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The tear film covers and protects the ocular surface. It contains various molecules includ-
ing a large variety of proteins. The protein composition of the tear fluid can change with
respect to various local and systemic diseases. Prior to the advent of the proteomic era,
tear protein analysis was limited to a few analytical techniques, the most common of
which was immunoelectrophoresis, an approach dependent on antibody availability.
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Using proteomics, hundreds of tear proteins could potentially be identified and subse-
quently studied. Although detection of low-abundance proteins in the complex tear
proteome remains a challenge, advances in sample fractionation and mass spectrom-
etry have greatly enhanced our ability to detect these proteins. With increasing prote-
omic applications, tears show great potential as biomarkers in the development of

clinical assays for various human diseases.

In this chapter, we discuss the structure and functions of the tear film and methods
for its collection. We also summarize potential tear protein biomarkers identified using
proteomic techniques for both ocular and systemic diseases. Finally, modern proteomic
techniques for tear biomarker research and future challenges are explored.

ABBREVIATIONS

ADDE aqueous tear-deficient dry eye

B2M [2-macroglobulin

CIS clinically isolated syndrome

CSF cerebrospinal fluid

D diopter

1IDGE one-dimensional gel electrophoresis

2DGE two-dimensional gel electrophoresis
2D-DIGE two-dimensional differential gel electrophoresis
DES dry-eye syndrome

DR diabetic retinopathy

DRYlip dry eye with changes of the lipid layer
EGF epidermal growth factor

ELISA enzyme-linked immunosorbent assay

ESI electrospray ionization

HSP27 heat-shock protein 27

ICATSs isotope-coded affinity tags

IEF isoelectric focusing

IFN-vy interferon- 7y

IL interleukins

iTRAQ isobaric tags for relative and absolute quantitation
KC keratoconus

KCS keratoconjunctivitis sicca

LCN-1 lipocalin-1

LC-MS liquid chromatography—mass spectrometry
LMW low molecular weight

MALDI matrix-assisted laser desorption/ionization
MCP monocyte chemoattractant protein

MDE mild dry eye

MGD meibomian gland disease

MMP matrix metalloproteinases

MS mass spectrometry

MSDE moderate to severe dry eye

MXDE mixed groups dry eye

MRM multiple reaction monitoring
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m/z mass peaks

nano-RPLC nano-reverse-phase liquid chromatography
nano-LC-MS/MS nano-LC tandem mass spectrometry
NSSDE non-Sjogren’s syndrome dry eye

OCB oligoclonal band

PAC perennial allergic conjunctivitis

PIP prolactin-inducible protein

PRP proline-rich protein

PSA prostate-specific antigen

PTM posttranslational protein modifications

Q1 first quadrupole

Q2 second quadrupole

Q3 third quadrupole

SAC seasonal allergic conjunctivitis

SCX strong cation exchange fractionation

SELDI surface-enhanced laser desorption/ionization
SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis
sIgA secretory immunoglobulin A

SILAC stable isotope labeling by amino acids in cell culture
SSDE Sjogren’s syndrome dry eye

TAO thyroid-associated orbitopathy

TNF-a tumor necrosis factor-o

TOF time of flight

VEGF vascular endothelial growth factor

1. THE TEAR FILM

The tear film is the outermost thin liquid layer that completely covers

the ocular surface including the cornea and palpebral and bulbar conjuncti-

val surfaces forming a meniscus at the eyelid margins (Fig. 4.1). As the first

barrier between the outer environment and the eye, the major function of

the tear film is to protect and maintain the health of the ocular surface. In

addition, a healthy tear film will also improve the optical quality of the

eye. Its major functions include the following:

1. Moistening the ocular surface by adhering to the palpebral and bulbar

conjunctiva and lubricating and reducing the friction between the eye-

lids and the eye surface during blinking [1].

2. Providing oxygen and electrolytes to the cornea. As an avascular surface,

the primary source of oxygen for the cornea comes from the atmosphere

[2]. In the open eye, oxygen diffuses into the cornea through tears from

the atmosphere and from the palpebral conjunctival blood vessels in the
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Meibomian gland Conjunctival sac

Meniscus

Lens

Bulbar conjunctiva

Palpebral conjunctiva

Figure 4.1 The tear film covers the entire ocular surface including the cornea, conjunc-

tiva,

and inner eyelids. (For color version of this figure, the reader is referred to the online

version of this chapter.)

closed eye [2,3]. Measurements of tear oxygen tension have been utilized
in contact lens studies to evaluate the oxygen consumption of corneas of
contact lens wearers [4,5] and to assess the oxygen permeability of var-
ious contact lenses [6]. In addition to oxygen, electrolytes essential for
corneal metabolism, including potassium, calcium, magnesium, and
sodium chloride, are mainly transferred to the corneal epithelium from
tears [7]. However, it is not considered as a major nutrition route for the
cornea; the major nutrient required for the cornea is in fact glucose,
which comes from the aqueous humor and the limbal vessels [2].
Improving the refractive power of the eye. The tear film itself has a
refractive index of around 1.336, which equals to a surface power of
43.08 diopters (D) [8]. By filling the minor areas of surface unevenness
in the corneal epithelium, the tear film provides a smooth optical surface
on the cornea. Analysis of various models of the tear and cornea refrac-
tive power shows that the air—tear—epithelium surface contributed most
to the paraxial power [9]. The irregular tear surface created by tear film
breakup causes a reduction in the retinal image quality [10] and may be
the cause of blurred vision associated with dry-eye syndrome (DES),
which can be improved by administration of artificial tears [11].
Protecting the eye from a potentially damaging environment, debris, and
bacteria. Noxious environments including both chemical and mechan-
ical stimuli dramatically increase tear secretion [12], as unwanted
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materials and bubbles of air and gases can be physically flushed from the
ocular surface to the tear ducts. In addition, tears contain antibacterial
constituents such as lysozyme to protect eyes from bacterial infec-
tion [13]. On eye closure, when lid movement stops and the mechanical
removal of foreign materials is unavailable, the tear film protects the eye
by providing access for leukocytes [14] and increasing the concentration
of secretory IgA (sIgA) and complement molecules near the ocular sur-
face [15,16].

2. SECRETION AND STRUCTURE OF TEAR FILM

The secretory units of the tear film comprise the lacrimal gland, the
accessory lacrimal glands, meibomian glands, sebaceous glands of Zeis and
Moll, and corneal and conjunctival cells, including the mucin-secreting
goblet cells of the conjunctiva (Fig. 4.2) [17]. The various units secrete dif-
ferent components into the tear film resulting in its multilayered structure.

Lacrimal gland
(orbital and palpebral)

Accessory
lacrimal gland (of
Krause)

Eyelid - Bulbar conjunctiva
Goblet cells
Accessory
lacrimal glands — |
(of Wolfring)

Meibomian gland —f

Cornea
Sebaceous glands of
eye lashes (of Zeis)

Aprocine glands of
eyelids (of Moll)

\

Opening of

Meibomian gland
Figure 4.2 Cross-sectional view of the eyelid showing the location of each tear secre-
tion unit including the lacrimal gland, accessory lacrimal glands (Krause and Wolfring),
meibomian glands, sebaceous glands of Zeis and Moll, cornea and conjunctiva, and
goblet cells within the conjunctiva.
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However, studies on the exact structure of the tear film have not yet pro-
vided a single conclusive representation. The classical model is that the tear
film can be divided into three layers: a superficial lipid layer, an intermediate
aqueous layer consisting primarily of proteins and metabolites, and a
mucous/glycocalyx layer contacting the surface epithelial cells [1]
(Fig. 4.3). Other researchers however suggest that it cannot simply be
divided into three distinct layers based on the molecular components,
suggesting instead a bilayer model where the mucins continue into the aque-
ous phase, decreasing in concentration closer to the lipid layer [18], with the
tear film composed of two layers: an outer lipid layer and an inner aqueous
layer mixed with mucins [19]. Fluorescent quantum dots modified to be
either hydrophilic or lipophilic have recently been used to assess tear film
dynamics [20]. The dispersion patterns of hydrophilic and lipophilic quan-
tum dots on the eye surface and eyelid margin were found to be distinct from
each other, suggesting and supporting the hypothesis of distinct lipid, aque-
ous, and mucin layers in the tear film. In this chapter, we discuss the tear film
as being composed of three distinct layers. The total tear film thickness was
initially estimated to be between 7 and 9 pm, with a 0.05 pm mucous layer,
7 pm aqueous layer, and 0.1 pm lipid layer [1,21,22]. Current estimates of
tear film thickness range between 3 and 11 pm [23]. Danjo ef al. reported a
thickness of 11 pm using interferometry as a noninvasive measurement [24],

Air

Lipid layer {

Aqueous layer

Mucous layer {
Epithelium ;

Microvilli
Figure 4.3 Classical model of tear film structure including an outer lipid layer, interme-
diate aqueous layer, and inner mucous layer. (For color version of this figure, the reader
is referred to the online version of this chapter.)
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and using wavelength-dependent interferometry measurements, King-
Smith et al. have indicated a total thickness of 3 pm [25].

2.1. The lipid layer

The superficial lipid layer protects the underlying aqueous tear layer from
evaporation and is important for maintaining the integrity and stability of
the tear film. Its contents mainly come from the meibomian glands in the
eyelids. Hundreds of individual lipid species have been found in the secreted
meibomian gland fluid (also called meibum), but its contents remain to be
fully characterized [26]. The major lipids in meibum are complex nonpolar
lipids including wax esters, which account for 40% of the total meibum [27],
cholesteryl esters, and triacylglycerols [28,29]. Other components include
diesters [29]; (O-acyl)-w-hydroxy fatty acids [29]; different types of simple
lipids such as free cholesterol [28], free sterols [29], and free fatty acids
[29,30]; fatty acid amides (such as oleamide) [30]; and polar lipids such as
phospholipids [31]. The lipids in the meibomian glands are produced by
the meibocytes and secreted to the meibomian gland duct by holocrine
secretion and released to the ocular surface by blinking [17]. As meibum
is directly secreted from the eyelids, it is also mixed with a small quantity
of lipids from the sebaceous glands of Zeis and Moll [32], and together, these
lipids form the tear lipid layer. While the composition of the tear film lipids is
mostly identical to that of meibum, the presence of relatively high concen-
trations of phospholipids in the tear film but not in meibum [27,33] may be
partly due to lipids from these sebaceous glands.

2.2. The aqueous layer

The aqueous layer is composed of protein, electrolytes, and water. The
majority of the contents of this layer come from the lacrimal gland secretion,
which makes up 95% of total tear volume [34]. The lacrimal gland is a multi-
lobular tissue, which consists of orbital and palpebral lobes. It is made up of
three major cell types: acinar, ductal, and myoepithelial cells. The acinar cells
comprise up to 80% of the cell population and are responsible for synthesis,
storage, and secretion of proteins; the ductal cells secrete water and electro-
lytes and the myoepithelial cells are thought to help deliver the secreted fluid
out of the cells and to the ocular surface [35]. Other cell types in the lacrimal
gland include plasma cells, lymphocytes, B and T cells, macrophages, and
mast cells. The plasma cells are largely IgA-positive and are responsible
for the presence of the sIgA in tears [17]. A small amount of protein, water,
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and electrolytes in the aqueous layer also comes from the accessory lacrimal
gland, corneal and conjunctival epithelial cells, and conjunctival blood
vessels [17].

The major tear proteins can be grouped into two categories: (1) tear
proteins produced by the lacrimal gland including lysozyme, lactoferrin, epi-
dermal growth factor (EGF), lipocalin, and IgA and (2) a small proportion of
serum proteins, which include serum albumin, transferrin, IgG, IgM, and
complement, that leak from the conjunctival vessels into the tears [16,36].
Around 70-85% of the total protein in tears is made up of lysozyme, lipocalin,
and lactoferrin [37]. The electrolytes present in the tear film include
sodium, potassium, magnesium, calcium, chloride, bicarbonate, and phos-
phate ions [38]. The composition of electrolytes is different from plasma
and is critical for tear osmolality and maintaining epithelial integrity [17].

2.3. The mucous layer

The mucous layer contains mucins that are secreted by both the goblet cells
of conjunctiva and stratified squamous epithelial cells of the cornea and con-
junctiva [39]. Mucins are hydrophilic O-linked glycoproteins and a total of
20 human mucin genes have been cloned [40]. There are two main types of
mucins: membrane-associated mucins that are often shed from the epithelial
surface and mucins that are secreted by goblet cells or other secretory cells. In
tears, MUC1, MUC2, MUC4, MUC5AC, and MUC16 have been
detected [39], of which MUC1, MUC4, and MUC16 are membrane-
associated mucins from the stratified epithelial cells [41] and MUC2 and
MUCSAC are secreted mucins from conjunctival goblet cells [42].

Electron microscopy examination of the tear film mucous layer showed
that it directly contacts the glycocalyx layer of the conjunctival microvilli
and corneal microplicae [43]. The mucous layer is hydrophilic; therefore,
it does not adhere to but “floats” on top of the ocular surface due to the pres-
ence of the aqueous tear film layer [44]. Its hydrophilic nature and relatively
free association with the glycocalyx allows it to move freely during the blink
and can function to hydrate, lubricate, and protect the ocular surface by trap-
ping and removing unwanted objects such as debris [44].

3. TYPES OF TEARS AND COLLECTION METHODS

Although the main components of the tear film are consistent, the
actual protein proportion can be affected by the collection methods (via
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capillary tube or absorbent material) [37] and by the nature of the different
types of tears such as reflex, open eye, or closed eye (i.e., tears collected
immediately following sleep) [15,45].

The two most common methods of tear film sample collection in research
are via use of capillary tubes or absorbent materials. The capillary tube
method is often favored because the resulting sample has less contaminants
from surrounding tissues [37], and the study from our Western blot analysis
of tears collected by the capillary tube method showed no GAPDH,
B-tubulin, or pan actin, which are the typical intracellular proteins [46].
The collection of tears can be performed by placing a blunt capillary tube
at the corner of eye, within the tear lake, for around 5 min. However, tear
volume collected by a capillary tube was lower when compared to collection
with absorbent materials, and loss of proteins may occur for capillary tube
collection due to incomplete extraction [47]. The use of absorbent materials
such as filter papers (e.g., Schirmer strip) or cellulose sponges is a more
invasive technique and the tear fluid sample consequentially contains a higher
proportion of serum and cellular proteins [37,48]. Furthermore, subsequent
treatments such as precipitation can affect the protein content of tears [49].

Reflex tears are produced upon stimulation of the lacrimal reflex by irri-
tant substances or foreign particles. Emotional tears are produced as a result
of various emotions such as sadness. Basal tears are those that bathe the eye
during waking. Closed-eye tears refer to those tears that bathe the eye during
sleep. The protein components of these different tear types are known to be
different, for example, the levels of sIgA decrease in concentrations from
closed-eye, to basal, to reflex tears [45,50-52]. Other tear proteins such as
lactoferrin, lipocalin-1, and lysozyme do not appreciably change their con-
centrations in closed-eye, basal, and reflex tears [50,53]. These findings lead
to the classification of different proteins in the tear fluid into constitutive
(i.e., those that have a constant level of production and so their concentra-
tions decrease during increases in tear fluid production; sIgA), regulated (i.e.,
those that have changes in production during changes in amount of tears;
lysozyme, lactoferrin, and lipocalin-1), or serum-derived (which also
decrease during increases in tear fluid production; albumin) [52]. Emotional
tears may differ from reflex tears by containing chemosignals (pheromones)
that affect behavior [54], having a slightly higher total protein concentration
of 6 mg/mL compared to 4 mg/mL [55], and having higher levels of sero-
tonin [56]. These data suggest that a standard tear sample collection method
is needed for future studies to allow comparison of results between different
research groups, or at least the use of an internal standard, such as the



160 Jingjing You et al.

concentration of sIgA, could be taken into account for use of reflex or basal
tears. Although just recently described, the flush tear technique represents an
alternative approach for tear collection. Flush tears are collected by firstly
adding 60 pL ofsaline into the inferior palpebral fold of the eyelid; the eyelid
is then closed and the eye rotated twice, and then the tears are collected by a
standard capillary procedure [57]. The advantage of this technique is that it
increases the volume of tears collected and was reported to show a similar 1D
gel protein pattern to basal tears [57]. As expected, the total tear protein con-
tent was significantly less compared to basal tears [57]. This method has been
used to identify possible changes in tear proteins associated with extended
contact lens wear; however, only a few of the significantly changed protein
spots were identified, most likely due to the low total tear protein con-
tents [58]. Failure to identify protein spots, especially low-abundance pro-
teins, related to low total protein is a potential limitation for biomarker
research using current proteomic approaches.

Other factors may also change the tear film proteome. These include the
use of contact lenses [59,60], inflaimmation during contact lens wear [61],
corneal pathologies such as keratoconus (KC) [62,63], allergy [64,65], and
dry eye (which will be explored in detail in the succeeding text).

4. TEARS AS A POTENTIAL SOURCE OF BIOMARKERS

The National Institutes of Health Biomarkers Definitions Working
Group has defined the term biomarker (biological marker) as “a characteristic
thatis objectively measured and evaluated as an indicator of normal biological
processes, pathogenic processes, or pharmacologic responses to a therapeutic
intervention.” [66]. However, it is important to note that a biomarker can
only be defined when further verification and quantitation with a large num-
ber of samples have been examined. Depending on the application, bio-
markers can be defined as (a) diagnostic, often used for early detection of
diseases; (b) predictive, to predict the probability of an effect of a specific agent
(such as therapeutic treatment) on patients; (c) metabolic, to assess the drug
response and toxicity in the human body; and (d) outcome biomarkers, to
predict the response, progress, and recurrence of diseases [67]. Alternatively,
biomarkers can also be grouped according to where they originate/detect:
either as in tissue or human body fluid markers. Compared to tissue bio-
markers, human body fluid biomarkers have the advantages of accessible col-
lection, reduced invasive risk, and a much better tolerance and acceptance as
collection points by patients.



Tear Biomarkers 161

Traditionally, blood and urine have been used widely for biomarker
research for a variety of diseases, while tear biomarker research has been
hampered by the limited volume that can be collected and, as such, was lim-
ited to eye research. With the development of very sensitive proteomic
techniques, such as various MS techniques that require only 1-5 pL of tears,
allowing multiple repeats of tear protein studies and comparison of individ-
ual tear samples rather than using pooled samples, it is time for tears to be
considered as a useful source of biomarkers. In addition, the development
of MS techniques has enabled the detection of more tear proteins. For exam-
ple, the most recent study has detected around 1500 protein species in tears
using offline strong cation exchange fractionation (SCX) followed by nano-
reverse-phase liquid chromatography (nano-RPLC) coupled to Triple TOF
5600 MS [68]. In comparison with the two most commonly studied body
fluids, serum and urine, the tear composition is less complex. Its protein con-
tent is 10 times less than plasma, which is estimated to contain up to 10,000
proteins [69,70], and it contains a higher protein concentration with less
interfering compounds than urine. The basal tear film has around 7 mg/mL
of protein [52], whereas urine only contains around 0.049 mg/mL [71]. In
addition, urine has high levels of interfering compounds such as cells and
debris and a high concentration of electrolytes that need to be removed prior
to proteome analysis and that could result in a loss of proteins and possibly
important disease-related information [72]. Studies of the tear proteome
have found that it can reflect both local eye diseases [73,74] and systemic
diseases such as diabetes [75] and cancer [76,77].

Although the major tear components come from secretory glands such as
the lacrimal gland, alteration of the tear film composition is not only caused
by changes to its secretion units. Molecules can pass into the tears from con-
junctival vessels, providing information on systemic disease processes in
other body sites. As tear production is aftected by androgen levels [78],
the tear film proteome may also change with androgen-dependent diseases
such as prostate cancer. In fact, using tears to diagnose diseases started
decades ago and was not limited to eye diseases. Using “tear” and “diagno-
sis” as two key words in a literature search, the earliest article to recognize
the diagnostic value of tears was in 1951, where Rose Bengal was used to
stain mucin deposits to detect aqueous tear deficiency, a subgroup of the
DES (also called keratoconjunctivitis sicca (KCS)) [79]. The next publication
in 1958 attempted to detect glucose levels in tears to diagnose diabetes [80],
and the results from this pioneering study showed promise for future bio-
marker research, with 85% diabetes patients tested having increased tear
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glucose levels. Nevertheless, the tear results were not as accurate as a blood
test and the Clinistix sticks (Ames Co.) used at that time were found not
always to be wet adequately with tears, leading to variable-collected tear vol-
umes and discomfort for the patients [80].

The major challenge associated with tear fluid analyses prior to the pro-
teomic era (1990s) was the lack of highly sensitive and reliable techniques for
the analysis of the small amounts of tears able to be collected to ensure repro-
ducible and quantifiable results. Although two-dimensional gel electropho-
resis (2DGE) was used to examine the tear protein contents in 1979, the lack
of sensitivity associated with Coomassie Brilliant Blue stain (not as sensitive
as silver staining or fluorescence staining and manual counting of spots)
resulted in only around 60 spots being detected. In addition, the protein
spots were not identified as MS was not yet widely used in tear research
and a protein database was not available. At that time, an independent tech-
nique, immunoelectrophoresis, was used to detect tear proteins including
the major tear proteins albumin, ol-antichymotrypsin, ol-antitrypsin,
Zn-02-glycoprotein, IgA, IgG, lactoferrin, lysozyme, o2-macroglobulin,
transferrin (lactoferrin), and lipocalin-1 (LCN-1; specific tear prealbumin) [81].
As a result, tear-based diagnostic methods at that time focused on observation
of the physiology of tears and the biomarker analysis was limited to abundant
tear proteins detected using immuno-based techniques. For example, the
common methods used to diagnose aqueous tear deficiency included slitlamp
examination of the marginal tear strip, tear film debris, and mucous threads;
Schirmer test for tear film production (length of wetting of a Schirmer strip
foraspecific time); a fluorescein dilution test to estimate tear flow by measuring
the dilution time of a particular fluorescein concentration in tears; R ose Bengal
to stain devitalized cells and mucin precipitation; and tear breakup time to
measure the tear stability [1].

In early studies, among the main proteins identified, lysozyme was found
to decrease in KCS patients and used as a diagnostic test for these patients
[82,83]. Significantly decreased lysozyme was also found in tears of patients
with Herpes simplex virus eye infection [84]; chronic conjunctivitis [85];
nutritional deficiency with epithelial xerosis [85], during the acute phase
of adenoviral conjunctivitis [86]; and in the tears of malnourished chil-
dren [87]. sIgA and amylase were found to be reduced in the tears of mal-
nourished children as well [87]. Increased levels of IgG, IgM, and serum
albumin were detected in vernal and follicular conjunctivitis compared to
normal tears using immunoelectrophoresis [88]. Reduced levels of lacto-
ferrin were observed in contact lens-induced giant papillary conjunctivitis
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compared to control contact lens wearers and normal subjects [89] and in
KCS tears [90] using enzyme-linked immunosorbent assay (ELISA).

With the development of modern proteomics, more tear proteins have
been discovered. Using the current quantitative MS approaches, the tear
protein biomarker research field has expanded as never before. Nevertheless,
it is worth noting that the classical immuno-based techniques such as ELISA
and Western blotting are still useful, particularly for biomarker verification
and quantification.

5. TEAR BIOMARKERS IDENTIFIED USING PROTEOMICS

We have chosen to define proteomic techniques as those that allow
identification (and usually quantification) of many proteins within a single
sample. For example, one-dimensional gel electrophoresis (IDGE) can sep-
arate proteins in a single sample based on molecular weight. In concert with
matrix-assisted laser desorption/ionization—mass spectrometry (MALDI-
MS) or Western blotting, 1DGE proteins can be identified and, at least,
semiquantified. More commonly used approaches include 2DGE with
trypsin digestion followed by MS and multiplex immunobead assays. Tech-
niques such as ELISA, where a single sample is assayed for a single analyte,
are not included in this definition. However, techniques such as ELISA are
often used to confirm quantification by proteomic techniques.

To date, at least 30 potential tear protein biomarkers have been detected
with proteomics (Table 4.1). These include potential diagnostic biomarkers
for various ocular diseases such as allergic conjunctivitis [91], allergy with
corneal lesions [92], blepharitis [93], conjunctivochalasis [94], KC [101],
mycotic keratitis [102], pterygia [103], thyroid-associated orbitopathy
(TAO) [104], and DES. Among them, DES has been most studied with
six different research groups investigating the high prevalence of DES and
its complex pathogenesis (Table 4.1). Proteomics have also been used to
look for predictive biomarkers to determine the long-term effect of topical
antiglaucoma medication [105] and the effects of different types of contact
lenses (soft contact lenses vs. rigid gas-permeable contact lenses) [106] on
ocular surfaces. Additionally, these techniques have been applied to systemic
diseases such as clinically isolated syndrome (CIS) (a first neurological epi-
sode caused by inflammation/demyelination in one or more central nervous
system sites) [107], cancers [76], and diabetes [75]. The following sections
will review tear film biomarker research relating to DES, other ocular dis-
eases, and systemic disease.
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5.1. Dry-eye syndrome

According to the 2007 Dry Eye WorkShop (sponsored by the Tear Film and
Ocular Surface Society), the definition of DES is that “dry eye is a multi-
factorial disease of the tears and ocular surface that results in symptoms of
discomfort, visual disturbance, and tear film instability with potential dam-
age to the ocular surface. It is accompanied by increased osmolarity of the
tear film and inflammation of the ocular surface.” [110]. DES can be classi-
fied into two major groups: the aqueous tear-deficient dry eye (ADDE) asso-
ciated with insufficient lacrimal tear secretion and the evaporative dry eye
with normal lacrimal secretion function but excessive water loss from the
ocular surface [110]. Each group of DES also consists of more than one sub-
type. The ADDE consists of the Sjogren’s syndrome dry eye (SSDE) and the
non-Sjogren’s syndrome dry eye (NSSDE) [110]. SSDE is associated with an
autoimmune process and organs other than lacrimal gland (such as salivary
gland) are also affected, whereas NSSDE has no systemic autoimmune
sequelae [110]. Evaporative dry eye has both intrinsic and extrinsic
forms [110].

DES is usually assessed by clinical observations that can be ambiguous in
mild cases, with invasive diagnostic methods such as tissue biopsies for
SSDE. As a result, biomarkers that can be detected in tears that are specific
for different forms of DES would be particularly useful. Tear protein bio-
marker research for DES has primarily focused on ADDE, most likely
due to the fact that ADDE is strongly associated with the aqueous tear layer,
which contains the majority of proteins. Comparison of a particular type of
ADDE to control groups has been the mainstay of research for DES to date.
Both Srinivasan ef al. [97] and Grus ef al. [98] compared the tear proteomic
profile between NSSDE and control groups and identified sets of differences
(Table 4.1). Srinivasan et al. [97] classified NSSDE patients into mild (MDE),
moderate to severe (MSDE), and mixed groups (MXDE) and found
that lipocalin 1, prolactin-inducible protein (PIP), and lysozyme were
downregulated in the tears of all NSSDE patients compared to controls.
Ezrin, apolipoprotein, Ig gamma-3 chain C region, vitamin D-binding pro-
tein, and peroxiredoxin were upregulated in MSDE group compared to
controls. Furthermore, they also demonstrated that aldehyde dehydrogenase
and haptoglobin were upregulated in the tears of MDE patients and ezrin
was upregulated in the tears of MXDE patients compared to controls [97].
Grus et al. detected significantly decreased levels of nasopharyngeal
carcinoma-associated proline-rich protein (PRP), PRP3, PRP4, and an
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unidentified 3700 Da MS peak, and increased levels of alpha-1-antitrypsin, cal-
granulin A (5100 AS8), and an unidentified 3916 Da MS peak in the tears
of NSSDE patients compared to controls. The different sets of potential bio-
markers identified by the two research groups are most likely due to the sample
size differences (total sample size 24 vs. 159) and the difterent proteomic tech-
niques applied (isobaric tags for relative and absolute quantitation (TRAQ) vs.
surface-enhanced laser desorption/ionization (SELDI)). The details of a variety
of proteomic techniques will be discussed in the following section.

Among the identified potential biomarkers for NSSDE, PR P4 was also
found to be significantly decreased in tears from SSDE patients compared to
controls by 2DGE [99] and in tears of people with contact lens-related dry
eye by several proteomic approaches including sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE), nano-LC tandem mass spec-
trometry (nano-LC-MS/MS), and two-dimensional differential gel
electrophoresis (2D-DIGE) [95]. Other potential biomarkers for NSSDE
have been reported by Tomosugi ef al. [100], in 57 controls and 31 SSDE
patients using SELDI-time-of-flight (TOF)-MS. They found that seven MS
peaks (m/z) (2094, 2743, 14,191, 14,702, 16,429, 17,453, and 17,792 m/z)
were significantly downregulated, while three MS peaks (3483, 4972, and
10,860 m/z) were upregulated in Sjogren’s syndrome tears compared to
controls [100]. However, the identities of these MS peaks have not been
reported. Using iTRAQ, PIP has been suggested as a potential tear bio-
marker for NSSDE by iTRAQ [97], DES (excluding SSDE) by iTRAQ [96]
and contact lens-related DES by nano-LC-MS/MS [95], respectively.
However, it was significantly increased in contact lens-related dry eye but
significantly decreased in both NSSDE and DES (excluding SSDE) studies.
S100 A8 was also reported as a potential biomarker for both DES (excluding
SSDE) [96] and NSSDE [98] studies. These results indicate that different
forms of dry eye may have different tear film proteome biomarkers that
could be useful for diagnosis. It is also important to perform biomarker ver-
ifications using adequate controls to ensure that the potential biomarkers are
used for the pathophysiological condition that they truly represent.

Several studies have also used proteomic techniques to find potential bio-
markers for evaporative dry eye, which is associated with meibomian gland
disease. Tonget al. [111] analyzed differences in the profile of proteins in tears
from people with meibomian gland disease using iTRAQ-based proteo-
mics combined with 2D-nano-LC-electrospray ionization (ESI)-MS/MS.
They found that the levels of ST00A8 and S100A9 were correlated to
meibomian gland disease (MGD) severity. Multiplex immunobead assay
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have been also used in evaporative dry-eye biomarker studies. The concen-
trations of EGF, fractalkine/CX3CL1, interleukins (IL)-1Ra, IP-10/
CXCL10, and vascular endothelial growth factor (VEGF) have been shown
to be significantly increased in tears of patients with evaporative dry eye com-
pared to normal controls [112]. Another study using immunobead assays
found increases in all of the cytokines studied (IL-2, IL-4, IL-5, IL-6,
IL-10, interferon (IFN)-y, tumor necrosis factor-oo (TNF-a), IL-1p,
and IL-8) in tears of dry-eye patients (subgrouping not determined)
[113]. Yet another study, using multiplex immunobead assay, has shown that
people with dry eye (termed dysfunctional tear syndrome in the study) with
MGD (probably similar to evaporative dry-eye patients) had higher concen-
trations of tear IL-6, IL-8, RANTES, and TNF-a than controls [114],
whereas those with dry eye but without MGD (probably similar to ADDE)
had increased tear concentrations of IL-6, IL-8, TNF-o, and MIP1q,
whereas EGF was significantly reduced in tears compared with controls
[114]. Using an alternative antibody-based proteomic technique of antibody
microarrays, Boehm et al. found increases in the concentration of IL-1[,
IL-6, IL-8, TNF-a, IFN-y, LCN-1, cystatin-SN, and alpha-1-antitrypsin
in the tears of people with ADDE (or a mixture of ADDE and evaporative
dry eye) compared to normal subjects or people with only evaporative dry
eye [115].

5.2. Other ocular diseases and conditions

KC is a degenerative disease of the eye affecting the quality of vision. The
disease is characterized by progressive thinning of the cornea giving rise to a
cone-shaped cornea instead of the normal elliptical shape. Several studies
have examined whether the tear film proteome is changed during KC.
The total tear protein level and concentrations of the major tear proteins lac-
toferrin and sIgA have been shown to be significantly reduced in KC com-
pared with those without the disease, whereas the concentrations in tears of
matrix metalloproteinases (MMP) including MMP-1, MMP-3, MMP-7,
and MMP-13 and cytokines including IL-4, IL-5, IL-6, and IL-8 and
TNF-o and TNF-3 were increased in KC tears [62]. Another group, using
multiplex immunobead assays, also found a significant increase in the con-
centration of IL-6 in tears of KC patients, but they reported decreased con-
centrations of [IL-12, TNF-a, IFN-vy, IL-4, IL-13, and CCLS5 in tears of KC
compared to controls [116]. Another group has confirmed the increase in
IL-6 in the tears of people with KC [117,118] and also reported increases



172 Jingjing You et al.

in concentrations of TNF-o0 and MMP-9 [118,119]. 2DGE and LC-MS
analyses of tears have shown a significant decrease in the levels of members
of the cystatin family and an increase in tear LCN-1 of KC patients; levels of
lipophilin C, lipophilin A, and phospholipase A2 were decreased in tears
from KC patients using LC-MS analysis only [101]. Using 2DGE, Lema
et al. [120] found decreased levels of zinc-o2-glycoprotein, lactoferrin,
and immunoglobulin kappa chain in the tears of people with KC (confirmed
by Western blotting), whereas a separate report that used cytokine arrays,
1DGE, and MS showed increased MMP-1, several keratin types, immuno-
globulins alpha and kappa, prolactin, lysozyme, and lipocalin in tears of peo-
ple with KC [63]. Difterences in levels of some of the mediators in tears in
different studies may be due to different assay methods. However, the find-
ing that more severe KC is associated with changes in the total protein, lac-
toferrin, and sIgA concentration in tears [62] may also indicate that changes
could be due to the stage of the disease of the subjects. Furthermore, while
contact lens wear did not appear to affect the levels of total protein, lacto-
ferrin, or sIgA in tears [62], use of rigid gas-permeable lenses by people with
KC has been associated with increased levels of IL-6 and TNF-a in tears
compared to non-lens-wearing people with KC [121].

Proteomic changes to the tear film have also been examined in people
with various ocular allergies including seasonal allergic conjunctivitis
(SAC) and perennial allergic conjunctivitis (PAC). Using 1IDGE followed
by MALDI-MS to identify bands, Li ef al. [91] found increased total protein
and albumin, Ig-y-2, and leukocyte protease inhibitor in tears of patients
with SAC or PAC than in normal controls. The tears of people with vernal
keratoconjunctivitis have increased concentrations of IL-8, IL-4, IL-5, and
IL-10, as well as MMP-1, MMP-2, MMP-3, MMP-9, and MMP-10, and
some tear samples have increased concentrations of basic fibroblast growth
factor, heparin-binding EGF, VEGF, and hepatocyte growth factor/scatter
factor compared to normal controls [122].

5.3. Systemic diseases

The potential use of tear biomarkers is not limited to ocular diseases. Using
2DGE, Herber et al. detected altered 2D tear protein profiles of control and
diabetic patients with significantly more protein spots overall in the diabetic
group than the nondiabetic control group [75]. Kim et al. identified three
proteins (LCN-1, heat-shock protein 27 (HSP27), and B2-macroglobulin
(B2M)), and showed, using 2DGE, that subjects with diabetes mellitus
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without the retinopathy or with nonproliferative diabetic retinopathy (DR)
had a progressive reduction in the concentration of these proteins in tears
compared to healthy controls [109]. On the other hand, using iTRAQ,
Csbsz et al. identified significantly increased levels of LCN-1, lac-
totransferrin, lacritin, lysozyme C, lipophilin A, and immunoglobulin
lambda chain in the tear of patients with DR compared to normal controls
[123]. These results showed that tears can provide potential biomarkers
for DR progression. However, the fact that LCN-1 was reported to be
decreased with diabetes progression in one study but increased in another
study suggests further verification of results is needed. It is worth noting
that Kim ef al. confirmed their results with Western blotting [109],
whereas Csbsz ef al. did not [123]. Using a cytokine immunobead assay,
Liu ef al. [124] found that the tears of people with DR or diabetes without
retinopathy had increased interferon-induced protein-10 and monocyte
chemoattractant protein (MCP)-1 compared to tears from control non-
diabetes subjects. The concentration of IL-1Ra was increased in tears of
diabetics without retinopathy compared to normal controls. The type 1
T-helper/type 2 T-helper ratios of cytokines IFN-y/IL-5 and IL-2/IL-5
ratios were significantly increased in tears of diabetics with retinopathy com-
pared to normal controls, whereas the antiangiogenic/angiogenic cytokine
ratios for IFNY/MCP-1 and IL-4/MCP-1 in the tears of diabetes with
or without retinopathy were significantly decreased compared to normal
controls (p<0.05) [124].

The study of tear film protein biomarkers in cancer diagnosis or progno-
sis is in its infancy. Both prostate and breast cancers have high incidence and
are two of the leading causes of cancer-specific death in men and women,
respectively [125]. Earlier detection and classification of these two cancers
alone would provide an opportunity for population screening and perhaps
lead to decreased morbidity and mortality rates.

Currently, most published reports related to cancer and tear biomarkers
are from breast and prostate cancer research. Using 2DGE techniques, we
have found that lacryglobin (mammaglobin B, a low-molecular-weight pro-
tein) could be detected in tears from breast cancer patients with bone metas-
tasis or prostate cancer patients, but not in healthy controls, suggesting that
lacryglobin in human tears may be a potential marker for breast cancer and
prostate cancer [76]. Lacryglobin shares 52% identity and 68% similarity
with the breast cancer biomarker mammaglobin A [76,126]. Additionally,
its gene (mammaglobin B gene) was reported to be a potential marker for
metastasis of breast cancer cells to lymph nodes [127]. Furthermore, we also
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demonstrated that a number of differences could be detected using peptide
mass fingerprinting between the tears of healthy dogs and dogs with cancer
from 2DGE [128]. Difterences were found in levels of actin and albumin
and in an unidentified protein, which may be analogous to human
lacryglobulin [128].

Other research groups have also reported potential tear biomarkers for
breast cancer. Using SELDI-TOF-MS technique, Lebrecht ef al. found a
breast cancer diagnostic biomarker from an identified panel consisting of
20 m/z in tears, which allowed breast cancer patients to be differentiated
from healthy women with a successful detection rate of 71% [108].
Recently, Bohm et al. found that more than 20 tear proteins changed
between primary invasive breast carcinoma and age-matched healthy con-
trols using MALDI-TOF/TOF and pooled tears (25 primary invasive breast
carcinoma patients’ tears were pooled vs. pooled age-matched healthy con-
trols from 25 subjects) [77]. Among these, six proteins (cystatin-SA,
5-AMP-activated protein kinase subunit gamma-3, triosephosphate isomer-
ase, microtubule-associated tumor suppressor 1, transferrin receptor protein
1, and putative lipocalin 1-like protein 1) showed >4 times higher abun-
dance in breast cancer patients than controls, and three proteins (DNA
damage-binding protein 1, protein S100-A9, and GTP-binding protein
Di-Ras2) showed >4 times lower levels in breast cancer [77]. These obser-
vations indicate that the identified protein profiles have a potential for breast
cancer biomarkers. These results need to be further verified in independent
groups of breast cancer patients.

The tear protein lacryglobin is homologous to lipophilin C, which itself
is involved in androgen regulation and so there is the possibility that
lacryglobin levels could reflect changes to the prostate gland. Indeed, lac-
ryglobin has been found in the tears of prostate cancer patients [76]. It will
be interesting to investigate how lacryglobin is involved in the regulation of
prostate cancer progression in the future study.

Calais ef al. used isoelectric focusing (IEF) to confirm the diagnostic
marker for CIS, oligoclonal bands (OCBs), was also presented in tears
and had high concordances between the OCB in cerebrospinal fluid
(CSF) [107]. This finding suggested that tears could replace CSF, which
is harder to collect as a diagnostic tool for CIS.

All data collectively suggest that it is useful to develop tear film analysis to
provide a simple noninvasive test for the diagnosis and/or monitoring of
breast cancer and prostate cancer, as well as other diseases such as diabetes
and neuronal disease.
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6. PROTEOMICS FOR TEAR BIOMARKER DETECTION

Although proteomics can be divided into gel-based and gel-free
approaches, combinations of these techniques have been very successful.
The most commonly used gel-based techniques are 2DGE and its derivatives
used to separate and visualize thousands of proteins in polyacrylamide gel
matrices. This technique can be used to detect proteins altered in abundance
in disease states. Proteins of interest are subsequently identified using MS.

MS is a gel-free technique widely used for both protein and peptide
identification and detection/quantitation. This technique provides molecu-
lar information that cannot be derived from gel-based techniques, that is,
proteins of extreme molecular mass and/or pI [129]. The three major com-
ponents of MS include ionization, mass analysis, and detection [130]. lon-
ization techniques include ESI [131], MALDI [132], and SELDI [133], of
which EST and MALDI are the two most commonly used. The major appli-
cation of SELDI, a modification of MALDI, is biomarker identification
[134]. The four most common mass analyzers are TOF, quadrupole,
quadrupole/ion trap, and Fourier transform ion cyclotron resonance
[130]. Because of their complimentary nature, gel-based and gel-free tech-
niques are commonly combined in biomarker research.

6.1. 2DGE analysis of tear samples

Gel-based approaches have been widely used in assessment of the tear film
proteome. While it is not the most efficient way to detect or identify all pro-
teins in tears, 2DGE is widely employed to examine changes in abundance
and/or modifications to tear proteins in various sample groups. Molloy ef al.
[126] sampled human reflex tears and detected all the major tear proteins
using 2D GE including the identification of a new tear protein, lacryglobin.
Lacryglobin displays strong homology with mammaglobin B, a potential
marker of breast cancer metastasis to lymph nodes [127]. A later study found
that this protein could be a potential tear biomarker for both prostate and
breast cancer [76]. The tear proteome has also been analyzed using 2DGE
to detect differences between diabetic patients and healthy controls [75]
and between blepharitis patients and healthy controls [93]. Herber ef al.
found the 2D protein profiles had significantly more proteins in diabetic sub-
jects [75]. Koo et al. successtully identified nine proteins (serum albumin,
al-antitrypsin, lacritin, lysozyme, Ig-kappa chain V III, PIP, cystatin-SA



176 Jingjing You et al.

II1, pyruvate kinase, and an unnamed protein) using 2D GE that were down-
regulated in blepharitis (inflammation of the eye lids) [93].

2DGE has also been used to study the posttranslational modifications
(PTM) of tear proteins. The two most common types of PTMs are phos-
phorylation and glycosylation [135]. Phosphorylation often results in
changes in enzymatic activity and protein signaling processes, while glyco-
sylation can change cell—cell recognition/signaling and regulatory functions
[135]. Changes in presence and abundance of PTMs are closely associated
with various diseases, including cancer [136]. Therefore, protein PTMs
are relevant for biomarker detection, and understanding the level of PTMs
will allow better understanding of protein function and their role in diseases.
The phospho- and glycoprotein profiles of basal normal tears have been
studied using Pro-Q Diamond stain for phosphoproteins and Emerald stain
for glycoproteins [137,138]. These methods can be used to compare PTMs
of tear proteins from control and disease patients, such as the analysis of gly-
coproteins in diabetic and healthy control tear samples, where there are
more glycoproteins present in tears of diabetic patients than healthy controls
[139]. Analysis of these modifications could therefore lead to possible iden-
tification of PTM biomarkers for cancers.

To obtain reliable and reproducible results by 2DGE techniques, one
usually requires relatively large amounts of tear samples (>5 pL) and the pro-
teins that are best separated and detected are generally those greater than
12 kDa and with pI 3-7. MS-based techniques now provide an alternative
approach to tear protein analysis as they can be used for more than just pro-
tein identification. Zhou ef al. used iTRAQ to identify ten potential tear
protein biomarkers for DES: a-enolase, o-1-acid glycoproteinl, S100A8
(calgranulin A), S100A9 (calgranulin B), S100 A4, S100 A11 (calgizzarin),
PIP, LCN-1, lactoferrin, and lysozyme [96]. In particular, a-enolase and
S100 A4 were successfully verified by ELISA [96]. This technique is prom-
1sing for future tear proteomic studies.

6.2. Two-dimensional differential gel electrophoresis

2D-DIGE is based on classical 2DGE and was developed to overcome one of
the major limitations of 2DGE, that is, large experimental variation. Ideally,
2DGE i1s used to separate all proteins in a sample; however, proteins at either
end of the size and pI scales, as well as those that are difficult to solubilize
such as membrane proteins, are underrepresented and therefore not repro-
ducibly detected. Additionally, experimental variation is large as each sample
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is processed, fractionated, and detected separately. Consequently, triplicates
of each sample are essential to generate reliable results from 2DGE, limiting
the ability to analyze low-volume samples and increasing the time and labor
required [140].

2D-DIGE involves labeling samples with different CyDyes (Cy2, Cy3,
and Cy5) that excite and emit at difterent wavelengths, allowing two sepa-
rate samples and an internal control to be separated and detected together on
one gel. The key is that the internal control is included in all sample sets to be
analyzed together in an experiment, allowing normalization of all samples
and therefore eliminating between-gel variations. The internal control is
a combination of all samples that will be analyzed in the one experiment
and is labeled with Cy2. Samples for analysis are labeled with Cy3 or
Cy5 and on each gel the same amount of protein from two different samples
and the internal control are separated to allow reliable protein detection and
analysis of changes in relative abundance. 2D-DIGE is significantly more
economical and labor-effective than 2DGE, particularly when analyzing
large sample size, as triplicates are required for 2DGE for each sample but
not for 2D-DIGE [141].

In tear biomarker studies, 2D-DIGE has been used to search for potential
biomarkers for contact lens-related dry eye [95] and to examine the tear pro-
teome for changes after contact lens wear [58]. The reproducibility of the
DIGE technique using tear samples has also been examined showing only
2% variation if tears were collected at midday and 3% when collected upon
awakening [58]. This technique is promising for future proteome analysis of
a large set of tear samples.

6.3. SELDI-TOF-MS analysis of tears

The SELDI-TOF-MS ProteinChip Array has also been introduced for bio-
marker research and has been used for tear studies. This technology utilizes
affinity surfaces to retain adherent proteins based on their physical or chem-
ical characteristics, which is then followed by direct analysis using TOF-MS
[133]. This simplifies the prefractionation and enrichment steps required for
analyzing low-abundance proteins from a mixture and has been used widely
for identifying biomarkers in various cancers including breast cancer [142],
renal cancer [143], ovarian cancer [144], and prostate cancer [145] as well as
other diseases such as infectious diseases [146], Parkinsonian disorders [147],
and arthritis [148]. Analysis of tears from pterygium patients pre- and
postocular surface surgery successfully detected and verified three human
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a-defensins (HNP-1, HNP-2, and HNP-3) that were upregulated after sur-
gery, suggesting that these proteins could be involved in wound healing
[149]. Due to the small amount of tears required for SELDI-TOF-MS, other
tear studies have applied this technology [92,98,150]. The tear proteomic
patterns from dry eye and healthy subjects were screened using SELDI-
TOE-MS with three difterent chips [98]. Seven peaks showed significant
differences between the two groups. Using these peak panels, the specificity
and sensitivity were 90%. Five biomarkers for DES were identified from
peaks including PIP3, C-terminal fragment of PIP4, C-terminal fragment
of nasopharyngeal carcinoma-associated PRP4, C-terminal fragment of
o-1-antitrypsin, and calgranulin A [98]. Among them, calgranulin A has also
been reported as a potential biomarker for DES [96]. Increased human
a-defensin was detected by SELDI in tears from allergic patients with cor-
neal lesions and confirmed by ELISA [92]. In addition to ocular diseases,
SELDI has also been used for finding tear film biomarkers for systemic dis-
eases such as cancer. A biomarker panel in the tear film was also successfully
generated by SELDI to allow discrimination of breast cancer patients from
healthy women [108].

The main advantages of SELDI are its high throughput and ability to
detect low-molecular-weight (LMW) as well as truncated, modified, or
fragmented proteins and peptides [151]. In comparison with 2DGE,
SELDI-TOF-MS is more sensitive requiring small sample volume, that is,
2 pL [149], and can detect small peptides (~500 Da) [98]. The SELDI tech-
nique can serve many purposes such as development of protein profiles in
various pathological states.

SELDI-TOF-MS is important in biomarker research due to its repro-
ducibility. Pattern-based diagnosis has been described as a “black box”
approach with samples entering at one end and data coming out at the other
end, with everything in between hidden in the “box.” Therefore, it is
important to have a consistent response from the instrument for both peak
mass and intensity [152]. However, a major limitation of the instrumenta-
tion is its low resolution, which can cause peak overlap causing problems in
accurate detection of peak intensity and protein identification [153]. Fur-
thermore, it has been recognized that difterent laboratories will have diffi-
culty in achieving concordant data sets because of the evidence of
experimental variation from both sample processing and difterent instru-
ments used [152].

‘While the usefulness of SELDI in the clinical setting is at present limited,
its ability to detect LMW proteins/peptides using small amounts of sample
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and high sensitivity means that it can be used as a starting point for peptide
and LMW biomarker discovery, particularly in human body fluids with lim-
ited volume such as tears.

6.4. Quantitative MS

Label-based and label-free are two MS-based quantitative methods. Several
commonly used reagents for label-based quantitation via MS include
isotope-coded affinity tags (ICATSs) [154], stable isotope labeling by amino
acids in cell culture (SILAC) [155], and tandem mass tag or iTRAQ [156].
LC-MS/MS, a key MS technique, has also been assessed for its ability to
quantitate protein. This approach has shown high inter-run reproducibility
when fractionated/simplified samples are used [157]. RPLC is the standard
prefractionation technique used for LC-MS/MS. By introducing a strong
cation exchange column prior to RPLC, peptide mixtures were further
reduced with increased detection of low-abundance proteins [158]. How-
ever, such multidimensional protein identification technology (often
referred to as MudPIT) has not yet shown superior performance in identi-
fying tear proteins compared to 1D gel coupled with MS [37]. Alternatively,
multiple reaction monitoring (MRM) is considered a promising label-free
quantitative technique with high reproducibility [159]. Among these tech-
niques, both iTRAQ and MRM have been used in published tear film
research and therefore are discussed in the succeeding text (Table 4.1).

6.4.1 Isobaric tags for relative and absolute quantitation
This unique approach involves the labeling of up to eight independent sam-
ples that give rise to eight unique reporter ions (m/z=113-121) following
fragmentation in a collision cell [160]. The reporter ions are subsequently
used to provide relative quantification of the different samples in a single
experiment. In addition, the MS/MS fragmentation also produces strong
signature y- and b-ions for each peptide detected, confirming the protein
identification [161].

iITRAQ has been applied to the analysis of a wide range of samples
including human serum [162], plasma [163], urine [164], saliva [165], cere-
brospinal fluid [166], disease tissues [167], human retina and vitreous [168],
and cell lines [169]. In terms of cancer biomarker studies, iTRAQ method-
ology has been employed to analyze breast cancer-derived cells [170], endo-
metrial cancer tissues [167], and saliva from breast cancer patients [165] and
serum in prostate cancer patients [171] for cancer diagnosis and prognosis.
Wu et al. compared 2D-DIGE, cleavable ICAT, and iTR AQ and found that
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iTRAQ is the most sensitive proteomic quantitation method among the
three techniques evaluated based on number of detected peptides [172].
Ten potential tear biomarkers for DES were identified using iTRAQ with
two successfully verified [96]. This technique remains a promising resource
for future tear proteomic studies.

6.4.2 Multiple reaction monitoring
MRM is a highly specific and sensitive label-free technique for quantifying
targeted protein/peptides. It refers to a tandem MS (MS/MS) scan mode
that is coupled with triple quadrupole or hybrid quad/trap MS instrumen-
tation; both types of instrumentation work very similarly in terms of their
ion cycling and singular release of a m/z at any one time point over the entire
m/z range and therefore are able to select predefined ions for analysis.
Before starting MR M, it is critical to design transitions for the target protein
and this involves selecting peptides (also called precursor ions) and their
corresponding product ions based on criteria as described (Table 4.2).
Usually two to four transitions are selected for a target peptide and multiple
peptides per protein [159]. Based on the predesigned transition lists, the first
quadrupole (Q1) of the MS will be able to select and transmit the precursor
1ons to the second quadrupole (Q2) for further fragmentation. The resultant
product ions will be transmitted to the third quadrupole (Q3), which detects
only product ions with selected predefined m/z [173]. Because of the two
selection steps, the specificity of MRM is ensured. At least three product
ions become a unique signature in combination with the precursor ion
for MRM analysis to be successful and this can then specifically target a pep-
tide/protein for both relative and absolute quantitation purposes [174].
Traditionally, MRM is used in metabolomic and drug studies that can
detect and quantify target molecules in mixtures including pesticides in crop
extracts [175], drug analysis [176], hormones [177], and proteins in human
body fluids such as blood [178]. Addition of an internal control, such as a
stable isotope-labeled internal standard, allows MR M to be used for absolute
quantitation, that is, detection at the peptide level [176]. This method uses
a series of isotopically labeled light and heavy synthetic peptide standards
to generate a standard curve. Based on this curve, MRM can be used to
determine the concentration of target peptides in a wide dynamic range
of 10°~10* [178,179]. Unlike previously mentioned proteomic methods,
which are commonly used in the discovery phase of biomarkers, the ability
to specifically quantify target peptides allows MRM to be a valuable tool for
biomarker validation.
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Table 4.2 Summary of the general selection criteria for MRM transitions

Detection

Transitions  Criteria quadrupole References
Peptide/ (a) Unique for the target protein Q1 [159]
precursor  (b) Should not have any PTMs either
ions biologically or chemically induced

(¢) Should not have missed cleavage sites

(d) Should be the predominant peptides

detected by MS

(e) Peptide m/z within 600-2000

Product (a) Singly charged y ions are preferable as Q3 [159]

ions they are the predominant ions gener-
ated from fragmentation
(b) Avoid product ions that have similar
m/z to precursor ions; higher m/z than
precursor ions are preferable
(c) Should be the predominant
product ions

Compared to the widely used technology of immunoassay based on
antigen—antibody interaction, the MRM technique has two advantages. It
does not require the use of antibody, thereby eliminating the time required
for antibody development. It is capable of simultaneously quantifying up
to 40 peptides. Kuzyk et al. developed a protocol to successfully detect
45 plasma proteins using the MR M technique [180]. This approach showed
high accuracy in protein quantification, that is, 23 proteins were within the
previously reported concentration range and 16 within a twofold range.

An additional application of MR M is to analyze the site of PTM of pro-
teins. Unwin et al. have developed MR M-initiated detection and sequenc-
ing and used it to successfully identify a novel serine phosphorylation site on
both cyclin-B and HSP60 isolated from Schizosaccharomyces pombe [181].
This approach was also used to analyze the acetylation of proteins and suc-
cessfully identified acetylated peptides from bovine serum albumin and a
naturally modified protein cytokeratin 8 from a cell lysate [182]. Moreover,
Mayya ef al. have demonstrated that MRM was able to absolutely quantify
four different forms (three phosphorylated forms and one non-
phosphorylated form) of cyclin-dependent kinases 1 and 2, which were
highly consistent with their immunoblotting results [183]. The ability to
quantify glycosylated proteins was also shown by Hiilsmeier ef al. [184],
where MRM was used to quantify the status of N-glycosylation sites in
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serum transferrin and atl-antitrypsins from healthy and congenital disorders
of glycosylation-related subjects. The MRM results showed a reduction of
N-glycosylation occupancy in diseased samples [184].

In tear studies, MRM has been successfully used to absolutely quantify
amphotericin B [185] and natamycin [186] treatments for fungal keratitis,
in rabbit tears, as well as besifloxacin (an antibacterial agent for ophthalmic
infections) in human tears [187]. These studies suggest that MR M ofters a
fast alternative analytic option for ocular pharmacokinetic studies. Our
group has used MRM to confirm the identification of dermcidin, a previ-
ously unconfirmed protein in tears [138], and relatively quantity a peptide of
lactoferrin in tears, which could become a potential biomarker for prostate
cancer (unpublished data).

Although MRM has many advantages, there are also several points of
concern. First, different quantitation results from selected peptides from
the same target proteins have been reported [180,188,189]. This inconsistent
performance of peptides could be due to many reasons including incomplete
trypsin digestion of parental ions [180], different ionization of individual
peptides caused by instrument/interfering molecules (usually when the tar-
get peptides are in low abundance in a mixture with presence of other
high-abundance molecules) [190], and modifications of the peptide either
naturally or artfactually [190]. Previously mentioned selection criteria for
MRM transitions could help avoid this problem. Secondly, as mentioned,
interfering substances in the mixture could affect the accuracy of MRM
quantitation; therefore, appropriate fraction preparation is preferable for
analyzing mixtures containing high-abundance proteins such as plasma or
serum [190]. Compared to ELISA, which can detect proteins in plasma at
ng/mL in a robust manner, a multicenter study of the reproducibility of
MRM only confirmed its accuracy and reproducibility at pg/mL level in
plasma. Although Fortin ef al. have successtully quantified prostate-specific
antigen (PSA) in serum, the samples used in this study were depleted sera
and one PSA peptide transition selected was not detectable [189]. As a
result, MRM is a complementary tool to ELISA but not a replacement
for the latter.

7. CHALLENGES IN TEAR BIOMARKER RESEARCH

Although the development of proteomic techniques has accelerated
the discovery of potential tear biomarkers, several challenges are associated
with the current findings. Prior to acceptance of biomarkers for use in a
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clinical setting, their sensitivities and specificities need to be objectively mea-
sured and validated. These measurements are critically affected by the quality
of the biospecimens and analytical assays performed at difterent laboratories
[191]. Indeed, the major challenge is to define a widely accepted set of stan-
dard requirements for tear biomarker discovery and classification. Minimum
standard requirements are necessary at the levels of sampling, detection,
independent verification, and quantification. As the tear proteome profile
can alter with various collection methods and types of tear samples, it is
important to establish standardized requirements for tear biomarker
research. Currently, however, there is no published consensus on which col-
lection method should be used for tear sampling. Biomarker verification is
also important. The identification of proteins in proteomic studies depends
on identification of a unique set of peptides and proteins using m/z peak lists
generated from MS techniques within protein databases. Therefore, it is
important to confirm the findings in an independent group of samples using
different quantitative techniques such as ELISA or MRM. However, in
most studies in the literature, follow-up verification or quantification of
the identified biomarkers has not been performed. Three separate studies
have examined tears for potential biomarkers of dry eye in similar non-
Sjogren’s syndrome [96-98] (Table 4.1). Two studies used iTRAQ to ana-
lyze tears for biomarkers [96,97]; the other used SELDI-MS [98]. Only
Zhou et al. validated the outcome from iTRAQ using a separate population
and ELISA [96]; the other two studies did not. Furthermore, the method for
determining dry eye was not given by Zhou et al. [96] but was assessed via
symptom scores and Schirmer’s strip wetting length by tear fluid by others
[97,98]. While these factors may be reasons for the many differences in bio-
markers found between the studies, it is of interest that two of the studies
found differences in the amount of lipocalin-1, lysozyme, and prolactin-
inducible protein in dry-eye tears compared to controls [96,97]. This finding
indicates that these proteins are worthy of further study as biomarkers of dry-
eye disease. The data summarized (Table 4.1) also clearly demonstrate that
overlapping biomarkers have been found across different ocular diseases. For
example, albumin has been shown to be significantly increased in allergic
conjunctivitis, contact lens-related dry eye, KC, and mycotic keratitis
patients. Human o-defensin was found to be significantly increased in tears
of patients with allergy with corneal lesions and pterygia; cystatin was down-
regulated in both KC and mycotic keratitis patients. As a result, it is impor-
tant to verify the expression of potential markers between each disease and
appropriate control groups. In addition, these overlapping biomarkers
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highlight the complexity in ocular (and other) diseases and that a single bio-
marker is unlikely to be sufficient for early diagnosis and prognostication in a
single disease. A biomarker panel would thus provide a more powerful
approach, and this highlights the multigenic/environmental diversity of
the diseases in general.

In the biomarker discovery and verification steps, the size of sample
pool is critical for the reliability of statistical analysis results. As shown
(Table 4.1), various patient pool sizes have been used to find potential tear
biomarkers, with most studies (20 of 31) using <15 patients in at least one
of the sample groups. None of the studies have shown statistical power anal-
ysis, important for determining the minimum sample size required at the
generally accepted 80% power. Only two studies have used more than
100 total samples in determining potential biomarkers [98,115]. Boehm
et al. used a total of 143 samples, which were divided into four groups
(healthy, ADDE, dry eye with changes of the lipid layer (DR Ylip), and
a combination of ADDE and DRYlip) and each contained more than
30 samples [115]. It is worth noting that by including the two closely linked
diseases ADDE and DR Ylip as well as their combination group, this study
was able to assess the specificity of their potential biomarkers, a critical cri-
terion for determination of the clinical value of a biomarker. The results of
this study showed that no tested cytokine was able to differentiate ADDE
and DRYlip and significantly increased levels of the cytokines tested were
detected in DE patients compared to control. The second study that used
more than 100 total samples focused on detecting potential biomarkers for
NSSDE [98]. Compared to Boehm et al. [115], Grus ef al. examined the
overall protein profiles rather than just cytokines [98]; however, no other
closely related diseases were included for testing the specificity of potential
biomarkers identified. Although both studies used a relatively large sample
size (total >100), it is still beneficial to perform a power analysis to make
sure the sample size in individual group would be effective to achieve a
power of 80%, and a randomized independent sample pool will also be
needed to verify the results.

As mentioned earlier, a verification step is necessary for biomarker stud-
tes. Of the 31 studies assessed here, only seven had performed validation
(Table 4.1). This is likely due to the limited samples collected and the
unknown identity/source of the MS peaks in the case of SELDI analyses.
Four out of the seven studies used Western blot for verification, which
validated the biomarker identified. However, Western blotting only
allows semiquantitation; therefore, the quantitative change of the potential
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biomarker could not be confirmed. Both Hida et al. [92] and Zhou et al. [96]
confirmed their findings with an independent sample pool using ELISA,
which measured the absolute quantity of their potential biomarkers. Despite
the low sample numbers used, Hida et al. have also performed analysis of the
potential biomarker across different sample groups. Using six controls, six
AKCs with no corneal lesions samples, six AKCs with allergic corneal dis-
eases, and six nonallergic individuals with noninfectious epithelial defects for
the ELISA test, Hida et al. verified that the human a-defensin was present,
consistent with the initial discovery result and that it was specific for AKC
with the allergic corneal disease [92]. Zhou ef al. performed two indepen-
dent verification tests; one used ITRAQ (the same technique for biomarker
discovery), and the other one used ELISA [96]. The benefit was that iTRAQ
allowed the verification of the biomarker panel found. One of the two
ELISA-verified proteins, calgranulin A (s100-A8), was also detected by Grus
et al. using SELDI [98], suggesting that calgranulin A could be a useful bio-
marker for DSSDE.

While novel biomarkers can be detected, identified, and verified, their
uses in the clinical setting to detect or monitor a disease must be assessed
through measurement of their specificity and sensitivity. Clinically relevant
markers must have high specificity and sensitivity. Until now, only three
studies have included the evaluation of the specificity and sensitivity of their
biomarkers found in tear proteomic studies [96,98,108]. Among them, only
Zhou et al. calculated the biomarker’s specificity and sensitivity using an
independent sample size [96], whereas other studies performed by Grus
et al. [98] and Lebrecht et al. [108] conducted these analyses using the data
obtained from biomarker discovery and reported 90% specificity and sensi-
tivity using seven combined biomarkers to detect NSSDE and 71% success-
ful detection rate using a biomarker panel for breast cancer detection,
respectively.

It is clear that most biomarker studies in the literature at present have not
performed evaluation on the number of samples needed for a valid statistical
analysis. Obtaining large enough sample sizes for tear biomarker research
could be a challenge, as unlike serum or urine, tears are not routinely col-
lected samples. In addition, objective biomarker verification, using an inde-
pendent sample pool and a well-established reliable technique that is
different to the discovery method, was also undervalued. With a small sam-
ple size and no follow-up verification to determine specificity and sensitiv-
ity, it is almost impossible to determine the biomarker potential of the
proteins of interest.
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8. CONCLUSIONS AND FUTURE DIRECTIONS

Biomarker research continues to be an expanding field. The tear pro-
teome is a rich source of diagnostic biomarkers and the sampling of tears is
easy, quick, and noninvasive for patients. The ongoing advancement in pro-
teomic technology means that biomarkers from small sample volumes of tear
fluid can be detected, identified, and quantified. Additionally, changes in the
concentrations and composition of the tear constituents may reflect not only
changes to the ocular surface but also pathophysiological changes in other
tissues and organs.

‘While multiple proteomic techniques are well established and used for
tear biomarker discovery, there are limitations to each technique. Gel-based
techniques have both advantages and disadvantages for detection of novel
protein biomarkers. On one hand, they provide information relating to pro-
teins detected such as pI, molecular weight, and presence of PTMs. On the
other hand, they have a higher limit of detection compared to MS-based
techniques and are therefore not able to detect low-abundance proteins
(in the picogram to nanogram range). It is hard to observe PTM changes
of proteins using MS-based techniques; however, they do cover a bigger
proteome range than gel-based techniques. Biomarkers identified by both
techniques will require further verification and quantitation. Antibody-
based multiplex techniques are specific but require a predetermination of
the analytes to be searched for in the sample. Clearly, a standardized proce-
dure is necessary for biomarker research. In terms of mining tear biomarkers,
it is important to establish a standard tear collection procedure, perform sta-
tistical analysis to determine the appropriate sample size, and use quantitative
methods that show consistent reproducibility in independent laboratories to
verity and determine biomarker sensitivity and specificity.

Currently, the potential biomarker value of proteins is studied individ-
ually, and only studies using SELDI examine biomarker panels due to the
nature of this technique. However, a single biomarker is unlikely to be spe-
cific and sensitive enough for most ocular or systemic diseases such as dry eye
or cancer. The future focus of tear biomarker research would thus be best
aimed at investigating disease-specific biomarker panels.
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