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Abstract

The superficial layers of the human vaginal epithelium, which form an interface between host and
environment, are comprised of dead flattened cells that have undergone a terminal cell
differentiation program called cornification. This entails extrusion of nuclei and intercellular
organelles, and the depletion of functional DNA and RNA precluding the synthesis of new
proteins. As a consequence, the terminally differentiated cells do not maintain robust intercellular
junctions and have a diminished capacity to actively respond to microbial exposure, yet the
vaginal stratum corneum (SC) mounts an effective defense against invasive microbial infections.
The vaginal SC in reproductive aged women is comprised of loosely connected glycogen-filled
cells which are permeable to bacterial and viral microbes as well as molecular and cellular
mediators of immune defense. We propose here that the vaginal SC provides a unique
microenvironment that maintains vaginal health by fostering endogenous lactobacillii and
retaining critical mediators of acquired and innate immunity. A better understanding of the
molecular and physicochemical properties of the vaginal SC could promote the design of more
effective topical drugs and microbicides.

The human vaginal stratified squamous epithelium has a large surface area (up to 360

cm?) 12, and is the first mucosal surface contacted by sexually transmitted pathogens. Yet
the healthy vaginal epithelium usually thwarts invasive infections. In contrast, the
endocervix, a simple columnar epithelium which presents a much smaller surface area, is a
frequent site for infections by a number of sexually transmitted pathogens including
Chlamydia trachomatis, Neisseria gonorrhea, Mycoplasma genitalium and oncogenic
strains of human papilloma virus 3-8, In this article we review what is known about the
distinctive characteristics of the apical layers of the vaginal epithelium, which provide the
interface between host and environment and hold the key to its resistance against infection.
This layer is comprised of “dead” cornified cells that lack nuclei, intracellular organelles and
functional DNA and RNA, and therefore do not express de novo proteins involved in
pathogen recognition and defense. A unique feature of the apical layers of the vaginal
epithelium is their permeability to microbes as well as cellular and molecular mediators of
immune defense. This loosely attached layer of cells creates a microenvironment that plays
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an important role in fostering endogenous vaginal flora while deterring invasive microbial
species. We hypothesize that topically applied microbicides may also infiltrate the vaginal
superficial layers to serve a protective function along the perimeter of the vaginal cavity.

Structure of the Vaginal Epithelium

The healthy vaginal mucosa of reproductive aged women is comprised of a multilayered
stratified squamous epithelium that rests on a lamina propria. The epithelium undergoes
differentiation and contains several distinct layers or “strata”: the mitotically active basal
layer (“stratum basale™), the superbasal layer, and a superficial layer of flattened cornified
cells (“stratum corneum”) 78, Little is known about the differentiation of the vaginal
epithelium, but much can be inferred from research on the epidermis (skin), a related
stratified squamous epithelium that undergoes a similar differentiation process. The term
stratum corneum (SC), from Latin meaning “horny layer”, is often used to describe the
superficial layers of the epidermis that consist of keratinized enucleated, dead and flattened
cells °. Cornified epithelia are categorized as “soft” (eg. epidermis) and “hard” (eg. plate of
fingernail), depending on the degree and type of keratinization /. Cornification of skin is a
terminal differentiation process that entails a specialized program of cell death; molecular
pathways are activated to protect suprabasal keratinocytes from premature apoptosis and
necrosis which could trigger the release of damage-associated molecular pattern molecules,
inflammation and disturbance of the differentiation process 10. Recent reports suggest that
epidermal keratinocytes use NF-kB signaling and alpha catenin to protect suprabasal cells
from undergoing apoptosis 11.

During cornification, keratinocytes lose their nuclei and intracellular organelles
(mitochondria, endoplasmic reticulii, Golgi) resulting in three hallmarks of keratinocyte
terminal differentiation: 1) the molecular machinery that constitutes the cell’s ability to
respond to stimuli from the environment is degraded, 2) the production of energy is stopped
by the removal of mitochondria, and 3) the nucleus is dismantled and DNA and RNA are
destroyed precluding the synthesis of new proteins 1. In keratinizing epithelia, caspase 14 is
involved in the processing of filaggrin, a major keratin-binding peptide, and
transglutaminases aid in the bundling of keratin intermediate filaments and formation of the
cornified envelope 12. Keratins and associated peptides constitute 80-90% of the protein
mass of the epidermis 13. Keratinocytes also synthesize lamellar bodies which contain a
complex mixture of lipids (ceramides, cholesterol, free fatty acids), antimicrobial peptides
(beta-defensins, cathelicidins) and enzymes 14. Terminally differentiated keratinocytes
extrude the contents of these lamellar bodies to form a specialized intercellular lipid
envelope that strengthens the dead cell layer, provides innate immune defense, and regulates
the exchange of moisture. The cells of the epidermal cornified layer do not actively
synthesize new proteins and lack tight junctions on their surface; tissue integrity is
maintained by modified cell junctions called corneodesmosomes that are cleaved when the
apical cells undergo desquamation and are sloughed 11, and the lipid envelope, which has
been described as intercellular “mortar” 14,

Much less is known about the differentiation of vaginal epithelial cells, but since the vaginal
mucosa is also a stratified squamous epithelium that structurally resembles the epidermis in
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many respects, we infer that vaginal and epidermal differentiation have many features in
common. Like the epidermis, the human vaginal epithelium contains basal and suprabasal
layers and undergoes terminal differentiation to form a cornified envelope comprised of a
flattened layer of specialized cells (Figure 1). As vaginal epithelial cells differentiate, many
lose their nuclei and cytoplasmic organelles (Figure 2). Vaginal basal and suprabasal
epithelial cells express a number of cytokeratins (K1, 4, 5 and 13), transglutaminases-1 and
-3, caspase 14 and filaggrin (A. Islam, personal communication) but do not usually form the
prominent keratin bundles that characterize keratinizing epidermal epithelia 1°. Instead, the
vaginal SC in reproductive-aged women contains large cytoplasmic stores of glycogen
(Figure 2).

Like the epidermal SC, cells in the apical layers of the vaginal and ectocervical epithelia are
not held together by tight junctions8. Electron micrographs of the human vaginal
epithelium reveal intercellular structures resembling corneodesmesomes in the transitional
region immediately below the SC, but only remnants of intercellular junctions remain in the
SC (Figure 2). Electron microscopy studies have also shown intercellular stacked lipid
lamellae in human vaginal mucosa 17, but they do not form an impermeable intercellular
lipid envelope as they do in the epidermis. As a consequence, whereas the epidermal SC is
relatively impermeable to water, the vaginal SC is permeable to water and soluble

proteins 161819 A 3H-thymidine uptake study showed that the minimum transit time of
labelled keratinocytes from the basal layer of the human vaginal epithelium to the uppermost
layer was 96 hours 20; since this epithelium is approximately 28 cell layers thick 21, this
study provides evidence that one cell layer is lost from the vaginal epithelium approximately
every 4 hours. Although unknown, the rate of desquamation may be affected by intercourse,
use of vaginal products, and hormonal status. Exfoliation is an effective way to eliminate
pathogens that have attached to the vaginal surface or that bind to sloughed “decoy” cells. In
addition, the exfoliated cells disintegrate and release their contents into the vaginal lumen; a
major component is glycogen which serves as a substrate for the resident lactobacilli that
produce lactic acid and maintain an acidic pH 22:23,

The structure of the vaginal epithelium changes throughout the lifespan of women, and is
also affected by hormonal and environmental conditions. In young girls before puberty the
vaginal epithelium is thin and comprised of only basal and parabasal layers 1. During the
reproductive years, the vaginal epithelium thickens and develops a distinct cornified layer.
Hormonal influences have slight effects on the thickness of the vaginal epithelium 21.25.26,
but affect the glycogen stores as the synthesis of glycogen is influenced by estrogen

levels 27, After menopause the vaginal epithelium thins, glycogen stores diminish and the
SC shows variable degrees of keratinization 17:28.29, Keratinization of the vaginal SC may
also occur as a result of trauma, for example in cases of uterine prolapse 2°.

The Vaginal Stratum Corneum Microenvironment

As described above, the vaginal SC is a specialized structure with features of the epidermal
SC (loosely-connected flattened cells devoid of nuclei and intracellular organelles and with
few intercellular adhesions), and specialized features (glycogen deposits, rare

keratinization). Furthermore, the vaginal SC does not contain the dense lipid envelope that
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regulates the flow of moisture across the epidermal epithelium. Because the vaginal SC does
not have robust intercellular junctions, and does not usually keratinize or form a complete
lipid envelope, it is penetrable by microbes and cellular and molecular mediators of the
immune system. For this reason we hypothesize that this region comprises a unique
microenvironment that fosters the growth of endogenous vaginal flora while deterring
invasive infections through exfoliation and retention of mediators of acquired and innate
immune defense.

A variety of immune cells have been described in the human vaginal epithelium, but few
have been observed within the vaginal SC layer 30, We and others have observed that
leukocytes can penetrate and traverse the SC following placement in the vaginal lumen
(apical-to-basal infiltration), suggesting a mechanism for cell-associated HIV transmission
via infected cells deposited in semen 31-33, |_eukocytes may freely move through this cell
layer because the epithelial cells lack e-cadherin 16 and possibly other adhesive molecules
that retain and integrate immune cells in mucosal epithelia 34:35. It is currently unknown to
what extent leukocytes actively perform immunosurveillance of this cell layer.

It is apparent that a primary role of the vaginal SC is the maintenance of endogenous
lactobacilli that are nourished by its glycogen stores. Lactobaccilli in turn make lactic acid
that lowers the vaginal pH to create an inhospitable environment for many pathogenic
bacterial and viral species 36. The pH within the SC is unknown, but may be very low due to
the concentration and activity of lactobacilli at this site. The vaginal SC can also foster
biofilm-associated organisms that overgrow in the case of bacterial vaginosis 37. It is
probable that the vaginal SC contains mucins and other sialoglycans, known to be enriched
on mucosal surfaces, and that these play an important role in the attachment and retention of
microbes and molecular mediators at this site 3¢. Amazingly, little information is available
about the specific molecular biology and physicochemical properties of this unique
microenvironment, which holds the key to vaginal health.

Most studies on gene expression in vaginal epithelia have been conducted on cell lines that
have not undergone differentiation to form a SC. These vaginal epithelial cells can
synthesize a number of antimicrobial peptides (AMPs) including lactoferrin, SLPI, elafin,
human defensin-5, human beta defensins-1 and -2, and the cathelicidin hCAP-8 3341 and it
is possible that such innate defense molecules are concentrated in the intracellular and/or
extracellular matrix of the vaginal SC as they are in the epidermis. Immunohistology studies
conducted by our laboratory indicate that the vaginal SC retains antimicrobial peptides
(Figure 2D) and immunoglobulins!®, which may provide critical immune defense at the
vaginal surface. Little is known about the penetration, retention and activity of vaginal
microbicides in the vaginal SC; designing vaginal microbicides that penetrate and are
retained in active form in the vaginal SC could significantly improve the efficacy of this
approach.

Conclusions

HIV-1 and other sexually transmitted pathogens are rarely transmitted across the healthy
vaginal epithelium despite their ability to enter the apical cornified layer. This is likely due
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to a number of protective mechanisms: 1) frequent exfoliation of the superficial SC cell
layers, 2) maintenance of a low pH by lactobacilli that are nurtured by glycogen stores in the
vaginal SC, 3) interaction with mediators of innate and acquired immunity that are retained
in the vaginal SC layer. Much remains to be determined about the microenvironment of the
vaginal SC and its role in vaginal health and disease. A better understanding of the
molecular and physicochemical properties of the vaginal SC could promote the design of
more effective topical drugs and microbicides.
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Figure 1. Comparison of morphology of epidermal vs. vaginal epithelia
A) Structure of normal human vulvar epidermis. SB = stratum basalis; SS = stratum

spinosum, SG = stratum granulosa, SC = stratum corneum.

B) Structure of normal human vaginal epithelium. (SB= stratum basalis, SuB = suprabasal
layer; SC= stratum corneum).

Both specimens were collected fresh after surgery, fixed in formalin, mounted in paraffin,
sectioned at 6 um and stained with hematoxylin and eosin.
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Epidermal Stratum Corneum

Impermeable layer of flattened cells
- keratinized
- intercellular lipid envelope
- concentrated AMPs
- expulsion of nuclei, organelles

Vaginal Stratum Corneum

SC  Permeable layer of flattened cells
- usually not keratinized

SuB - concentrated AMPs

- glycogen storage

SB - expulsion of nuclei, organelles

Figure 2. Characteristics of Human Vaginal Stratum Corneum
A) Transmission electron micrograph showing vaginal epithelial cells transitioning into the

stratum corneum. Note pyknotic nucleus, corneodesmosomes and glycogen granules.

B) Transmission electron micrograph showing fully differentiated epithelial cells at the
apical surface of the vaginal straum corneum. These cells are devoid of nuclei and
cytoplasmic organelles, and are filled with glycogen. The cells are loosely attached with
remnants of intracellular junctions.

C) Scanning electron micrograph of the surface of the vaginal epithelium showing
exfoliation of flattened corneocytes.

D) Interferon-p is concentrated in the stratum corneum of the human vaginal epithelium,
demonstrated by immunohistology.
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