieu et al., 2001). Thus, iron homeostasis is carefully
regulated in the human body and is highly sought after by invading patho-
gens. In addition to chelating iron to prevent its uptake by pathogens,
these iron-binding proteins also exhibit distinct antimicrobial properties.
Iron sequestration effectively withholds iron stores from invading
microbes. Hence, many have devised alternative mechanisms to
acquire iron from their host or from competing pathogens.

Lactoferrin
Lactoferrin is an iron-binding glycoprotein of the transferrin family of
molecules that exhibits multiple antimicrobial effects (reviewed in
Jenssen and Hancock (2009)). Lactoferrin is primarily stored in the sec-
ondary granules of neutrophils for deposition into the phagolysosome or
exocytosis during degranulation as apo-lactoferrin (Baggiolini et al.,
1970) and is expressed from EC of the oviduct (Zumoffen et al., 2013)
and endometrium (Kelver et al., 1996). Antimicrobial effects of lactofer-
rin are only seen in this iron-free form and are subsequently lost with
iron saturation (Arnold et al., 1977). However, proteolytic cleavage of
lactoferrin produces lactoferricin that is also highly microbicidal and
furthermore retains such activity in the presence of iron, unlike its precur-
sor (reviewed in Gifford et al. (2005)).

The bacteriostatic effect of lactoferrin is demonstrated by the ability to
reversibly sequester iron at the site of an infection and thus compete for
this essential nutrient with microbes (Arnold et al., 1977). Lactoferrin is
also well suited for the FRTas, unlike transferrin, it has high affinity for iron
under acidic conditions (Masson et al., 1969). However, bacteria are
able to scavenge free iron via high affinity chelators, called siderophores,
and can remove sequestered iron from lactoferrin through specific
cell surface receptors. In the FRT, Neisseria gonorrhea, which does not
produce its own siderophores, utilizes xenosiderophores made by
other, co-inhabiting bacteria and produces two cell surface receptors
targeting intracellular iron-saturated lactoferrin (Blanton et al., 1990;
Biswas and Sparling, 1995). Similarly, T. vaginalis and Treponema pallidum
acquire iron fromtheirhosts via receptors specific for lactoferrin (Peterson
and Alderete, 1984; Alderete et al., 1988).

Aside from iron chelation, lactoferrin also exhibits bacteriocidal effects
through membrane destabilization (Jenssen and Hancock, 2009). Lacto-
ferrin binds directly to Lipid A of LPS in the outer membrane of Gram-
negative bacteria (Appelmelk et al., 1994) causing release of LPS from
the bacterial cell membrane with resultant membrane destabilization
(Ellison et al., 1988) and LPS inactivation (Fig. 2) via chemical modification
(Brandenburg et al., 2001). Lactoferrin also mediates the inflammatory
response to LPS by translocating to host cell nucleus (Fig. 2) and inhibiting

Figure 5 Hormonal regulation of AMP in the FRT. The female repro-
ductive tract is highly sensitive to endocrine regulation by the hypothal-
amic–pituitary–ovarian axis. Expression levels of AMPs increase or
decrease throughout the monthly cyclic remodeling of the FRT. These
changes in AMP are shown in relation to: (A) hormonal phases (the fol-
licular and luteal phase) and phases relating to tissue change (menses,
proliferative phase and secretory phase); (B) the ovarian cycle; (C)
changes in hormones; (D) location in the FRT (upper or lower); and
(E) the uterine cycle. In the upper FRT, there is an increase in HBD2,
elafin and lactoferrin expression during menses. During the proliferative
phase HBD4 and calprotectin are up-regulated in the upper FRT and
SLPI and SP-A levels increase in the lower FRT. HNP1-3, HD5,
HBD1, HBD3, SLPI, elafin and calprotectin expression levels are
increased in the upper FRT throughout the secretory phase and SP-A
expression is down-regulated in the lower FRT. HE4, lysozyme and
LL-37 have not been shown to be hormonally regulated in the FRT.
Basal expression levels of AMPs are not represented in this figure,
refer to Fig. 4.
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production of pro-inflammatory cytokines IL-1b, IL-6 and TNF-a via
blockade of the NF-kB pathway (Haversen et al., 2002).

Additional antimicrobial mechanisms exhibited by lactoferrin include,
proteolytic degradation of virulence mechanisms from Type III secretion
systems (Ochoa and Clearly, 2004), direct inhibition of host invasion (de
Araujo and Giugliano, 2001), inhibition of biofilm formation (Singh et al.,
2002), promotion of apoptosis by infected host cells (Valenti et al., 1999)
and fusion with the acidic phagolysosome of the neutrophil (Baggiolini
et al., 1970). As with bacteria, lactoferrin is able to bind fungi, such as
Candida spp. (Bellamy et al., 1993), and disrupt the ergosterol membrane
(Xu et al., 1999). Lactoferrin has also been shown to be broadly antiviral
and inhibits viral infection of host cells by binding viral particles directly or
by binding receptors and co-receptors used for viral docking and entryon
the host cell membrane (reviewed in van der Strate et al. (2001)).

Kinocidins
In addition to signaling functions, a number of chemokines and cytokines
possess antimicrobial activity. This select group of microbicidal cyto-
kines, dubbed kinocidins, exhibit the g-core motif with dual function
afforded by a distinct a-helix (antimicrobial) arm and a b-sheet (chemo-
kine) arm extending from the central core (Yeaman and Yount, 2007).

CCL20/MIP-3a
Of significance in the FRT is the kinocidin, CCL20/MIP-3a (also known
as Exodus 1 and liverand activation regulated chemokine–LARC), which
is expressed and inducible in the fallopian tube, endometrium, cervix,
vagina, as well as, in the placenta and cervix of pregnant women (Giannini
et al., 2002; Cremel et al., 2005; Bollapragada et al., 2009; Ghosh et al.,
2009; Radtke et al., 2012; Doerflinger et al., 2014) (Fig. 4). Unlike most
other chemokines that have relatively promiscuous interactions with
receptors, CCL20/MIP-3a is strictly selective for the CCR6 receptor
(Baba et al., 1997). Interestingly, HBD1 and 2 share some structural simi-
larities with CCL20/MIP-3a and are also able to bind the CCR6 receptor
(Hooveret al., 2002). These structural similarities have been shown to be
responsible for its potent, broad-spectrum antimicrobial activity (Yang
et al., 2003). CCL20/MIP-3a is most well-known for its chemotactic
effect on immature DC, however other CCR6+ immune cells, such as
neutrophils, CD4+ memory T cells (Yang et al., 1999), gdT cells,
Tregs, Th17 cells and B cells are also responsive (reviewed in Schutyser
et al. (2003)). CCL20/MIP-3a can also be induced by other AMPs, in-
cluding lactoferrin (Lourenco et al., 2014). It is important to note that
while other chemokines can exhibit antimicrobial activity, not all chemo-
kines found in the FRT act as AMPs (Yang et al., 2003).

Other AMPs
Additional AMPs from other skin and mucosal sites that have been found
in the FRT include Bacterial/Permeability-Increasing (BPI) protein and
Dermcidin-1 (DCD-1). BPI, also known as CAP57, is predominantly
expressed by neutrophils (Faurschou and Borregaard, 2003) and to a
lesser extent by eosinophils (Calafat et al., 1998) and monocytes (Den-
teneret al., 1996). In the FRT, BPI is only known to be expressed byendo-
and ectocervical cells (Canny et al., 2006). DCD-1 is produced from the
proteolytic cleavage of its parent proprotein, dermcidin, along with a
second peptide, proteolysis inducing factor-core peptide (PIF-CP)
(reviewed in Schittek (2012)). DCD-1 is a pore-forming, anionic AMP
that is a robust component of human eccrine sweat and skin defense

(Paulmann et al., 2012), whereas PIF-CP/Y-P30 is an important factor
in neuronal growth and survival, tumorigenesis and cachexia. To date,
DCD-1 has only been found in the placenta (Lee Motoyama et al.,
2007) and CVL (Shaw et al., 2007) where it may function in unison
with PIF-CP/Y-P30, which localizes to the fetal thalamus. DCD-1 may
also contribute to the induction of CCL20/MIP-3a, among other inflam-
matory mediators (Lee Motoyama et al., 2007).

Hormonal regulation of AMP in
the FRT
The FRT is highly sensitive to endocrine regulation by the
hypothalamic-pituitary-ovarian axis and as products of these tissues,
AMP follow suit (Fig. 5). The mesenchymal supporting framework of
the upper and lower FRT consists of connective tissue lamina propria
and muscularis. Bidirectional communication between the stroma and
epithelium continues for the remainder of the female lifespan and dic-
tates much of the activity of the FRT EC (reviewed in Kurita (2011)).
For example, endometrial epithelial cell proliferation and differentiation
is governed by estrogen and progesterone stimulation of underlying
stromal cells. EC respond directly to these hormones to secrete AMP
(Cunha et al., 2004).

Investigators have proposed a ‘window of vulnerability’ during the se-
cretory phase of the menstrual cycle where the FRT immune system is
dampened under the effects of sex hormones, perhaps to allow the
passage of sperm, and there is an increased risk of STI acquisition
(Wira and Veronese, 2014). Perhaps to oppose the decreased
immune responsiveness of the FRT during this window of time, many
AMP are up-regulated in the upper FRT (Fig. 5). These include
HNP1-3 (Shust et al., 2010), HD5 (Quayle et al., 1998), HBD1
(Fleming et al., 2003), HBD3 (King et al., 2003b; Shust et al., 2010),
SLPI (Casslen et al., 1981; King et al., 2000; Fleming et al., 2003) and
Elafin (King et al., 2003b; Ghosh et al., 2010). HE4 was shown to be
expressed during the secretory phase in the epithelial cells of the endo-
metrium, but other phases of the menstrual cycle were not examined
(Yanaihara et al., 2004). Conversely, and for reasons that are
unknown, HBD4 peaks during the proliferative phase (King et al.,
2003b) and HBD2 is highest during menses (Fleming et al., 2003). Lacto-
ferrin peaks during menses, likely in response to shedding iron-laden ery-
throcytes (Cohen et al., 1987). Elafin also peaks during menses but the
increase in expression begins late in the secretory phase preparing for
tissue degradation and repair during menses (King et al., 2003a).
S100A8/A9 expression is up-regulated during the proliferative and se-
cretory phases to inhibit micro-organism growth (Kunimi et al., 2006).
LL-37 expression is regulated by vitamin D and is not influenced by sex
hormones (Gombart et al., 2007) nor does lysozyme vary throughout
the menstrual cycle (Shust et al., 2010). This cyclic regulation of AMP ex-
pression is abolished in oral contraceptive pill and levonorgestrel intra-
uterine device users and generally plateaus between the natural
maximum expression and nadir (Fleming et al., 2003; King et al.,
2003b; Shust et al., 2010). SLPI and LL-37 are markedly decreased in
post-menopausal women, although the depression in LL-37 this is
likely related to vitamin D deficiency in aging rather than estrogen defi-
ciency (Shimoya et al., 2006; Holick, 2007). Furthermore it is unknown
what effect hormone replacement therapy has on AMP expression in
the FRT.
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AMP and the FRT microbiome

AMP and the FRT microbiome
While it has long been recognized that the lower FRT harbors a diverse
population of indigenous bacteria, the paradigm that the upper FRT is
sterile has shifted due to recent metagenomic studies. These studies
have revealed that the upper FRT, including the placenta possess a
unique microbiome (Aagaard et al., 2014). At the level of the vagina, bac-
terial symbionts prevent attachment, growth and invasion of pathogenic
micro-organisms through competitive exclusion. This population of
commensal bacteria is diverse, but is generally dominated by members
of the Lactobacillus spp. (Ma et al., 2012), which are ideally suited for
the vaginal microenvironment.

Of the Lactobacillus spp., L. iners, L. crispatus, L. gasseri and L. jenesii
dominate the vaginal microbiota (VMB) in the majority of healthy
women and are represented in three dominant community state types
(CST) (Ravel et al., 2011). While this represents the order of predomin-
ance in the general female population, appreciable differences exist
across different ethnic groups (Ravel et al., 2011). Whereas variant
CST, as they have been designated (Gajer et al., 2012), are comprised
of a diverse array of facultative and strictly anaerobic bacteria including
Atopobium, Corynebacterium, Anaerococcus, Peptoniphilus, Prevotella, Gard-
nerella, Sneathia, Eggerthella, Finegoldia and Mobiluncus spp. as well as
others (Ravel et al., 2011). Notably, Lactobacilli still contribute to this
variant CST, albeit to a lesser degree (Ravel et al., 2011).

While this is a snapshot of the common VMB of reproductive women,
the dynamics of these communities fluctuate throughout the female life-
span in response to genetic factors, endocrine changes and lifestyle prac-
tices (i.e. sexual activity, hygiene, etc.). The profile of the VMB often shifts
during menstruation and then returns to its previous, relatively constant
composition during the proliferative and secretory phases (Brotman
et al., 2014). The VMB also shifts during pregnancy to a less diverse
and more Lactobacillus dominant CST approaching term (Romero
et al., 2014). Although the first microbial inoculation was thought to
occur at the time of birth by exposure to the microbe-laden, extra-
uterine world, it is now known that both the placenta and fetus
possess unique microbiomes (Dominguez-Bello et al., 2010; Aagaard
et al., 2014). Early neonatal microbiota are further shaped by mode of de-
livery (Dominguez-Bello et al., 2010). Infants born vaginally are colonized
with bacteria that closely resemble their mothers VMB, whereas infants
born by Cesarean section are colonized with bacteria representative of
skin (Dominguez-Bello et al., 2010). Maternal estrogen transiently circu-
lating in the neonate following birth stimulates glycogen production in the
neonatal vaginal epithelia, thus initially favoring Lactobacillus (Hill et al.,
1995). However, this estrogen is metabolized in the first several weeks
of life and remains low until thelarche. During this time, the lower FRT
is heavily inhabited by anaerobes, including Prevotella spp., some
aerobes, and is low in Lactobacillus, Gardnerella and Mobiluncus spp.
(Hill et al., 1995). As cyclic estrogen levels reach adult levels following me-
narche, the VMB transitions to a Lactobacillus-dominant or variant CST
with a concomitant decrease in vaginal pH (Yamamoto et al., 2009).
While the FRT AMP profile of prepubescent females remains
unknown, there is some data showing that the composition of CVL
changes during puberty (Madan et al., 2012). Although postmenarchal
adolescents have lower absolute CVL concentrations of AMP compared
with adults, the proportion of AMP composition in their CVL is higher

than adults since their CVL contains lower overall levels of protein
(Madan et al., 2012). Despite lower absolute AMP concentration,
however, adolescents exhibit enhanced antiviral effects over adults
(Madan et al., 2012). With menopause, estrogen and glycogen produc-
tion both decrease in the vagina. With these changes, the VMB again
shifts to a community with fewer Lactobacilli and more anaerobic bac-
teria, reminiscent of that seen in prepubertal girls (Hillier and Lau,
1997; Brotman et al., 2014).

How the FRT microbiome interfaces with the human barrier defense
system (epithelial and immune) and vice versa is only beginning to be
understood (Belkaid and Naik, 2013). Much of what is now known has
come from studies in the gut. For example, germ free mice have illu-
strated that microbiota are necessary for proper development of both
the innate and adaptive immune systems (reviewed in Reading and
Kasper (2011)). While microbiota are not required for basal AMP secre-
tion (Putsep et al., 2000), these host-derived peptides may help shape
the microbiota composition (Fig. 3). Secondly, low virulence bacteria,
such as the Lactobacillus spp. are typically favored. These bacteria
compete with potentially pathogenic microbes by producing AMP of
their own (i.e. bacteriocins), interfering with quorum sensing and differ-
entially inducing AMP and other immune mediator production (Diep
et al., 2009). Lactobacilli also produce their own AMP (bacteriocins), tar-
geted at competing vaginal pathogens, such as G. vaginalis (Simoes et al.,
2001). Moreover, the four common Lactobacilli spp. associated with
vaginal health appear to be relatively immune to AMP secreted by the
FRT (including L. crispatus, L. gasseri and L. jensenii), while L. iners is
more susceptible to LL-37 (Moncla et al., 2012). This suggests that com-
mensals have developed resistance strategies, such as production of pro-
teases, AMP sensing systems and modification of net surface charge, to
survive as symbionts at the mucosal border (Koprivnjak and Peschel,
2011) as illustrated in Fig. 3, left panel.

AMP and vaginal dysbiosis
Although the composition of the VMB can appreciably shift in as little as
24 h, relative stability in most women is maintained. However, when a
sustained shift in the VMB (i.e. dysbiosis) occurs, symptomatic vaginosis
can occur (Lambert et al., 2013). Clinically, this is known as bacterial
vaginosis (BV) and is the most common vaginal disorder among
women of reproductive age (Koumans et al., 2007). Sexual activity
with new or multiple sex partners is a risk factor for infection indicating
that BV may be sexually transmissible (Fethers et al., 2008). BV is also
associated with douching which can mechanically and chemically inter-
fere with resident VMB and barrier properties of the FRT.

Classically, BV is defined as polymicrobial, anaerobic overgrowth with
a concomitant depletion of Lactobacillus spp. (Fig. 3). Strongly predictive
microbial markers of BV include Atopobium vaginae, G. vaginalis and
members of the genera Eggerthella, Prevotella, Megasphaera type 1, and
BV associated bacteria type 2 (BVAB2) (Thies et al., 2007; Ravel et al.,
2013). Recent studies indicate that these organisms may synergize to
form biofilms on the vaginal epithelium, leading to cytolysis and an inflam-
matory response perceived as symptomatic vaginitis (Patterson et al.,
2010). Attachment to the cell surface is a necessary requisite for
biofilm formation (Stanley and Lazazzera, 2004) and the opportunity
to colonize the cell surface following disruption of the mucus layer is sub-
jective; invasive bacteria can form biofilms provided that Lactobacilli does
not colonize first (Terraf et al., 2012). That women with BV-like variant
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CST have a higher incidence of symptomatic BV, regardless of asymp-
tomatic periods, may simply relate to having a larger reserve of potential-
ly pathogenic bacteria available for epithelial invasion, both in the FRTand
at extravaginal sites.

The expression profile of AMP also changes in women with BV (Fig. 3).
L. crispatus and L. jensenii, which are associated with vaginal health, do not
generally lead to significant AMP induction (Eade et al., 2012; Doerflinger
et al., 2014). Eade et al. tested a panel of Lactobacillus spp. in confluent
monolayers of endocervical, ectocervical and vaginal EC and found
that the majority of Lactobacilli significantly decreased expression of
HBD2, whereas L. vaginalis increased expression of this AMP (Eade
et al., 2012). However, L. iners, also associated as acommensal bacterium
of the VMB, was shown to induce HBD2 gene expression in a human 3-D
vaginal model similar to BV-associated bacteria (Doerflinger et al., 2014).

Atopobium vaginae is commonly associated with BV and this bacteria
significantly up-regulates HBD2 protein expression in endocervical
monolayers and gene expression in vaginal EC models (Eade et al.,
2012; Doerflinger et al., 2014). In addition, A. vaginae infection increased
CCL20/MIP-3a gene expression, but not HBD1 or SLPI (Doerflinger
et al., 2014). Prevotella bivia (another BV-associated bacteria) increased
HBD2 and CCL20/MIP-3a gene expression in human vaginal EC, but
not HBD1 or SLPI (Doerflinger et al., 2014). Women with BV have
been shown to have increased levels of HBD2 in CVL (Fan et al.,
2008), but reports are conflicting in pregnant populations with regard
to induction of human beta defensins (Levinson et al., 2009; Mitchell
et al., 2013). Lactoferrin is increased with BV infection, as well as other
STI and FRT infections and might serve as a general indicator of infection
in the FRT (Rein et al., 1996; Spear et al., 2011).

G. vaginalis did not induce HBD2 or HBD3 expression in anyof the FRT
EC monolayers tested (Eade et al., 2012). G. vaginalis was recently shown
to be associated with increased levels of HE4 in CVL (Orfanelli et al.,
2014). However, G. vaginalis has been found in asymptomatic women
without BV and studies suggest a potential link between the specific gen-
otypes/genovars of G. vaginalis and differences in observed clinical
disease (Ahmed et al., 2012). We speculate that particular G. vaginalis
strains may trigger differential host responses, including AMP induction.

While neutrophils are a primary infiltrate in chlamydia and gonorrhea,
neutrophils are usually not increased in women with BV infection. As
such, HNP1-3 produced by neutrophils would not be expected to be ele-
vated in BV. However, differences in AMP induction in BV studies have
been observed for HNP1-3 (Balu et al., 2002; Xu et al., 2008; Mitchell
et al., 2013) and HD5 (Valore et al., 2006; Fan et al., 2008) and may be
attributed to variances in sample collection, cohorts or species or strain-
specific induction of AMP.

There is an inverse relationship between SLPI and HE4. SLPI is
decreased or remains unchanged (Valore et al., 2006; Doerflinger
et al., 2014), whereas HE4 (Orfanelli et al., 2014) is increased in BV. Lyso-
zyme and calprotectin remain unchanged in BV (Valore et al., 2006). A
recent study demonstrated that women with BV exhibit significantly
higher levels of LL-37 in CVL (Frew et al., 2014). While LL-37 has been
shown to inhibit biofilm formation for a number of non-reproductive
pathogens (Overhage et al., 2008), its efficacy against G. vaginalis biofilms
has not been investigated.

Recent seminal work illustrates that the distinct, Lactobacillus spp.
dominant VMB in humans is likely an adaptive evolution of the human
microbiome, and by extension the immune system (Yildirim et al.,
2014). It is hypothesized that Lactobacillus spp. dominant VMB evolved

as a protective mechanism against sexual, gestational and post-
parturition infection to confer enhanced reproductive fitness in
humans (Yildirim et al., 2014). This hypothesis is further supported by
the fact that the key nutrient relied on for Lactobacillus colonization,
glycogen, which further acidifies the mucus layer is produced only by
women of reproductive ability and is minimally produced in the FRT of
prepubescent girls, post-menopausal women or women with BV, all of
whom display anaerobe-dominant VMB (Hill et al., 1995).

BV pathogens produceproteases thatdegrade the cervical mucus pro-
ducing the watery discharge that is commonly described with BV (Fig. 3).
Enhanced STI acquisition rates could also be associated with these
changes in the mucosal barrier properties (mucus viscosity, AMP expres-
sion, etc.). Both Chlamydia trachomatis and Neisseria gonnorrheae have
been linked to PID and salpingitis due to initial colonization of the endo-
cervix, followed by an ascending upper FRT infection that causes
inflammation-mediated damage. Despite attributing the cause of salpin-
gitis to these STI, the majority of these cases have no known etiology.
Both salpingitis and PID have been associated with BV and recent data
suggest that PID is polymicrobial (Sharma et al., 2014). In fact, anaerobic
and facultative bacteria were isolated from half of the patients that were
also infected with Chlamydia and Neisseria, and alone in 30% therefore
anaerobes and facultative bacteria were found in the upper FRT of
almost 2/3 of the PID patients (Jossens et al., 1994). Overall a better
understanding of the host-microbe interactions and site-specific differ-
ences, especially in complex polymicrobial microenvironments are
needed.

Mycoplasma genitalium is an emerging pathogen in the lower and upper
FRT and is implicated in diseases including cervicitis, PID and tubal-factor
infertility (McGowin and Anderson-Smits, 2011). Several AMP were
shown to be up-regulated following acute M. genitalium infection in a
3-D human endocervical model (McGowin et al., 2013). HBD1, HBD2
and HBD4 gene expression was significantly increased in this acute infec-
tion model (McGowin et al., 2013). In addition, M. genitalium infection
moderately increased levels of SLPI relative to mock-infected cells
(McGowin et al., 2013). Additional AMPs shown to be up-regulated fol-
lowing M. genitalium infection by genome-wide transcriptional profiling
included LEAP2, S100A7, S100A9 and CCL20 (McGowin et al., 2013).
Additional studies are required to determine the role these particular
AMPs have on the development or prevention of reproductive disease
in this setting.

Microbiome, infertility and assisted
reproductive technology
There are few studies that have investigated the role of the FRT micro-
biome in fertility and assisted reproductive technology (ART).
However, known pathogens including Mycoplasma tuberculosis,
C. trachomatis and N. gonorrhoeae can result in infertility, and dysbiosis
as described above for BV is thought to be a risk factor for subfertility.
There is a higher prevalence of BV in the infertile population and
studies estimate that up to 40% of women undergoing in vitro fertilization
have abnormal FRT microbiota (Wilson et al., 2002). Recovery of lacto-
bacilli from the embryo transfer-catheter tip during ART was positively
correlated with live birth rate, whereas anaerobically altered VMB
reduced pregnancy rates (Eckert et al., 2003; Jakobsson and Forsum,
2008). Thus, a reproductive tract microenvironment that is dominated
by lactobacilli createsan environment that is more receptive to successful
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implantation and pregnancy. AMP have been shown to be altered in re-
sponse to BV-associated bacteria in a species-specific fashion, whereas
lactobacilli do not significantly impact AMP expression (Doerflinger
et al., 2014) and as such these host-derived peptides may play a role in
ART outcomes.

AMP expression, distribution
and function during pregnancy

Implantation
Implantation occurs when the blastocyst interacts and adheres to the
maternal endometrium (Lea and Sandra, 2007). The primed endomet-
rium accepts the blastocyst directed by endocrine and immune mechan-
isms. The optimal timing for this process is referred to as the
‘implantation window’ and corresponds to the mid-luteal phase of the
menstrual cycle (Das et al., 2007). A variety of AMP have been investi-
gated for their expression during the implantation window to determine
a role for successful implantation. CCL20 is increased in follicular fluid,
contributing to oocyte maturation and ovulation, preparing for fertiliza-
tion and implantation (Kawano et al., 2004). SLPI expression in the endo-
metrium reaches peak levels early in the secretory phase, around the
time of implantation (King et al., 2000). The increased levels of SLPI, in
the endometrium protect against infection and excessive inflammation

during implantation, and promote epithelial growth by preventing the
cleavage of elastase (King et al., 2000). Stromal cells express HNP1-3
in the endometrium during the implantation window, but was not
shown to play a role in implantation, other than as an antimicrobial
(Das et al., 2007; Keller et al., 2007). Endometrial HBD1 mRNA and
protein expression is maximal during the mid-luteal phase, whereas
HBD2, HBD3 and HBD4 peak at different times throughout the men-
strual cycle and are not correlated with the implantation window (King
et al., 2003b; Das et al., 2007). Overall, AMP serve as a barrier to
protect the endometrium from ascending infections that compromise
implantation, fertility and early pregnancy, as discussed further below.

Distribution of AMP in the maternal and
fetal tissues
Successful parturition is dependent upon the optimal condition of mater-
nal and fetal tissues. A complex network of AMP safeguard the develop-
ing fetus by maintaining the health of the FRT during pregnancy and
subsequent delivery. AMPs are distributed throughout the FRT during
pregnancy and many AMPs are modulated by pregnancy hormones
according to developmental needs of the fetus and alterations in mater-
nal tissue (Fig. 6). During pregnancy, AMP function to protect the fetus
from uterine infections by providing a chemical barrier to ascending
infections.

Figure6 AMPexpression and distribution in FRT during pregnancy. Expression (mRNA and protein) and distribution of antimicrobial peptides areshown
throughout the human female reproductive tract during pregnancy. Organs and structures of interest are the decidua, placenta, amnion, chorion, cervix and
mucous plug, vagina, umbilical chord, amniotic fluid, fetal skin and vernix caseosa.
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HNP1-3 is detectable in amniotic fluid, but originates from other
sources (Espinoza et al., 2003). HNP1-3 protein has been reported in
the amniotic fluid, chorion, placental trophoblasts and the vernix
caseosa (Svinarich et al., 1997; Akinbi et al., 2004; King et al., 2007a).
During normal parturition, concentrations of HNP1-3 released into am-
niotic fluid double, aiding in host defense (Espinoza et al., 2003). HBD1
and HBD-2, also found in amniotic fluid, chorion and placenta are
expressed throughout pregnancy (Zhao et al., 1996; Espinoza et al.,
2003; Feng et al., 2003). HBD1 is also found in the umbilical cord
(Feng et al., 2003). HBD-3 is expressed in the amnion, decidua,
chorion and placental trophoblast (King et al., 2007a,b). HBD-2 and 3
target both gram-positive and gram-negative bacteria and increase in
concentration throughout the pregnancy and during labor (King et al.,
2007b; Soto et al., 2007).

Lactoferrin is found in the amnion (Pacora et al., 2000), cervix, mucus
plug (Hein et al., 2002) and placenta (Niemela et al., 1989). LL37 is
reported in fetal skin (Dorschner et al., 2003) and vernix (Yoshio et al.,
2003), whereas lysozyme is expressed in the cervix/mucus plug, pla-
centa, decidua and amnion (Barling et al., 1985; Hein et al., 2002).
LL-37 and lysozyme are found in amniotic fluid and are relatively un-
changed throughout pregnancy (Cherry et al., 1973; Yoshio et al.,
2003). The expression of lactoferrin in amniotic fluid increases through-
out the pregnancy (Pacora et al., 2000). During normal parturition, lacto-
ferrin levels decrease in the amniotic fluid, but increase in the fetal
compartment, to protect the fetus through neutrophil activation
(Pacora et al., 2000).

SLPI and elafin have additional functions during pregnancy and partur-
ition. SLPI is up-regulated in the endometrium at the time of implantation
and expression is increased in the cervix and mucus plug to prevent infec-
tion during the first trimester (Hein et al., 2002). Elafin is expressed in the
amnion epithelium, decidua, chorion and placental trophoblast, and
functions to prevent infection through its antimicrobial properties
(King et al., 2007b). SLPI is expressed in the amnion epithelium,
decidua, and in amniotic fluid, increasing in concentration in late gestation
(Denison et al., 1999; King et al., 2000; Zhang et al., 2001). The antipro-
tease activity of SLPI and elafin is evident as they are up-regulated close to
the onset of labor to prevent tissue degradation (King et al., 2000) and
excessive tissue inflammation during cervical remodeling (King et al.,
2003a). During normal parturition, expression and release of SLPI
from the amnion and decidua increase amniotic fluid concentrations of
SLPI, protecting maternal and fetal tissues from potential infection. In re-
sponse to inflammation associated with childbirth, elafin expression is
increased in the endometrium (King et al., 2007a). To our knowledge,
HE4 has not been investigated in the context of pregnancy.

SP-A and SP-D can both be found at low levels in amniotic fluid after
20 weeks of gestation, increasing in concentration towards term
(Miyamuraet al., 1994; Leth-Larsen et al., 2004). Both surfactant proteins
are found in fetal membranes, with SP-A localized in the chorion and
decidua layers and SP-D localized in the chorion, decidua and placental
trophoblasts (Miyamura et al., 1994; Leth-Larsen et al., 2004). In amniot-
ic fluid, both SP-A and SP-D were originally postulated to originate from
fetal lung tissue (Leth-Larsen et al., 2004), but more recent studies
suggest the decidua to be the primary source of SP-A in amniotic fluid
(Snegovskikh et al., 2011). SP-A and SP-D maintain host defense
during pregnancy by acting as immunomodulators, interacting with a
number of immune cells and directing their function (Kishore et al.,
2006). SP-D is present in the amniotic fluid and increases significantly

throughout gestation, however whether the increased concentration is
due to maturation of the fetal lung or from the increased total number
of trophoblastic cells is unknown (Miyamura et al., 1994; Stahlman
et al., 2002; Leth-Larsen et al., 2004). While both surfactant proteins
continue to increase in concentration in amniotic fluid leading up to par-
turition, SP-A increasesat a greater rate and has been hypothesized to aid
in signaling the initiation of labor by stimulating uterine contractility (Men-
delson and Condon, 2005).

Psoriasin and calprotectin are released into the amniotic fluid in very
low amounts at full term during normal pregnancy (Espinoza et al.,
2003; Porre et al., 2005). Psoriasin is expressed in fetal skin and vernix
caseosa, and the shedding of AMP from these tissues is the likely
source for psoriasin in amniotic fluid (Yoshio et al., 2003). Following im-
plantation, calprotectin has been reported in placental cytotrophoblasts,
amnion and cervix/mucus plug (Sato et al., 1999; Espinoza et al., 2003).
Calprotectin from these tissues sloughs into amniotic fluid at greater
concentrations in near term pregnancies with inflammatory conditions
(Espinoza et al., 2003). Psoriasin and calprotectin are not secreted extra-
cellularly, therefore the presence of these AMP in amniotic fluid is a result
of neutrophil disruption (Espinoza et al., 2003; Porre et al., 2005). Psor-
iasin has not been reported to fluctuate during parturition and calprotec-
tin has been shown to slightly decrease following the onset of normal
childbirth, signifying a possible role as late term biomarkers for problem-
atic pregnancy (Espinoza et al., 2003).

CCL20/MIP-3a is expressed in the decidua during pregnancy (Huang
et al., 2008) and in the placental trophoblasts (Power et al., 1997), but
protein has not been reported in the latter. Levels of CCL20/MIP-3a
in amniotic fluid increase throughout pregnancy, however its origin has
yet to be determined (Hamill et al., 2008). CCL20/MIP-3a levels in am-
niotic fluid increase in concentration only following the onset of spontan-
eous labor for at term pregnancies (Hamill et al., 2008).

Disorders of pregnancy and AMP

AMP and tubal ectopic pregnancy
Ectopic pregnancy is a relatively common cause of early pregnancy loss.
Ectopic pregnancy refers to the implantation of the fetus in any site other
than a normal uterine location and the fallopian tubes are the most
common site (over 90%), referred to as tubal ectopic pregnancy
(Farquhar, 2005). The risk for this condition is greatly increased if the
patient has a history of PID. Chlamydia infection is a major cause of
tubal damage and ultimately infertility and tubal ectopic pregnancy, but
the innate-mediated immunopathogenic mechanisms leading to these
conditions have not been well defined.

In a study by Dalgetty et al. SLPI and elafin mRNA expression was mea-
sured in the uterine decidua from women with a failed intrauterine ges-
tation (miscarriage) and compared with the uterine decidua of women
with tubal ectopic pregnancy (Dalgetty et al., 2008). This study found
that SLPI, but not elafin expression was significantly increased in the
uterine decidua from women with tubal ectopic versus failed intrauterine
gestation (Dalgettyet al., 2008). It remains unclear if the increased level of
SLPI in the uterine decidua is a direct result of tubal pregnancy or if the
altered expression of this AMP predisposes women to this early disorder
of pregnancy. Future studies are required to better define the role of
these protease inhibitors and other host-derived AMP in tubal implant-
ation and pregnancy.
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AMP and early pregnancy loss
Of recognized pregnancies, 10–15% end in miscarriage (Wilcox et al.,
1988). The causes of recognized early pregnancy loss are both fetal and
maternal. Defective implantation that is inadequate to support the fetus
or fetal death due to genetic or acquired abnormality are the major
known causes of early pregnancy loss. The maternal causes of spontan-
eous abortion are less well characterized, but include inflammatory dis-
eases, uterine abnormalities or trauma. Specific viral (Cytomegalovirus,
Herpes Simplex Virus and Parvovirus B19), bacterial (Brucellosis, Listeri-
osis, Group B Streptococcus) and genital (BV, Chlamydia, Mycoplasma and
Ureaplasma) infections have also been shown to cause spontaneous or
recurrent spontaneous abortion (Nigro et al., 2011). Many of these infec-
tions result in a robust inflammatory response by the maternal immune
system that ultimately attacks the developing fetal tissue, ending in miscar-
riage (Nigro et al., 2011). BV significantly increases the risk of miscarriage
in both early and late term (Ralph et al., 1999). Specific AMP of early preg-
nancy loss have not been investigated and requires future studies, espe-
cially in the context of vaginal dysbiosis.

AMP in intrauterine infection and preterm
labor
Intrauterine infections can have detrimental effects to both mother and
fetus depending on the location of the infection within the uterus, sever-
ity of the infection and the specific species of bacteria. While the precise
etiology of preterm labor is unknown, much of the scientific data sup-
ports intrauterine infection as a major causative factor (Goldenberg
et al., 2008). BV is also associated with increased risk of chorioamnionitis,
preterm rupture of membranes (PROM), preterm labor and post-
partum endometritis (Goldenberg et al., 2000). The most common
organisms responsible for intrauterine infection are Ureaplasma urealyti-
cum, Mycoplasma hominis, G. vaginalis, Peptostreptococci, and Bacteroides
spp., the same species responsible for upper and lower FRT infection in
non-pregnant women (Embree et al., 1980; Holst et al., 1994; Hillier
et al., 1995). Gardnerella biofilms have been found to extend into the
uterus and fallopian tubes most commonly in pregnant women with
BV (Swidsinski et al., 2013). The means by which intrauterine bacterial
infection leads to preterm delivery is via activation of decidual and fetal
cytokines following the release of endo- and exotoxins, which then sti-
mulates prostaglandin production and neutrophil chemotaxis with sub-
sequent release of proteases (Goldenberg et al., 2008). These
proteases, predominantly the MMP, weaken the fetal membranes
leading to rupture and cause collagen remodeling of the cervix resulting
in softening while prostaglandins stimulate uterine contractions and
preterm labor (Goldenberg et al., 2000). PROM is the rupture of fetal
membranes before the onset of labor, and is considered a variation of
normal. However, preterm PROM (PPROM) is the rupture of fetal mem-
branes at ,37 weeks gestation and before the onset of labor, and is typ-
ically due to infection.

Layers of the human amnion process nutrients from the amniotic fluid
(Schmidt, 1992) and exchange biological components such as AMP that
are used to mitigate reactions within and between the maternal and fetal
tissues. Bacterial infections can be localized in different areas of the
uterus, including the choriodecidual space, fetal membranes, placenta,
amniotic fluid, or within the umbilical cord or fetus, however the most
common route is ascension through the vaginal cavity, resulting in infec-
tion of the choriodecidual space or between the chorion and amnion

(Goldenberg et al., 2000). The less common entry is via maternal
blood with bacteria eventually taking up residence in the placenta or
uterus (Goldenberg et al., 2008). AMP in amniotic fluid serves to
protect the fetus from invading bacteria that is able to bypass the cervical
mucus plug. It not clear when bacteria ascend from the vagina, but the
infection could occur very early in the pregnancy and go undetected
for months. If intrauterine microbes have not been cleared within 4–8
weeks following fetal membrane expansion and the sealing of the endo-
metrial cavity at around 20 weeks, the probability of infection and spon-
taneous preterm labor rates are increased (Goldenberg et al., 2000).
After the amniotic cavity is sealed off, the likelihood of infection is
decreased, which suggests that the intrauterine infection is more likely
to result from chronic infection and that the timeline for initiation of in-
fection in the uterus occurs before conception and up to mid-pregnancy
(Goldenberg et al., 2000).

Contributing to the imbalance of protease and anti-protease activity
that leads to PROM and increased risk of infection and preterm delivery
is the decrease of SLPI and elafin (King et al., 2007a). SLPI and elafin are
protease inhibitors that help control inflammatory-mediated tissue
damage (Vogelmeier et al., 1991). SLPI is expressed during pregnancy
and found at higher concentrations in the cervical mucus plugs of preg-
nant women, however during intrauterine infection, SLPI levels decrease
in both the lower and upper FRT (Draper et al., 2000; King et al., 2007b).
Decreased levels of SLPI with infection are correlated with preterm de-
liveryand may be the resultof degradativeenzymes produced by invading
pathogens (King et al., 2007a). Elafin expression is decreased in the lower
FRT of pregnant women with intrauterine infection (Stock et al., 2009).

In addition to infection, spontaneous preterm birth (PTB) is associated
with inflammation and cervical shortening (Abbott et al., 2014).
Increased levels of elafin were observed in CVL from women who devel-
oped a short cervix compared with controls with normal cervical length
when measured at 14 weeks’ gestation. Therefore elafin might serve as
an early screening tool to identify women at risk of spontaneous PTB for
early intervention (Abbott et al., 2014).

Alpha and b-defensins are commonly found expressed at basal levels
throughout fetal and maternal tissues during pregnancy. However, intra-
uterine infection increases HNP1-3 (Espinoza et al., 2003) and HBD2
(Soto et al., 2007) in amniotic fluid. HNP1 and S100A9 expression in
fetal membranes is increased in patients with PPROM or preterm
labor relative to those without histologic chorioamnionitis (Erez et al.,
2009). In addition, HNP1 and S100A9 expression in fetal membranes
from patients with histologic chorioamnionitis differ in those with
preterm labor and those with PPROM (Erez et al., 2009). HBD1 and 2
secretion is significantly increased in the amnion and choriodecidual
region of the fetal membrane following stimulation with E. coli (Garcia-
Lopez et al., 2010). HBD3 and 4 mRNA and protein are induced in the
amnion following bacterial exposure (Buhimschi et al., 2004) and expres-
sion is increased in the choriodecidual region as well (Zaga-Clavellina
et al., 2012a). HBD1-3 levels were induced in a tissue-specific fashion fol-
lowing G. vaginalis stimulation of chorioamniotic membranes (Zaga-
Clavellina et al., 2012b). However, HBD3 levels have been shown to
be decreased in vaginal swabs collected from pregnant women with
BV (Mitchell et al., 2013). Increased production and secretion of defen-
sins during intrauterine infection may lead to increased risk of preterm
delivery (King et al., 2007a).

Calprotectin, lactoferrin and BPI have been detected in greater con-
centrations in amniotic fluid in pregnant women with an intrauterine
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infection (Pacora et al., 2000; Espinoza et al., 2003). BPI aids in the down-
regulation of pro-inflammatory responses induced by invading and dam-
aging bacterial membranes by binding and neutralizing bacterial LPS
(Espinoza et al., 2003). Lysozyme levels in the upper FRT decrease
during intrauterine infections (Chimura et al., 1993). A pilot study treat-
ing pregnant women at risk of preterm delivery with recombinant human
lactoferrin showed promising results as treatment correlated with nor-
malization of vaginal flora and decreased IL-6 levels (Giunta et al., 2012).

CCL20 is significantly increased in the amniotic fluid and the endomet-
rium of pregnant women with intrauterine infection (Hamill et al., 2008).
CCL20 in the FRT directs neutrophil chemotaxis, recruits immature den-
dritic cells to the area of infection and acts as an antimicrobial by increas-
ing bacterial membrane permeability, aiding in the destruction of invading
pathogens (Hamill et al., 2008). SP-A expression is up-regulated in chor-
ioamniotic membranes and in the amniotic fluid (Han et al., 2007). The
increase in SP-A in response to intrauterine infection regulatesneutrophil
chemotaxis and enhances phagocytosis.

Inflammation and infection are linked to a number of complications
during pregnancy and AMP are differentially regulated during this
process. It is noteworthy to mention that during pregnancy, the VMB
has been shown to be more stable than compared with non-pregnant
women and Lactobacillus spp. predominate (Romero et al., 2014).
Data suggest that a dysbiotic vaginal microbiome (e.g. in BV) is associated
with a variety of these adverse pregnancy complications (Kimberlin and
Andrews, 1998). Potential explanations for this association include the
hypothesis that BV ascends from the lower to the upper FRT or that
BV may be an indicator of upper FRT microbial colonization (Silver
et al., 1989; Hillier et al., 1995). In addition, data is emerging that the pla-
cental microbiome composition is associated with history of remote
antenatal infection, as well as preterm birth (Aagaard et al., 2014). A
deeper understanding of the immunomodulatory functions of
host-derived AMP throughout pregnancy and complications of preg-
nancy will aid in the development of new prophylactic or therapeutic
interventions in ameliorating these disorders, including preterm labor.

Concluding remarks and future
perspectives
Shared as a common defense mechanism among insects, plants, animals
and humans, host-derived AMP comprise a key innate immune barrier to
external insults. With respect to the FRT, AMP participate in the
day-to-day management of the commensal milieu, respond rapidly to
STI, are sensitive to hormone regulation and play a key role in reproduc-
tion and pregnancy. Given their inherent antimicrobial properties and the
fact that they remain relatively impervious to the evolution of pathogen
resistance mechanisms, future interest lies in synthesis of AMP-like phar-
macotherapies. With the increasing prevalence of bacterial resistance to
commercial therapeutics, AMP continue to receive considerable atten-
tion for the development of novel alternatives. Future research is war-
ranted in the area of AMP and ART. Because AMP in the lower FRT
may prevent ascending infections to the upper FRT that impact the estab-
lishment and maintenance of pregnancy, further study may reveal conse-
quences of long-term sequelae, including sterility. Understanding the
innate host-VMB interactions, including those of AMP, could reveal crit-
ically important mechanisms of barrier function that impact STI acquisi-
tion and reproduction. The role of AMP in the FRT and its importance in

both female immune homeostasis and women’s reproductivehealth is an
area of intense research that continues to unveil an increasing breadth
and depth of complexity.
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