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Abstract

Keratoconus (KC) is the most common ectatic corneal disease, with clinical findings that include
discomfort, visual disturbance and possible blindness if left untreated. KC affects approximately
1:400 to 1:2000 people worldwide, including both males and females. The aetiology and onset of
KC remains a puzzle and as a result, the ability to treat or reverse the disease is hampered. Sex
hormones are known to play a role in the maintenance of the structure and integrity of the human
cornea. Hormone levels have been reported to alter corneal thickness, curvature, and sensitivity
during different times of menstrual cycle. Surprisingly, the role of sex hormones in corneal
diseases and KC has been largely neglected. Prolactin-induced protein, known to be regulated by
sex hormones, is a new KC biomarker that has been recently proposed. Studies herein discuss the
role of sex hormones as a control mechanism for KC onset and progression and evidence
supporting the view that prolactin-induced protein is an important hormonally regulated biomarker
in KC is discussed.
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1. The human cornea

The cornea is the outermost avascular and transparent part of the human eye. It serves as a
key component in maintaining the shape of the eyeball, as well as its transparency and
refractive power. The cornea consists of 5 distinct layers (Fig. 1) and contributes 2/3 (43
diopters or 43D) of the eye’s total refractive power: The outer stratified squamous non-
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keratinized epithelium, the acellular Bowman’s layer, the stroma with connective tissue and
resident cells commonly termed “keratocytes”, the acellular Descemet’s membrane, and the
endothelium. The transparency of the cornea is achieved by virtue of being highly ageous,
through its avascularity as well as the size and orientation of the collagen fibrils located in
the stroma layer (Benedek, 1971; Hart and Farrell, 1969; Maurice, 1957). The stroma
accounts for 90% of the corneal thickness andconsist of collagen, proteoglycans and resident
keratocytes (Hassell and Birk, 2010).

The corneal stroma collagen fibrils primarily consist of type | and type V collagen
(lhanamaki et al., 2004; Tseng et al., 1982). The fibrils are stacked in lamellae that run like
belts across the cornea (Komai and Ushiki, 1991; Meek and Knupp, 2015; Polack, 1961). A
distinct difference between the anterior and the posterior part of the cornea exists. In the
anterior, the lamellae frequently bifurcate and interweave considerably (Radner et al., 1998),
as opposed to the posterior where the lamellae are more hydrated and stacked like plywood
in a predominantly vertical and horizontal orientation (Daxer and Fratzl, 1997; Meek et al.,
1987). Keratocytes are the main cells of the stroma, though other cells including monocytes
and dendritic cells (Hay, 1980) are also present (Birk, 2001). The keratocytes are considered
to be quiescent, and maintain a slow turnover of the connective tissue matrix (Hay, 1980;
West-Mays and Dwivedi, 2006). Keratocytes can be activated upon injury/trauma/infection
to the corneal tissue, differentiating into myofibroblasts. Myofibroblasts characteristically
express smooth muscle actin (SMA) and produce high levels of collagen and hyaluronan.
Myofibroblasts are also known for the secretion and assembly of a disorganized and an
opaque corneal extracellular matrix (ECM), leading to scarring or fibrosis. Over time,
myofibroblasts may turn into wound fibroblast capable of creating a more organized ECM
which may result in partial restoration of transparency (Hassell and Birk, 2010). In human,
this process is very slow and occurs over decades.

2. Keratoconus

The word keratoconus (KC) originates from the Greek words kerato (cornea) and konos
(cone). KC is the most common ectatic disease of the cornea and was first described and
named by Nottingham in 1854 (Nottingham, 1854). The disease is bilateral though
asymmetric, characterized by progressive thinning and steepening of the cornea. KC was
previously also characterized as a non-inflammatory disease, however recent studies have
indicated that there may be an in-flammatory component (Fan Gaskin et al., 2014; Galvis et
al., 2015). Initial presentation typically occurs during adolescence followed by 10-20 years
of progression before a stable phase is reached in the third or fourth decade of life (Tuft et
al., 1994). In general, the progression of KC is very heterogeneous but ultimately 15-20% of
patients will require a corneal transplant (Wagner et al., 2007).

The prevalence of KC is often cited to be 1 in 2000 (Kennedy et al., 1986). However, large
geographic variation has been reported with the highest reported prevalence in Israel
(2.34%) and Iran (2.53%) (Hashemi et al., 2014; Millodot et al., 2011), versus the lowest
prevalence in Denmark (0.084%), Russia (0.0003%), and Finland (0.03%) (Gorskova et al.,
1998; lhalainen, 1986; Nielsen et al., 2007). One of the most recent population-based studies
reported a prevalence of 375 per 100,000 (0.375%) in the Netherlands (Godefrooij et al.,
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2017). It is now believed that there is a significant increase in prevalence, possibly attributed
to increased incidences, more advanced diagnostic tools, thorough clinical examination, and
registration of KC patients. The observed geographical variation, however, in prevalence
remains an intriguing unresolved question.

The geographic component may also affect the gender distribution. Most clinical studies,
from around the globe have reported a male predominance in their KC populations. Pearson
et al. reported a male/female ratio (M/F) of 3.34 in Caucasians and 1.63 in Asians in 382 KC
patients from a catch-population of 900,000 in the UK (Pearson et al., 2000). The US-based
Collaborative Longituginal Evaluation of Keratoconus (CLEK)-study further reported a M/F
of 1.33 in their multicentre study of 1209 KC patients (Wagner et al., 2007). Recently,
Woodward et al. reported a registry-based study of 16,053 KC patients in the United States
with an M/F of 1.43 (Woodward et al., 2016). However, some studies primarily from the
Middle East and Asia have reported female KC predominance. Jonas et al. reported a M/F of
0.29 in 128 KC patients from a population study of 4711 people (Jonas et al., 2009). The
diagnosis of KC in this particular study was determined by a curvature of only > 48 diopters
which gives rise to substantial risk of misclassification. Hashemi et al. also used the
population sample approach with 4688 persons having Pentacam imaging preformed
resulting in 35 KC patients diagnosed with a M/F of 0.58 (Hashemi et al., 2013a,b). Clearly,
gender bias may vary with geographic location.

The aetiology of KC is multifactorial (Gordon-Shaag et al., 2015) and remains unresolved.
The majority of cases are sporadic, but 10-20% have a family history of KC (Rabinowitz,
1998) (Lass et al., 1990). Monozygotic twins have been shown to develop KC to different
degrees though concordantly, which is evidence of both the genetic and the environmental
aetiology of KC. (Owens and Gamble, 2003; Tuft et al., 2012). The genetic component may
also be linked with ethnicity. Pearson et al. showed a four times higher prevalence of KC in
Asians compared to Caucasians living in the same area of the UK (Pearson et al., 2000).
Woodward et al., on the other hand, found Asian Americans to have 39% lower odds of
being diagnosed with KC compared to Caucasian Americans. The same group also reported
that African Americans had 57% and Latino Americans 43% increased odds of developing
KC (Woodward et al., 2016). For a long time now, it has been suggested that KC is not a
single disease, but a phenotypic presentation of a number of different diseases. This would
explain some of the variation observed in the population, but still does not explain the
variation in phenotype observed among monozygotic twins (Weed et al., 2006).

Myopia, atopy, eye rubbing, eczema, Down syndrome, parental consanguinity, and
connective tissue diseases among others, have been shown to have a positive association
with KC (Gordon-Shaag et al., 2015; Patel and McGhee, 2013). A negative association has
been reported between KC and diabetes (Kosker and Gurdal, 2016; Naderan et al., 2016),
leading to the hypothesis that chronic higher levels of blood glucose results in glycosylation
of the corneal fibrils which induces natural collagen cross-linking (CXL) and thereby
stiffening the cornea, reducing the risk of KC development (Goldich et al., 2009; Seiler and
Quurke, 1998).
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2.1. Socioeconomic burden and quality of life

Because KC usually develops during adolescence it often affects the patients and the
societies they live in during the most productive years of their life span. Studies have
reported that the disease has a significant impact on the patient vision-related quality of life
(VRQoL) when compared to healthy individuals, and a considerable number of KC patients
report a continued decline in VRQoL over time (Kymes et al., 2008; Kymes et al., 2004).

Studies related to age and life expectancy have been conflicting. Some studies have found
significantly fewer KC patients over the age of 50 years in their population (Pobelle-Frasson
et al., 2004; Ertan and Muftuoglu, 2008). In fact, one study found that 40% of their KC
patients were over 50 years of age. In contrast, others observed mortality rates of KC
patients in their clinic to be similar to the general public, however only partially corrected
for social class (Moodaley et al., 1992; Yildiz et al., 2009).

From an economic point of view, KC has been shown to cost north of $25,000 more than
providing care for an individual over a 37-year period in the United States. Penetrating
Keratoplasty (PK) and potential postsurgical complications are responsible for more than
half of these costs (Rebenitsch et al., 2011). Advances in treatment options may reduce the
cost in the future. CXL has been shown to have a favourable cost-effectiveness ratio
compared to PK (Leung et al., 2017; Godefrooij et al., 2017). The cost-effectiveness of
DALK compared to PK has also been studied. Though DALK has fewer complications it is
also more expensive, and therefore clinical decisions are made based on cost rather than
possible long term benefits. (Koo et al., 2011, van den Biggelaar et al., 2011).

2.2. Manifestations and early signs

The symptoms and signs of KC development are highly variable though their prevalence
increases with progression. The first symptom noted by patients is reduced uncorrected
visual acuity in the sense that objects become blurred and distorted in one direction,
resulting in frequent change of glasses or contact lens refraction. Glare is often noted at
relatively early stages, especially taillights display glare when driving at night. At later KC
stages, glare may also appear in daylight. In addition, photophobia and monocular diplopia
are cardinal signs of KC (Rabinowitz, 1998). Slit lamp examination may reveal several
characteristic signs: stromal thinning at the apex of the cone (Fig. 2A), Munson’s sign; a V-
shaped conformation of the lower eyelid produced by the ectatic cornea in downgaze (Fig.
2B), Paracentral stromal scars (Fig. 2C), Fleischer’s ring: iron deposits partially or
completely surrounding the corneal cone (Fig. 2D), Vogt’s striae; fine vertical lines in the
deep stroma and Descemet’s membrane that parallel the axis of the cone (Fig. 2E), and
breaks in Descemet’s membrane with stromal permeation of aqueous through these breaks, a
severe condition known as corneal hydrops (Fig. 2F). It’s very important to note that absence
of slit lamp signs of KC does not exclude absence of the disease.

2.3. Clinical diagnosis

It is relatively easy to diagnose KC in advanced stages, but difficult in the initial phase
where the cornea looks relatively healthy. Most clinicians agree that KC should be suspected
in patients with higher degrees of astigmatism, astigmatism with oblique axis, as well as
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when progression in astigmatism and/or spherical refraction occurs (Karimian et al., 2008;
Serdarogullari et al., 2013) Steep corneal curvature and a lack of 20/20 visual acuity in a
non-amblyopic eye with optimal refraction, should also raise suspicion.

To-date, several methods exist for detecting early KC. The characteristic scissor movement
upon retinoscopy has been used to diagnose KC. In 1938, Amsler used the simple
photographic placido disk to show corneal topographic changes in early KC (Amsler, 1946).
Almost 40 years later, placido-based corneal topography digitalized the placido technology,
which is based on the reflection of concentric rings off the corneal surface (Klyce, 1984).
More recently, advanced tomographic analysis of the cornea has become available.
Tomographic analysis constitutes a three-dimensional re-creation of the anterior segment
including: anterior and posterior cornea surfaces, corneal thickness analysis, anterior iris and
lens. In contrast, corneal topography is restricted to measuring only the anterior corneal
surface. Tomography can be obtained as; anterior segment optical coherence tomography
(Fig. 3); comparing healthy human cornea (Fig. 3A) and KC cornea (Fig. 3B), Scheimpflug
optical cross-sectional analysis (Pentacam; Fig. 4); comparing healthy human cornea (Fig.
4A) and KC cornea (Fig. 4B), or anterior segment ultrasonic bio microscopy (Belin and
Khachikian, 2006).

The 2015 Global Consensus on Keratoconus and Ectatic Diseases involving 45 KC clinical
experts from around the world agreed that abnormal posterior elevation, abnormal corneal
thickness distribution, and clinical non-inflammatory corneal thinning are required to
diagnose KC. In terms of progression, the Consensus agreed that a change above the
imprecision of the testing system in at least two of the three parameters (steepening of the
anterior corneal surface, steepening of the posterior corneal surface or thinning and/or an
increase in the rate of corneal thickness change from the periphery to the thinnest point) was
required to document KC progression. It was also noted that a decrease in best spectacle
visual acuity was not a requirement to document progression. Interestingly, the Consensus
further concluded that currently no adequate classification system for KC exists (Gomes et
al., 2015). Several classification systems have been proposed over the years. The historical
Amsler-Krumeich classification divides KC into 4 stages based on: Spectacle refraction,
central keratometry, slit-lamp examination for corneal scarring and central corneal thickness
(Table 1) (Amsler, 1946; Rabinowitz, 1998). A major argument against this classification is
its lack of specificity in early stages as well as lack of inclusion of the posterior curvature
(Gomes et al., 2015). The large US-based CLEK study proposed the Keratoconus Severity
Score. The KSS is based on slit-lamp signs, topography pattern, corneal scarring, average
corneal power and higher-order corneal surface wave front root mean square error (Table 2)
(McMahon et al., 2006). The newest severity index, the ABCD grading system, is connected
to the Oculus Pentacam tomographic measurements. Unlike earlier proposed classification
systems the ABCD incorporates data from the posterior corneal curvature as well as analysis
of the thinnest point of the cornea as opposed to central cornea thickness (Table 3) (Duncan
etal., 2016).
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2.4. Management and treatment options

2.4.1. Treatment according to severity—The treatment of KC depends on the
severity and the rate of progression. The initial treatment is spectacles, but with progressive
disease spectacles rapidly become insufficient. The next treatment level is contact lenses.
With the right choice of contact lense and correct fitting, contact lenses can often provide
good visual acuity in the early stages before central scarring. Rigid Gas-Permeable (RGP)
contact lenses are the most widely used (Fig. 5A, Fig. 5D). The comfort of RGP lenses can
however be a challenge, especially in eyes with steep corneal curvatures. This has led to the
development of several other types of contact lenses. Hybrid contact lenses with a rigid
center and a softer periphery (Fig. 5B, Fig. 5D), Scleral contact lenses (Fig. 5C, Fig. 5D),
and soft contact lenses designed specifically for KC (Visser et al., 2016).

If contact lenses are not tolerated and the disease is stable, intracorneal ring segments
(ICRS) (Fig. 5E) are a surgical option to improve visual acuity (Vega-Estrada et al., 2015).
ICRS consists of one or two semi-circle segments, operated into a surgically created tunnel
in the mid corneal stroma. The ICRS are typically placed at the site of the steepest curvature
and are designed to take up space in the stroma, thereby contributing to a decrease in
curvature (Colin et al., 2000). Other means of improving visual acuity in contact lenses
intolerant patients include Topography Supported Custom Ablation Photo-refractive
keratotectomy. Studies have shown TOSCA PRK to be a viable option in selected patients
(Guedj et al., 2013). Furthermore, TOSCA PRK has been successfully combined with CXL
to treat both progression and refractive error (Grentzelos et al., 2017; Kanellopoulos, 2009).

If KC progresses to the most severe stage with excessive ectasia, thinning, scarring, and
thereby decreased visual acuity refractive to the above mentioned refractive measures,
corneal transplantation is the last resort. Corneal transplantation can be performed as either
deep lamellar anterior keratoplasty (DALK) or conventional PK (Castroviejo, 1949; Melles
et al., 1999; Anwar & Teichmann, 2002). Sparing of the patients endothelial cells is an
important advantage of DALK technique; however, major side effects of keratoplasty are a
risk for high degree of astigmatism and a long recovery time. Keratoplasty is intervening in
the patient’s daily life and is a very expensive treatment from the society’s point of view
(Roussy et al., 2009). A way of avoiding the long recovery time following DALK or PK may
be the transplantation of a Bowman’s layer into a deep stromal pocket. Van Dijk et al.
showed promising results with this procedure in 20 eyes with progressive KC. Maximum
keratometry was significantly reduced and acceptable contact lens corrected vision was
preserved in all 20 eyes in the average 20-month follow-up period though only a marginal
improvement in visual acuity was observed (Van Dijk et al., 2015).

2.4.2. Treatment of progression—In the past, progression of KC was considered
unavoidable and patients were left with nothing more than to wait and see the level of
progression and the associated decrease in visual acuity. With today’s technological
advancements, a lot has changed. CXL treatment was introduced by Spoerl et al., in 1998,
and was FDA-approved in the United States in 2016 (Spoerl et al., 1998).

CXL is a photochemical treatment of KC, consisting of loading of the corneal tissue with the
photosensitizer riboflavin followed by irradiation with UVA-light. CXL has been shown to
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stiffen the cornea and halt the progression of KC (Caporossi et al., 2010; Wollensak et al.,
2003). Riboflavin is excited by UVA-light resulting in the formation of free oxygen radicals,
and the free oxygen radicals react with collagen molecules and induce covalent bindings.
The nature of the covalent bindings is still not fully understood (Sharif et al., 2017), but they
have been shown to occur within the collagen molecules, between molecules in the fibril,
between collagen and proteoglycans, as well as between two proteoglycan molecules
(McCall et al., 2010). Furthermore, CXL was shown to induce resistance against collagenase
digestion (Spoerl et al., 2004) which may be of importance in KC patients as their corneas
have been shown to have increased expression of collagenolytic matrix metalloproteinases
(Mackiewicz et al., 2006).

Clinically, the main objective of the treatment is to stop the progression of KC, preserving
the patient’s present visual acuity, and avoiding corneal transplantation in the future
(Godefrooij et al., 2017). Several studies have reported improvements in visual acuity
following CXL (lvarsen & Hjortdal, 2013; Hersh et al., 2017). Direct illumination of UVA-
light towards the eye has raised concerns with regards to the safety of CXL. Several studies
have now shown that CXL is a safe procedure, when certain limits are applied (Caporossi et
al., 2010; Hashemi et al., 2013a,b). The diffusion of riboflavin is a key safety component, as
riboflavin limits the reach of the UVA irradiation to approximately 200 um (Sondergaard et
al., 2010). Studies of corneas fully loaded with riboflavin have shown that with a minimum
central corneal thickness of 400 um, the endothelium and other posterior structures are not
damaged (Spoerl et al., 2011). Although the published literature demonstrates the efficacy of
CXL, prospective studies that establish a cause-effect relationship are lacking and the
molecular basis of the disease has yet to be determined.

In 2012, our group developed an /n vitro model using human corneal fibroblasts (HCFs) and
compared them to human keratoconus fibroblasts (HKCs) cultured in a 3-dimensional (3D)
model (Fig. 6). This model helps compare the expression and secretion of specific extra-
cellular matrix (ECM) components between HKCs and HCFs. For four weeks the cells are
stimulated with a stable Vitamin C (VitC) and allowed to secrete and assemble their own
ECM. This model has since been spearheading the KC scientific field. More recently, we
utilized this 3-D /n vitro model to determine the CXL cellular and molecular effects (Sharif
etal., 2017). Data from our study revealed that corneal fibrosis markers Collagen Il and a-
SMA were significantly down-regulated in HKCs post CXL. Furthermore, a significant
downregulation was seen in phosphorylated SMADs -2 and -3 expression in HKCs post-
CXL, contrary to a significant upregulation in Lysyl oxidase (LOX) expression compared to
HCFs. These findings suggest positive impact of CXL on the corneal stroma at the cellular
level, which is critical to sustain corneal structure and visual acuity. One of the limitations of
this model, and therefore this study, is that only the stromal layer was investigated. Ongoing
studies are utilizing co-cultures to include the epithelial layer as well. An in vitro model is
useful for investigating KC-related cellular and molecular mechanisms, especially in
absence of a suitable animal model. Howeverthis model is not a substitute for human/clinical
studies.
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3. Pathobiology of Keratoconus

3.1. Structural changes in KC cornea

One of the first theories for the onset of KC was that a defect in the Bowman’s layer of the
cornea served as the primary insult, resulting in the release of proteolytic enzymes by
epithelial cells, leading to degradation of stromal collagen and eventual weakening of the
cornea (Kennedy et al., 1986). The origin of the primary insult was and remains unknown,
making this theory hard to prove. However, involvement of epithelial cells in the disease
process is supported by structural abnormalities observed by light microscopy (Krachmer et
al., 1984).

Stromal changes in the KC cornea have been extensively reported in the literature and
whether the corneal stroma is responsible for KC is an ongoing debate. Several studies have
shown that stromal thinning occurring in the KC cornea is related to loss of stromal tissue
(Shapiro et al., 1986); (Rabinowitz et al., 2005); (Rabinowitz, 1998); (Morishige et al.,
2007); (Mathew et al., 2011). However, the mechanisms attributing to corneal structural loss
and corneal thinning are still obscure.

3.2. KC associated proteome and extracellular matrix remodeling

Analyses of tears and corneal tissues from KC patients have identi-fied differential
expression of several proteins compared with healthy controls. These studies have
highlighted the involvement of scarring and apoptosis in the disease process. However, it is
unclear whether the pathways are modified as a primary or secondary phenomenon.
Evaluation of tear fluid has shown > 1500 proteins present in the tears (Zhou et al., 2012).
Proteomic studies of tears from KC patients have established the presence of numerous
elevated inflammatory markers, including TNF-a, interleukin-6 (IL6), interleukin-17 (IL17),
and inter-cellular adhesion molecule-1 (ICAM-1) (Maertzdorf et al., 2002), implicating
inflammatory processes in the pathogenesis of KC (Jun et al., 2011; Lema et al., 2009).
Stromal degradation and thinning is one of the most important aspects of KC. Multiple
studies relate the thinning to increased levels of proteolytic enzymes and decreased levels of
their inhibitors (Wisse et al., 2015). Various studies suggest that there may be an imbalance
between pro-inflammatory and anti-inflammatory cytokine leading to altered epithelial and
stromal functions (Jun et al., 2011; Wisse et al., 2015).

Proteomic studies of the KC epithelial and stromal layers have demonstrated that structural
remodeling and metabolic stress occur in both layers (Chaerkady et al., 2013). In addition to
evidence from tear proteomics, tissue studies have highlighted biochemical abnormalities in
KC, with reports of decreased, increased, or even normal levels of proteoglycans (Critchfield
et al., 1988; Garcia et al., 2016; Khaled et al., 2017; Sawaguchi et al., 1994). These studies
indicate a possible disruption in the molecular mechanisms regulating ECM homeostasis.
This might be initiated by an increase in proteases, or a decrease in proteinase inhibitors
such as a.l-antiprotease and tissue inhibitors of metalloproteinases (TIMPSs) (Pescosolido et
al., 2014). Kenney and co-authors (Kenney et al., 1997) reported dysregulation of ECM and
basement membrane components in KC corneas using immuno-fluorescence. The authors
concluded that abnormal expression of specific proteins in the KC cornea were not uniform.
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The study interestingly split the corneas into three distinct regions: nonscarred anterior
cornea, scarred anterior and posterior cornea, and Bowman’s layer. Amongst others,
nonscarred regions showed decreased staining of entactin/nidogen, fibronectin, alpha 3-
alpha 5 chains of type IV collagen. Scarred regions showed increased laminin-5 and
perlecan, where the Bowman’s layer showed type VIII collagen, fibrillin-1, and tenascin-C
expression.

3.3. KC associated biomechanics

Several studies suggest that thinning of the KC cornea might be occurring due to a defect of
collagen lamellae formation (Chen et al., 2015; Mathew et al., 2015; White et al., 2017). The
different distribution of stromal lamellae in KC compared to normal corneas has been
suggested as a precursor for corneal thinning and KC development (Khaled et al., 2017).

Oxidative damage has been described as a co-factor in KC progression. The level of reactive
oxidative species (ROS) in normal corneas is regulated by antioxidant defence mechanisms,
and some studies suggest that antioxidant enzyme activity levels are altered in KC (Atilano
et al., 2005; Wojcik et al., 2013). A decreased activity of extracellular superoxide dismutase
(SOD) in KC corneas was found when compared to healthy controls (Behndig et al., 2001;
Olofsson et al., 2007), most likely leading to an increased amount of superoxide radicals
(Zelko et al., 2002). Furthermore, KC corneas exhibited a reduced level of aldehyde
dehydrogenase Class 3 (ALDH3) that detoxifies reactive aldehydes produced by UV-
induced lipid peroxidation (Wojcik et al., 2013).

The important factors related to increased oxidative damage are atopy, ultraviolet radiation
and mechanical trauma; the latter could occur as a result of chronic eye rubbing and contact
lens wear (Gordon-Shaag et al., 2015). Contrary results have been reported in the literature
with regards to whether or not atopy is associated with KC pathogenesis (Lowell and
Carroll, 1970), as KC individuals appear to rub their eyes much more frequently than
healthy individuals (Galvis et al., 2017). Previous studies have reported differences in
topographic measurements (Shajari et al., 2016) as well as differences in progression
between KC patients, with and without atopy (King et al., 1999). Interestingly, the latter
study found that KC patients with atopy tend to have faster KC progression and more
frequent refractive and immunologic complications leading to an earlier need for
keratoplasty. Contact lens wear has also been associated with KC progression (Romero-
Jiménez et al., 2015). Various studies have shown that both KC patients and otherwise
healthy contact lens wearers both have significantly reduced corneal thickness compared to
healthy controls and non-contact lens wearers (Pflugfelder et al., 2002). Contact lenses are
also known to reduce the amount of oxygen that reaches the cornea leading to a hypoxic
environment and potential corneal edema (Holden and Mertz, 1984). This is sharply
contrasted in studies by Wagner et al., and Zadnik et al., who observed no association
between low patient-reported rigid contact lens comfort and severe disease (Wagner et al.,
2007; Zadnik et al., 1998). Acute hypoxia was shown to influence ECM structure in corneal
fibroblasts with modulation of MMP expression and collagen secretion (McKay et al.,
2017); however, whether contact lens wear could trigger KC development, or not, remains
unclear.
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3.4. Genetics and KC

KC has been associated with a wide range of ocular, systemic, and genetic conditions
including anterior polar cataract, Down syndrome, Ehlers Danlos syndrome, osteogenesis
imperfecta and mitral valve prolapse (Wheeler et al., 2012).

Genetic risk factors and specific genes for KC (Table .4) have proven challenging to identify
because of the complicated nature of the disease (Nielsen et al., 2013). Various genetic
approaches have been utilized including genome-wide association studies (GWAS) and
linkage studies in families with suspected dominant inheritance of KC to identify risk loci.
The first genetic study attempting to reveal the aetiology of KC dates back to 1992
(Rabinowitz et al., 1992). Rabinowitz et al. selected COL6A1 as a segregation marker for
KC to determine whether a mutation in COL6A1, mapped to locus 21q22.3, contributes to
the development of KC. Based on the observation that KC has higher prevalence (0.6-16%)
in patients with Down syndrome (trisomy 21), this study did not show linkage to the most
telomeric region of chromosome 21. However, linkage to another locus on chromosome 21
was documented seven years later in the studied family (Kim et al., 1999). Another
candidate gene is the superoxide dismutase isoenzyme 1 (SOD1), located on chromosome
21. This gene was considered a possible candidate gene because oxidative stress is
hypothesized to have a role in the aetiology of KC and is also linked to an increased
prevalence of KC in patients with Downs syndrome (trisomy 21) (Bykhovskaya et al., 2016).
Similarly, other studies have investigated the transcription factor visual system homeobox 1
(VSX1), a gene implicated in posterior polymorphous corneal dystrophy (PPCD). PPCD
patients have localized steepening of the anterior cornea similar to KC, however, pathogenic
mutations of this gene have been identified in less than 2% of KC patients suggesting that
this gene does not have a major role in the molecular pathology of KC. In addition, a
mutation in the micro-RNA (miRNA) gene M/R184 (OMIM 613146) was considered to
play a role in KC. M/R184is abundantly expressed in the cornea and lens epithelia, and
mutation in the seed region of M/R184 potentially affects its function (Abu-Amero et al.,
2015). Moreover, subsequent studies identified this same mutation in families with EDICT
syndrome (endothelial dystrophy, iris hypoplasia, congenital cataract, and stromal thinning),
and dominant congenital cataract associated with corneal phenotype > (Hughes et al., 2011;
Luo et al., 2017). However, a study of 780 KC patients identified M/R184 variants in only
0.25% patients suggesting that variants in M/R184 gene may not account for isolated KC
(Abu-Amero et al., 2015; Lechner et al., 2013). Common polymorphic variants upstream of
Zinc finger protein gene 469 (ZNF469) have also been associated with central corneal
thickness. Rare ZNF469 variants have also been shown in KC patients (Lucas et al., 2017).

TIMP3, transforming growth factor-B1 ( 7GFBI), and several other collagen genes
(Davidson et al., 2014) have also been studied for their role in KC. Despite these efforts,
potentially pathogenic variants have only been identified in a very small number of
individuals with KC (Bykhovskaya et al., 2016). Finally, the association of genetic variants
in lysyl oxidase (LOX) with KC have also been reported (Bykhovskaya et al., 2012).
However, the results remain inconclusive wih great heterogeneity (Zhang et al., 2016b). A
comprehensive overview of genetics in KC is available by Valgaeren and co-authors
(Valgaeren et al., 2018).
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4. Sex hormones

Regulation of hormonal activity, in humans, is critical for a wide range of developmental and
physiological processes, particularly sexual development and maturation. Sex hormones,
such as progesterone, estrogen, and androgen, are major modulators of activity of the brain,
gonadal tissue, and skin (Zhu and Cai, 2006). Clinical changes occur in men and women
who experience an excess or depletion of sex hormones. The immune system is likewise
significantly regulated by sex hormones both in normal maturation and disease. For
example, Lupus flares in patients with Systemic Lupus Erythematosus (SLE), caused by use
of oral contraceptives and administration of estrogen have been reported (Rojas-Villarraga et
al., 2014). Furthermore, the association of SLE with Klinefelter’s syndrome, and its
improvement following testosterone administration, also imply that sex hormones modulate
the incidence or severity of SLE (Mok et al., 2001).

In terms of the ocular system, sex hormones are recognized for their critical role in
regulating important body functions that affect the eyes, and when they change, so can
visual acuity. From childhood to old age, everyone experiences hormone fluctuations. Once
hormones stabilize, visual acuity is known to stabilize as well. Women of child-bearing age
commonly have changes in visual acuity due to birth, contraceptive pills, or pregnancy
(Gupta et al., 2005; Spoerl et al., 2007). In addition to birth control pills, other medications
such as antidepressants, anti-anxiety medications, and antihistamines, can cause changes in
visual acuity.

The two main classes of sex hormones are androgens and estrogens, of which the most
important human derivatives are testosterone and estradiol, respectively. In general,
androgens are considered “male sex hormones”, since they have masculinizing effects, while
estrogens are considered “female sex hormones” although all types are present in each sex at
different levels (Annibalini et al., 2014).

4.1. Androgens

Androgen is a natural or synthetic steroid hormone that regulates the development and
maintenance of male characteristics in vertebrates by binding to androgen receptors (AR)
(Horstman et al., 2012). Gonadotropin-releasing hormone synthesized and released by the
hypothalamus, stimulates the production and release of luteinizing hormone (LH) and
follicle-stimulating hormone (FSH) in the anterior pituitary (Horstman et al., 2012). FSH is
primarily involved in sperm production and LH in testosterone secretion. LH enters the
circulation and is transported to the gonads where it activates the synthesis and secretion of
testosterone. The main production of androgen occurs in the Leydig cells of the testes, and
men have a 25-fold higher testosterone production when compared with women (Yeh et al.,
1998). The physiological effects of testosterone are induced by its binding to the
intracellular AR, which is then translocated to the nucleus where the AR—testosterone
complex induces transcription of specific genes. Testosterone imparts multiple physiological
effects including involvement in testicular function, spermatogenesis, hair growth, muscle
mass and distribution, bone density, libido, and secondary sexual characteristics.
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4.2. Estrogen

Estrogens are a specific category of steroid molecules secreted mainly by the ovaries, but
also by peripheral steroidogenic conversion, the placenta and by the testes in men. Women
have a higher amount of estrogens compared to men. Estrogens promote the development of
female genital organs, and growth of the endometrium, but also, inhibit the secretion of FSH
by the pituitary. The important actions of the endogenous estrogens are mediated by
estrogen receptors (ERs) (Ogueta et al., 1999). ERs are synthesized in many cell types in
two protein forms, ERa and ER, functioning as transcription factors once bound to their
ligand. ERa is expressed in various tissues including uterus, ovary, testes, bone, and breast,
and ERp is expressed in testes, colon, salivary gland, bone marrow. Moreover, estrogens
have also been shown to induce a wide variety of biological effects in many physiological
systems in both men and women (Gupta et al., 2005).

Estrogens diminish post-injury disruption and inflammatory responses and may play a
protective role against inflammation and oxidative stress. Moreover, myosin function is
affected by age and by estradiol level in women. Estrogens and ERs in the skeletal muscle
cells of women regulate carbohydrate and lipid metabolism (Horstman et al., 2012).
Estradiol also promotes cell activation and proliferation, thereby enhancing the growth and
recovery potential of cells (Horstman et al., 2012; Yeh et al., 1998).

4.3. Sex hormones and the human eye

The last two decades have seen remarkable advancements in endocrinology. Yet, a wide gap
still lingers in our knowledge regarding the gender-based differences and hormonal receptors
in the ocular tissue. The anatomical, developmental, and physiological ocular parameters
differ in males and females. Sex hormones may be related to various ocular pathologies, as
they can act through sex hormone receptors present in the ocular tissue (Gupta et al., 2005).
Any pathology affecting the levels of these sex hormones will most probably affect the
ocular tissues as well.

Various studies have reported a significant association between hormone levels and eye
diseases. As an example, it has been shown that androgen controls the various physiological
and biochemical aspects of the lacrimal apparatus and has been shown to be altered in both
males and females. The observations have been further strengthened by the increased
association of dry eye during pregnancy and lactation (Horstman et al., 2012). Dry eye is
defined as a multifactorial disease, which affects the tears and ocular surface, resulting in
symptoms of discomfort, visual disturbance, and tear film instability with potential damage
to the ocular surface (Schein et al., 1997). Individuals aged 65-84 years often report
symptoms of dry eye (Chia et al., 2003). Moss et al. reported the prevalence of dry eye to be
14.4% in 3722 subjects aged 48-91 years and noted that the prevalence of the condition
increased after the age of 59 (Moss et al., 2000). Schein et al. in contrast, found no
correlation between dry eye and age or sex, while other researchers have reported such
associations to exist (Schein et al., 1997).

During menstruation and menopause, the conjunctival tissue shows cyclic variations in
conjunctival epithelium. Even the maturity of the conjunctival tissue strongly correlates with
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the levels of estrogen. Various studies have observed a significant relationship between
altered corneal functions, sex hormones, and topography under different physiological
conditions (Goodman-Gruen and Barrett-Connor, 2000). The changes in the corneal
curvature and thickness during pregnancy, premenstrual phase, and lactation can result in
visual changes and disturbances (Raiskup-Wolf et al., 2008).

4.4. Sex hormones in the human cornea

Corneal thickness alterations influenced by hormonal changes during the menstrual cycle
have been reported in women. Manchester et al., first reported a change in corneal hydration
during the menstrual cycle in ovulating women (Manchester, 1970). Kiely et al., found
cyclic change in corneal thickness during the menstrual cycle, and thickening of the cornea
at ovulation (Kiely et al., 1982). Soni et al. revealed that female corneas attained minimal
thickness just before ovulation and maximal thickness at the beginning or end of the
menstrual cycle (Soni, 1980). In addition, Weinreb et al. provided evidence that corneal
thickness increases during pregnancy (Weinreb et al., 1988). Taken together, these reports
indicate a strong association between corneal thickness and female hormonal regulation, in
particular estrogens (Wang et al., 2017). However, it is not clear whether hormonal influence
is exerted through direct interaction within the cornea, or via secondary effects such as
systemic water retention by estrogen-induced upregulation of the renin-aldosterone system
(Choudhary et al., 2017; Goldich et al., 2011). Interestingly, estrogen deficiency is also
associated with increased incidence of macular degeneration in post-menopausal women as
has been observed by the Eye Disease Case—Control Study Group.

4.5. Sex hormones and Keratoconus

Clinical information related to sex hormones for patients with KC is often scarce, presenting
a significant limitation to further investigations. Recent studies have started highlighting the
effects of hormonal changes on corneal structure and KC. In 2010, Fink et al. studied the
effects of hormone status and gender on KC severity and progression in both men and
women over a 3-year period (Fink et al., 2010). Results from this study revealed that KC
progressed in both men and women, aged 48-59 years; however, there were no differences
among the groups in progression. Various studies have reported that, during the gestational
period, women have experienced a significant progression in KC, as indicated by reversible
fluctuations in corneal topography and a decrease in corrected distance visual acuity
(Hoogewoud et al., 2013; Pizzarello, 2003). This has led to the suggestion that pregnancy
may be considered a risk factor for KC (Bilgihan et al., 2011; Khaled et al., 2017), and has
implicated the role of hormone changes. Furthermore, hormonal alterations that occur during
pregnhancy have a negative impact on corneal biomechanics. It is suggested that the
stabilization in the corneal biomechanics during the last half of a normal pregnancy may be
due to the action of progesterone, which is known inhibit collagenases via prostaglandin
inhibition. This would suggest a protective role for progesterone during pregnancy (Koob et
al., 1980), but no studies have delineate this mechanism.

Similarly, /n vitro studies have identified a significant elevation in salivary
dehydroepiandrosterone sulfate (DHEA-S, a common precursor to other androgens) levels
and a decrease in estrone level in KC patients independent of gender (McKay et al., 2016).
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However, no correlation has been detected between the increased salivary DHEA-S level and
increased severity of KC. These hormonal variations may induce significant alterations of
the corneal bio stability and worsen underlying corneal ectasia (McKay et al., 2017; McKay
et al., 2016).

The effects of sex hormones rely on the receptors present in specific tissues and organs.
Corneal tissues express ERs, progesterone receptors, and ARs. We recently investigated the
presence of these receptors in KC-derived cells, HKCs, for the first time. Preliminary data
shows significant upregulation in ER (ESR1; Fig. 7A; p < 0.05) and a down-regulation of
AR (AR; Fig.7B; p < 0.05) in HKCs, compared to HCFs. Interestingly, the mechanism
through which hormones regulate corneal homeostasis still remains unclear. The knowledge
about links between KC and hormones or hormone receptors is even more limited, and we
hope to unravel that interplay.

Based on the expression patterns of androgen and ERs in corneal tissue, it has been
postulated that estrogens are supplied through tears and aqueous humour at concentrations
that are approximately half the concentrations found in plasma. The proposed mode of
action of these sex hormones is via the regulation of gene expression of resident cor-neal
cells, leading to changes in the concentration of ECM proteins, which are critical to the
maintenance of corneal integrity. It is plausible that estrogens are responsible for weakening
the cornea via the stimulation of matrix metalloproteinases and the release of pros-
taglandins, causing activation of proteolytic enzymes for collagen, disruption of collagen
ECM, and reduction in corneal stiffness.

Exogenous hormone stimulation

Clinical data related to sex hormones for patients with KC is often limited and mechanisms
through which hormones regulate corneal homeostasis still remains unclear. Based on the
hypothesis that there is a critical link between altered hormone levels and KC, we recently
reported the effects of exogenous hormones, such as androgens and estrogens, in HKC
metabolism using our 3-D model. Our data showed that exogenous DHEA significantly
downregulated the pentose phosphate pathway in HKCs, whereas 17p-estradiol led to a
significant upregulation in pentose phosphate pathway and glycolytic intermediates in
HCFs. These results highlight altered metabolism in HKCs, when compared to HCFs, that
can be modulated by specific hormones and ultimately provide a path to novel therapeutics
(McKay et al., 2017; McKay et al., 2016).

The effects of hormones in regulating genes associated with ECM deposition are also
unknown. Our initial studies, where we stimulated the HCFs and HKCs with 2.5 ng/mL
DHEA and 2.5 ng/mL estrone, investigated the expression of fibrotic Collagen type 111 (Col
I11) and cellular Fibronectin (cFN). Exogenous DHEA led to significant upregulation of Col
Il (Fig. 8A; p < 0.05) and downregulation of cFN (Fig. 8B; p < 0.05) in HKCs, while no
significant modulation was noted in HCFs. Exogenous Estrone, on the other hand, led to
significant down-regulation of Col 11l in HCFs but not in HKCs (Fig. 8A; p < 0.01), cFN
was also downregulated in both HCFs and HKCs (Fig. 8B; p < 0.01). These preliminary
studies suggest that DHEA may drive HKCs towards a fibrotic phenotype, whereas
exogenous estrone seems to rescue them.
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Anticipating the hormone-KC connection, we recently utilized a whole-transcriptome high-
throughput sequencing (RNA-seq), known to provide the most extensive evaluation with a
wide dynamic range and higher sensitivity (Kukurba and Montgomery, 2015). During our
preliminary studies we used RNA-seq to assess gene expression profiles of HKCs and
HCFs. The objective of this study was to determine the key pathways altered in HKCs as
compared to HCFs and begin to delineate their role in the disease. Fig. 9 shows a
mechanistic network derived from gene expression profiles from three male and three
female, age-matched, donors for HCFs (n = 6) and HKCs (n = 6). This network consists of
genes (nodes) connected by lines (edges) indicating a known relationship/interaction in the
IPA Knowledge Base. Genes more highly expressed in HKCs are coloured red; genes
showing low expression in HKCs are coloured green. Upstream regulators and intermediate
nodes (ERK, 17p-estradiol, EGF, SRC) were predicted to be inhibited (blue). The direction
and nature of the relationship is also indicated. Based upon the observed gene expression
profile, estrogen receptor was predicted to be a key upstream regulator of more than 1000
expressed genes. The actions of estrogen receptor were predicted to be activated in HKCs,
whereas expression of downstream nodes STAT3, NFkB, RELA, and ESR1 were predicted
to be inhibited in HKCs. While this network is only based on six healthy and six KC donors,
it is a good starting point with regards to identifying the key pathways and the downstream
players involved in the hormone-KC interplay. It also strengthens the hypothesis that sex
hormones may be useful targets for KC treatments.

5. Prolactin induced protein

Prolactin-induced protein (PIP) is a 17-kDa glycoprotein that was originally identified as
gross cystic disease fluid protein 15 and a major component of human milk, breast cyst
fluid, and saliva (Haagensen et al., 1980; Haagensen et al., 1979; Murphy et al., 1987). This
secre-tory acinar glycoprotein typically localizes in the cytosol of apocrine epithelia in all
major organs. PIP is expressed in the glandular epithelium of seminal vesicles, and as an
extra parotid glycoprotein in the sublingual and submandibular glands (Caputo et al., 2003).

Several studies have shown that PIP is overexpressed in both primary and metastatic breast
tumours, labelling it as a breast tumour marker (Caputo et al., 2000; Darb-Esfahani et al.,
2014). PIP is only found to be expressed in apocrine metaplasia of the breast, ductal
carcinoma in situ, and not secreted in normal ductal or lobular epithelium (Darb-Esfahani et
al., 2014). Despite these findings, the exact functional capacity of PIP in breast cancer has
remained obscure. Besides breast cancer, only few tumours, such as carcinomas of the skin
appendages and prostate cancer express PIP (Caputo et al., 2003; Caputo et al., 2000). Thus,
it is highly specific for mammary differentiation in females, and is frequently used as a
prognostic marker for the evaluation of a potential mammary origin of metastatic carcinoma
of unknown primary site (Wick et al., 1989).

Baniwal et al. revealed the requirement of PIP for the proliferation of tamoxifen-resistant
breast cancer cells suggesting that PIP may be targeted in the treatment of breast cancer
patients refractive to hormonal therapy. They observed that PIP silencing by siRNA,
inhibited the proliferation of the tamoxifen-resistant T47D breast cancer cells (Baniwal et
al., 2013). Furthermore, treatment of human breast cancer cell lines with exogenous
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recombinant PIP enhanced their proliferation, whereas PIP silencing in ER+ and ER-breast
cancer cell lines inhibited cell proliferation and invasion through the ECM (Naderi and
Meyer, 2012). Naderi et al. also demonstrated that PIP expression was associated with cell
cycle genes and concluded that PIP is required for cell cycle progression in breast cancer
(Naderi and Vanneste, 2014b).

PIP is known to be regulated by hormones such as androgens and estrogens (Naderi and
Vanneste, 2014). Sex hormones are known to play a role in the maintenance of the structure
and integrity of the human cornea (Zhang et al., 2017). Corneal thickness, curvature, and
sensitivity were altered throughout the menstrual cycle (Ghahfarokhi et al., 2015). A
suggestive link between hormones and corneal structure is suggested by the presence of
hormones in the human tear film (Nebbioso et al., 2017). Surprisingly, the role of sex
hormones in corneal diseases has been neglected. Our recent findings suggest an intriguing
link between KC, PIP, and sex hormones, as discussed below.

PIP structure, regulation and biological role

PIP gene is located on chromosome 7g32-36, has four exons but only one 900 base mMRNA
transcript has been described (Naderi, 2015b). PIP is a 146-amino acid long polypeptide that
is found in mammary gland, salivary and lacrimal glands, prostate, and other organs (Lonze
and Ginty, 2002). Determination of PIP’s crystal structure (Fig. 10) revealed an
immunoglobulin fold composed of seven anti-parallel beta-strands and seven loops (Hassan
et al., 2009). PIP is shown to have aspartyl protease activity, which signifies the role of PIP
as a secreted protein able to mediate ECM degradation (Naderi and Meyer, 2012).

A positive feedback loop between PIP and ERK-Akt signalling was demonstrated by Naderi
et al. in murine apocrine cells (Naderi, 2015). Following the induction of PIP expression by
CREBL1, secreted PIP mediates protease degradation of fibronectin into fragments, which
results in the activation of integrin-B1 signalling (Naderi and Meyer, 2012b). Importantly, in
the absence of PIP, there is a marked reduction of integrin-p1 binding to ErbB2 that can be
reversed by the addition of fibronectin fragments. It is therefore clear that PIP expression
plays a major role on cell invasion and the viability of apocrine cells (Naderi, 2015). PIP has
also been shown to play an important role in immunoregulation. PIP binds to CD4 in T cells,
and inhibits T cell apoptosis, suggesting an ability to modify the immune responses during
tumours progression (Autiero et al., 1995; Wick et al., 1989). The abundance of PIP in
mucosa, saliva, tears, submucosal glands of the bronchi, and apocrine glands of the skin,
suggests that PIP has an important role in mucosal immunity (Hassan et al., 2009).

In both normal and diseased states, PIP expression is known to be regulated by androgen and
prolactin hormones. Haagensen et al. (Haagensen et al., 1980) reported a ten fold
upregulation of PIP levels in maternal plasma during the third trimester of pregnancy when
compared to non-pregnant women. The expression of PIP in human breast cancer cell lines
was shown to be up-regulated by prolactin, glucocorticosteroids and androgens, whereas,
estrogens inhibited PIP expression (Carsol et al., 2002; Murphy et al., 1987), and has also
been shown to be influenced by the cytokines IL-4/IL-13 (Blais et al., 1996). The production
of PIP by breast cancer cell lines in response to androgen and glucocorticosteroids could be
further differentially regulated by immune factors such as IL-1 and IL-6.
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On the subcellular level, the signal transducer and activator of transcription 5 (Stat5) and
Runx2 works through AR to regulate PIP expression (Debily et al., 2009; Haagensen et al.,
1990; Naderi et al., 2012). However, further studies are required to understand the molecular
mechanisms of PIP action and its translational implications in various tissues, specifically in
breast tumours.

In addition, various studies revealed that the expression of PIP in neonatal and adult
submandibular gland, parotid and sublingual gland is similar to that of salivary peroxidase
(Bodner et al., 1983; Kruse et al., 1998; Moriguchi et al., 1995; Yamashina and Barka,
1973).

Observations in mouse models for Sjogren’s syndrome have shown that PIP may also bind
to the C-terminal portion of aquaporin-5 (AQP5) leading to its physiological translocation
from cytoplasm to the apical membrane of lacrimal glands (De Amicis et al., 2013). Thus, a
deviant expression of PIP might negatively affect the trafficking of AQP5 from the
cytoplasm to the membrane of the acinar cells, ultimately interfering with the glandular
secretions from the salivary and lacrimal glands (Konttinen et al., 2005). Gallo et al.
suggested that the production of PIP is significantly reduced in Sjogren’s syndrome
shedding new light on the possible pathophysiological role of PIP in primary Sjogren’s
syndrome exocrinopathy (Gallo et al., 2013).

Prolactin-induced protein and the human cornea

The human cornea plays an important role in maintaining the balance of ocular surface
microenvironment (Nishtala et al., 2016). Complex array of biomolecules are secreted
within the tear fluid, which are potential targets of prognostic value in ocular diseases. Tear
fluid as a pool of biomarkers, in ocular and systemic conditions, has been well studied and
shown to have translational potential (Hagan et al., 2016; von Thun Und Hohenstein-Blaul et
al., 2013). Tear fluid can be collected in a painless, non-invasive fashion, making it an
optimal biological fluid to analyse with minimal discomfort to the patient. Studies have been
performed and several biomarkers have been suggested including PIP, zinc-alpha-2-
glycoprotein (AZGP1) and lipocalin (LCN) (Lema et al., 2010; Nishtala et al., 2016).

In 2014, we identified PIP as a novel biomarker for KC based on our study on human tear
samples from 17 healthy donors and 36 KC patients. Protein levels of PIP and AZGP1 have
been found to be down-regulated in tears of KC patients by proteomic analysis, suggesting
their application as prognostic markers for KC (Nishtala et al., 2016; Priyadarsini et al.,
2014). Our proteomics data also showed that regulation of PIP is closely related to AZGPI
glycoprotein of 35-44 kDa (Hassan et al., 2008). It has been reported that PIP and AZGPI
form a complex in some body fluids, they both localize in close proximity in the same
chromosome, and are both regulated by androgens (Murphy et al., 1987; Ueyama et al.,
1994). These studies lead us to believe that PIP may important for KC, and a potential
therapeutic target. PIP has also been reported to be decreased in studies of Sjogren’s
syndrome-associated dry eye (De Amicis et al., 2013). Using mass spec-trometric analysis,
tears of KC patients were compared with healthy controls and identified the elevation of
matrix metalloproteinase 1 (MMPL), cytokeratins, and precursors to prolactin (Pertovaara et
al., 2004). Moreover, Balasubramanium et al. revealed a reduction in total tear protein in KC
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patients (Balasubramanian et al., 2012). It has also been reported that PIP influences keratin
production of stromal and epithelial cells of the cornea and could potentially result in
changes of corneal structural stability (Stachon et al., 2017).

It is intriguing to think of PIP as a potential biomarker for KC, given how tightly it is
regulated by hormones and how hormones affect KC. In order to further our investigation on
this protein, we utilized STRING database to determine the predicted protein-protein
interactions using functional clustering. The correlations of these over-expressed membrane
proteins are shown in Fig. 11. Several proteins involved in protein binding, peptidase
activity, and metallo-endopeptidase activity as derived from the STRING database.
Interestingly, but not surprisingly, AZGP1, PGR, ESR1, and AR, were within the top ten
highest protein-interaction scores (0.98, 0.96, 0.95, 0.95, and 0.8 respectively). These
findings highlight the strong link that exist between PIP, hormones, human cornea, and KC.

5.3. Prolactin-induced protein: diagnostic value of saliva in KC

Early disease detection is necessary for early intervention, which increases the chance of
successful treatment. This is especially critical for KC given the limitation on diagnosing it
at onset. Saliva is a fluid of high prognostic value with many advantageous properties.
Collecting saliva is a simple, non-invasive, and low-cost method for disease screening and
detection. Saliva is currently used as a body fluid for screening for various local and
systemic diseases. Like serum, saliva also contains enzymes, antibodies, and hormones.

Saliva is secreted from 3 paired major salivary glands (parotid, submandibular, and
sublingual) (Zhang et al., 2016a). A number of salivary epithelial and inflammatory proteins
have been seen as potential biomarkers for diabetes, cardiovascular, oral, and autoimmune
diseases such as Sjogren’s syndrome (Baldini et al., 2011). Since saliva is the product of
salivary glands, the primary targets of the autoimmune response in Sjégren’s syndrome, it is
believed that this secreted fluid can directly mirror the gland’s pathophysiology. Amid
various proteomic salivary biomarkers for Sjogren’s syndrome, PIP is expressed in the saliva
of these patients (De Amicis et al., 2013).

Prevention of disease morbidity due to KC requires the development non-invasive tools to
aid in early screening, diagnosis, and treatment of this disease. Despite significant efforts, a
specific biomarker for KC has not been identified. In studies from our group, saliva
proteome analysis from patients with KC revealed a unique PIP expression profile,
correlating metabolic changes occurring in saliva with clinical findings in KC. Our results
reveal a downregulation in PIP expression in saliva samples from KC patients correlating
with our finding in tears and cells obtained from KC patients in comparison with healthy
controls (Priyadarsini et al., 2014). Regulation of all three systems is shown on Fig. 12.

5.4. Prolactin-induced protein: a novel KC biomarker

We have shown that KC has a systemic component driven by altered hormones contributing
to stromal thinning in the KC cornea. Our results suggest that hormonal regulation may play
a critical role in the KC pathology. We found significant reduction in salivary estrone levels
and a significant increase in DHEA levels in KC patients independent of gender (McKay et
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al., 2017). Given these discoveries, we believe that KC has a strong systemic component to
its onset and progression that is tightly connected to PIP modulation and hormonal stability.

Various studies have demonstrated that the levels of prolactin, as well as androgen and
estrogen hormones are essential for ocular surface homeostasis and structural organization
(McKay et al., 2016; Stachon et al., 2017). Studies showed that prolactin exhibits an effect
on collagen organization in 3-D tissue culture models (Speroni et al., 2014). Additional
studies demonstrated that besides being present in lacrimal glands, prolactin is connected
with cell proliferation and is a known inducer of PIP, which is involved in the maintenance
control of metabolic function. Prolactin also acts as a neuroendocrine regulator of keratin
transcription and protein production (Stachon et al., 2017). Studies have shown that prolactin
concentration is decreased in aqueous humour of KC patients, which might be important
evidence that altering keratin expression within the human cornea could have an impact on
KC pathology (Ramot et al., 2010). Our findings that PIP is significantly downregulated /n
vitroand in vivo (Fig. 12) in KC patients compared to healthy controls (McKay et al., 2017;
Priyadarsini et al., 2014) strongly suggest that PIP holds great promise as a novel prognostic
biomarker for KC and can aid in providing hints for various stages of KC progression.

6. Conclusions and future directions

In summary, we are intrigued by the versatile function of PIP and the fact that PIP is
regulated so profoundly in KC patients. Importantly, our recent studies along with the
findings shown here provide a rationale for the tantalizing possibility of exploring PIP as a
therapeutic target in KC. Our studies on the human saliva from KC and healthy donors,
incredibly, showed that PIP regulation was identical in modulation as it was in tears and
cells. Our studies show that PIP is regulated both in situ and systemically in KC patients.
Before our ground-breaking studies, saliva sampling has never been analyzed in KC patients
despite the fact it is a noninvasive bodily fluid that has provided clinical clues to diseases
such as cancer and diabetes. Furthermore, the reported hormonal imbalances in KC are
tightly linked to PIP regulation and could provide key mechanistic information. A good
example is DHEA hormone. In our studies, DHEA was significantly upregulated in KC
patients when compared to controls. Fig. 13 shows DHEA levels over our lifetime. DHEA
levels are constantly increasing at the fetus stage and take a dive at birth almost down to
zero. By the age of 7 years old, DHEA reaches its lowest levels where it starts going up
again. DHEA levels peak around the same time KC defects are known to appear (~15-20
years old). From then on, and for the rest of our lives, DHEA levels continue to decline. Is it
possible that the abnormal, high level of DHEA in KC patients that we have reported are a
trigger for KC onset and that PIP can be a biomarker for this event? We certainly have strong
evidence of this and future studies are designed so that we can delineate this mechanism.

It is possible that PIP could interact with other unknown factors. Papoulidis and co-authors
(Papoulidis et al., 2014) published a case study of a patient that developed KC, with partial
trisomy 21 and 7q deletion. Prior to this, Pinsard and co-authors (Pinsard et al., 2010)
reported a KC association wth Williams-Beuren syndrome (WBS). WBS is known to be an
abnormal systemic development caused by micro-deletion of contiguous genes in
chromosome 7g11.23. This may implicate chromosome 7 for the development of KC.
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Because PIP is located on chromosome 7, this intriguing story may reveal more connections
between PIP and KC in the near future.

The clinical significance of these observations are enormous, and targeting PIP directly or
indirectly may prove effective not only in early disease stages, but also in advanced KC
stages. If PIP were to be used as a KC biomarker and/or a therapeutic target, this would be a
paradigm shift in KC research, and a huge step towards eliminating KC and all vision threats
that come with it.

Future directions will attempt to delineate the roles of PIP in both hormone-responsive and
unresponsive KC corneal cells/tissues, thereby extending the importance of PIP from a mere
clinical marker to a promising therapeutic target. Investigating biomolecules with “omics”
approaches will assist us as we explore this intriguing protein. Finally, the design of any
PIP-based therapeutic targets will have to take into consideration these recent findings.
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Fig. 1.
The layers of the human cornea. Illustrative image of the five human corneal layers, from top

to bottom: corneal epithelium, Bowman’s layer, corneal stroma, Descemet’s membrane, and
corneal endothelium. Image proportions not to scale.
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Fig. 2.
Slit lamp images of KC signs. A: Corneal thinning at the apex of the cone. B: Corneal

ectasia, with indentation of the inferior eyelid upon down gazing C: Paracentral stromal
scars. D: Fleischer’s ring, a pigmented, often incomplete line of iron deposits running
around the base of the cone. E: Vogt’s stria: fine vertical lines, which are breaks in the deep
stroma and Descemet’s membrane. F: Corneal hydrops, the most acute presentation of KC.
Diffuse stromal opacity and edema, caused by breaks in the Descemet’s membrane leading
to influx of fluid in the stroma.
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Fig. 3.
Anterior cross-section Optical Coherence Tomography (OCT). Al and B1 show the scan

location on the cornea. A2 and B2 show the cross-section view of the cornea. A: Healthy
cornea. B: Severe KC cornea, characteristic protrusion and thinning as well as scarring at the
top of the cone.
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Fig. 4.
Four image tomography map from Pentacam® HR. A: Healthy cornea B: KC with severe

ectasia and thinning, sagittal curvature (upper right), anterior elevation subtraction maps
(upper left), corneal thickness (lower right) and posterior elevation subtraction map (lower
left) are shown.

Prog Retin Eye Res. Author manuscript; available in PMC 2018 November 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Sharif et al.

Page 36

Fig. 5.
Contact lenses and Intra-corneal ring segments (ICRS). A: Rigid-gas permeable lens B:

Hybrid lens with rigid center and soft periphery. Notice transition between rigid and soft
(arrow) C: Scleral contact lens. D: Lenses A-C out of eye. E: ICRS. Notice deposit on inner
arc (arrow).
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Fig. 6.
Ilustrative image of our 3-D /n vitro model. Cells are harvested from donor corneas and

grown on polycarbonate membranes with vitamin C stimulation.
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Fig. 7.

Quantitative Polymerase Chain Reaction (QT-PCR) showing significant upregulation in ER
(ESR1; Fig. 7A; p < 0.05) and a downregulation of AR (AR; Fig. 7B; p < 0.05) in HKCs
when compared to HCFs. Data shown is preliminary.
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Fig. 8.

Quantification of Collagen type 111 (Col I11) and cellular Fibronectin (cFN) protein levels in
HCF and HKC 3-D constructs. (A) Col I11 was significantly upregulated in HKCs following
exogenous DHEA (p < 0.05). Col Il was significantly downregulated in HCFs following
exogenous estrone (p < 0.01). (B) cFN was significantly downregulated in HKCs following
exogenous DHEA (p < 0.05). cFN was significantly downregulated in both HCFs and HKCs
following exogenous Estrone (p < 0.01). Values normalized to HCFs (n = 4). Data shown is
preliminary.
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Fig. 9.
Mechanistic network derived from differential gene expression profile for three male and

three female donors for HCFs (n = 6) and HKCs (n = 6), using whole-transcriptome high-
throughput sequencing (RNA-Seq). Network shows genes (nodes) connected by lines
(edges) indicating a known relationship/interaction in the IPA Knowledge Base. Data shown
is preliminary.

Prog Retin Eye Res. Author manuscript; available in PMC 2018 November 14.

diol



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Sharif et al.

Page 41

Fig. 10.
Structure of the Prolactin-Induced Protein based PyMOL software (Hassan et al., 2008).
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Fig. 11.
Network view of the predicted interactors of Prolactin-Induced Protein: STRING database,

illustrates the display of Protein-Protein interactions through a Java applet.
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Fig. 12.
Quantification of PIP protein levels. (A) Human tear samples from healthy and KC donors

(n = 32). (B) Human saliva samples from healthy and KC donors (n = 64). (C) HCFs and
HKCs in 3-D constructs (n = 6). PIP was significantly downregulated in KC samples,
compared to healthy controls, in all three systems; Tears (p < 0.0001), Saliva (p < 0.001),
and Cells (p < 0.005).
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Fig. 13.
Schematic of dehydroepiandrosterone (DHEA) production from fetal to adult life. The

arrows indicate temporal changes in sex hormones controlling DHEA (E: estrogen, A:
androgen).
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STAGE Mean keratometry reading Thickness Spectaclerefraction St lamp
1 Mean central K readings < 48 D Myopia, induced astigmatism, or both < Eccentric steepening
5.00 D

2 Mean central K readings <53.00 D Corneal thickness>  Myopia, induced astigmatism, or both Absence of scarring
400 micron from 5.00-8.00 D

3 Mean central K readings > 53.00 D Corneal thickness Myopia, induced astigmatism, or both Absence of scarring
300-400 micron from 8.00-10.00 D

4 Mean central K readings >55.00 D  Corneal thickness < Refraction not measurable Central corneal scarring

200 micron
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Keratoconus Severity Score. Instructions for use: (**higher-order first corneal surface wave front root mean
square error). For grades 0-1, all of the parameters in a category must be met. For all grades, the required
features must be met. The worst of the additional features is then assessed, with the “worst” of the features
carrying the greater weight (as long as the required features are met).

Grade Stage Corneal Slit-lamp Axial Pattern Other Features
scarring signs
consistent with consistent
KC with KC
0 Normal topography None None Typical Average corneal power (ACP) <
47.75 D, Higher-order RMS error**
<0.65
1 Atypical Topography  None None Atypical: ACP < 48.00 D Higher-order RMS
error < 1.00
- lrregular
- Asymmetric superior
bowtie
- Asymmetric inferior
bowtie
- Inferior or superior
steepening no more
than 3.00 D steeper
than ACP
2 Suspect Topography ~ None None Isolated area of steepening: Additional features: ACP < 49.00 D
X or Higher-order RMS error > 1.00, <
- Inferior steep pattern 1.50
- Superior steep pattern
- Central steep pattern
3 Mild disease None Possible Consistent with KC Additional features: ACP <52.00 D
or Higher-order RMS error > 1.50, <
3.50
4 Moderate disease Add features: Must have Consistent with KC Additional features: ACP > 52.00 D,
Corneal scarring < 56.00 D or Higher-order RMS
and overall error > 3.50, <5.75
CLEK grade up
t0 3.0
5 Severe disease Add features: Must have Consistent with KC Additional features: ACP >56.00 D
Corneal scarring or Higher-order RMS error > 5.75”
CLEK grade 3.5

or greater overall
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The ABCD grading system; Scarring — clear, no scarring (=), scarring, iris details visible (+), scarring, iris

obscured (++).

ABCD criteria A B C D Scarring
Anterior Radiusof Curvature  Posterior Radius ~ Thinnest Pachymetry  Best Corrected Distance
(ARC) 3.0 mm zone of Curvature Visual Acuity (BDVA)
(PRC) 3.0mm
zone
0 >7.25mm (< 46.5 D) >5.90 mm > 490 >20/20 (=1.0) -
1 >7.05mm (< 48.0 D) >5.70 mm > 450 <20/20 (< 1.0) =+, +t
2 > 6.35 mm (< 53.0) >5.15mm > 400 < 20/40 (< 0.5) =+, ++
3 >6.15 mm (< 55.0 D) >4.95mm > 300 <20/100 (< 0.2) =+, ++
4 <6.15 mm (> 55.0 D) >4.95 <300 < 20/400 (< 0.05) =+, ++
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Table 4
Genetic studies and genes involved in KC.
Gene SNP SNP locus Modality Reference
LOX rs10519694 Intron GWAS Bykhovskaya et al., 2012
s2956540 Intron GWAS Dudakova et al., 2015
HGF rs3735520 Dudakova et al., 2015
WNT10a rs121908120 mis-sense F228l1 GWAS Cuellar-Partida et al., 2015
MPDZ-NF1B s1324183 Lietal.,, 2013
ZNF469 Multiple Exon sequencing of Vincent et al., 2014
ZNF469 Yildiz et al., 2017
Valgaeren et al., 2018
IL1a rs2071376 Intron Kim et al., 2008
COL5A1 1s1536482 Fine-Mapping Lietal., 2013
FOXO1 rs2721051 GWAS Lu etal., 2013
PDGFRA rs2114039 GWAS Mishra et al., 2012
BANP rs9938149 Intergenic Allele specific  Sahebjada et al., 2013
IL1b rs16944 Promoter PCR Kim et al., 2008
rs1143627 Promoter
VSX1 R166W, L159M Heon et al., 2002
MIR184 A (r.57 ¢ > u) mutation in the micro-RNA Abu-Amero et al., 2015
(miRNA) gene MIR184 (OMIM 613146) Valgaeren et al., 2018
Mitochondrial complex | mitochondrial dna sequencing Pathak et al., 2011
genes, (MT-ND1, 2, 3, 4,
4L, 5, and 6), especially
MT-ND5
SOD1 7-base deletion Intron Udar et al., 2006
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