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1 Introduction

1.1 Graves’ disease

Graves' disease (GD) is an autoimmune disease and the most common cause of
hyperthyroidism with about 50-80 % of cases of hyperthyroidism worldwide [1-3]. GD is
caused by thyrotropin receptor autoantibodies (TRAb), which bind to and activate the thyroid-
stimulating hormone receptor (TSHR) in the thyroid gland [4]. The pathogenesis of GD is
unclear, however, it is believed that T-cells recognize multiple epitopes of the thyrotropin
receptor [5]. TRAD activation of the thyrotropin receptor causes an overproduction of thyroid
hormones (thyroxine and triiodothyronine) which suppresses pituitary thyroid-stimulating
hormone (TSH) secretion (Figure 1) [6]. Additionally, intra-thyroidal inflammatory cells
produce and induce inflammatory cytokines which help maintain the intra-thyroidal

autoimmune process [1].

Both genetic and environmental factors are important in the etiology of GD. The strongest
evidence for genetic involvement in the development of GD comes from twin studies, which
have reported a significantly higher rate of concordance for GD in monozygotic twins than in
dizygotic twins [7]. This indicates that genes contribute significantly to GD, yet, no single
gene is known to cause GD. The prevalence of hyperthyroidism among females is 2.5 % (4-10
times more frequent than in men), and 0.5 % for men [8-12]. The incidence of GD has been
observed to be 21/100 000 in a clinical study in Sweden [13]. Peak ages have been observed
between 30-50 years [13-15], and it may occur in all ethnic groups (Caucasians, Asians and
Africans), with lowest prevalence reported in Africans [16]. The diagnosis of GD is based on
clinical and biochemical manifestations of hyperthyroidism. Common symptoms are
tachycardia, poor heat tolerance, diarrhea, enlargement of the thyroid, and weight loss.

Current treatments for GD consist of antithyroid drugs, radioactive iodine (RAI) and
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thyroidectomy. There are several clinical manifestations of GD, such as diffuse goiter,
localized dermopathy, lymphoid hyperplasia, thyroid acropachy and Graves’ orbitopathy [17].
These manifestations reside in localized regions, and are believed to reflect the underlying
autoimmune processes and not necessarily a direct consequence of alterations in the thyroid
function [17]. In more than 95 % of patients with GD, TRAb levels is usually found positive

(>1.8 IU/L).

1.2 Graves’ orbitopathy

Graves’ orbitopathy (GO), also known as Graves’ ophthalmopathy, thyroid-associated
ophthalmopathy, Graves’ eye disease or endocrine eye disease, iS an autoimmune
inflammatory disorder in the orbit and a frequent manifestation of GD [17-19]. Around 20 %
of individuals with GD will develop some kind of ocular involvement [20]. However, only
about 5 % of patients develop moderate to severe GO [20, 21]. Usually, GO and GD occur at
the same time, but GO may occur months before or within 18 months after the diagnosis of
GD [22, 23]. This suggests that GO and GD may share a common etiology. However, a
minority of patients (less than 10 %) are euthyroid or hypothyroid at the time when the eye
disease appear [24].

The pathogenesis (Figure 1) of GO is unclear, but believed to be caused and initiated by
autoreactive T lymphocytes, binding to one or more TSHR antigens, shared by the thyroid
and orbital muscle and connective tissue [6, 25]. The majority of these cells are T
lymphocytes, macrophages, and B lymphocytes [26]. After reaching the orbit and recognizing
the shared antigen, T lymphocytes trigger a cascade of events, including secretion of
inflammatory cytokines [25]. Cytokines, such as interferon gamma (IFN-y), tumor necrosis

factor alpha (TNF-a) and interleukin 1 alpha (IL-1a), have all been demonstrated in the
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retroocular tissues in patients with severe GO [27]. The cytokine IL-1a has also been found in
the fatty connective tissues from mononuclear cell infiltrates, suggesting that IL-1a is
produced by infiltrating cells and fibroblasts from within the orbit [27]. The cytokines also
stimulate the secretion of hydrophilic glycosaminoglycans (GAG), which, when activated,
direct the process of fibrosis. Hence, GAG may initiate some of the very early events that lead
to an inflammatory response and tissue remodeling [28]. Orbital fibroblasts produce
significantly more GAG than cells in other tissues, which may be due to an increased
proportion of THY-1 + cells (which differentiate into myofibroblasts) [29]. THY-1 + cells
comprise the majority of the fibroblast population within the fatty connective tissues of the
posterior orbit [29]. The high amounts of GAG, particularly the hydrophilic hyaluronan, bind
water and lead to volume increase in orbital tissues, which may cause many of the clinical
manifestations in GO [3, 30]. The increase in ocular muscle volume has been suggested to be
a result of tissue expansion from additional muscle cells and adipocytes differentiating from
the respective fibroblast compartments [30]. However, the mechanism involved in fat
enlargement in GO is not understood, even though an increase in fat cell number or size may
contribute to fat expansion in GO as GAGs may accumulate in both muscle and connective

tissues [31].
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Figure 1. Possible pathogenesis of Graves’ disease and Graves’ orbitopathy. TRAb = thyrotropin receptor
autoantibodies (TSH receptor antibodies), TSH = thyroid-stimulating hormone/thyrotropin, Ts = triiodothyronine,

T, = thyroxine. Adapted from Ginsberg et al. [6] with premission.
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The inflammatory changes in the retrobulbar tissue result in symptoms and clinical
characteristics in the patient, such as orbital pain, edema, excessive tearing, photophobia,
pressure sensation behind the eyes, erythema of the perorbital tissues and conjunctivae, upper
eyelid retraction, eye proptosis, diplopia and even sight loss due to compression on the optic
nerve (dysthyroid optic neuropathy-DON) or breakdown of cornea leading to ulcers (Figure 2)
[6, 32, 33]. Proptosis, also called exophthalmos, is a forward displacement of the globe due to
enlargement of tissues in the bony orbit [30]. Swelling and thickening of the intra orbital eye
muscles may result in diplopia. The stimulation of levator muscles may cause upper eyelid

retraction, together with increased tear evaporation. Incomplete eyelid closure during sleep

causes corneal dryness [30].

Figure 2. Clinical characteristics of Graves’ orbitopathy. A) Mild GO with proptosis and lid retraction, B)
Incomplete eye closure (left eye), C) Moderate-to-severe GO with inflammatory signs and reduced movement in
upward gaze (right eye), D) Strabismus (right eye) in a patients with chronical eye disease. Adapted from

Bartalena et al. [17] with premission.
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Because autoantibodies directed against TSHR (TRAD) are detected in patients with GO,
TRAD are currently considered as an important contributor to GO [3]. TSHR is regarded as
one of the major antigens in the orbit and several authors have shown that serum levels of
TRAD directly correlate with severity and activity of GO disease [34-40].

There are limited epidemiological data available on GO, and the prevalence of GO depends
on the methodology used [20, 21, 41-43]. A review of clinical reports from 1960-1990
showed a general decline in the prevalence of GO [20]. Others have also shown a decline in
incidence of GO, assumed to be a consequence of decrease in smoking prevalence [21, 41].
Bartley [42] found an overall age-adjusted incidence rate of 16 cases/100 000 population/year
for women and 2.9 cases/100 000 population/year for men. GO may occur in patients at any
age, however, the onset of the disease may differ between women and men [42]. The eye
disease severity tends to be higher in older patients, and men seem to have a more severe
ocular involvement than women [14]. This could be a result of the increased smoking habits
among men.

Several classification systems have been developed to classify and describe GO in detail. The
severity is categorized into mild, moderate and severe (and sight-threatening) GO. In 1977, a
modified NO SPECS classification [44] was devised as a way to summarise the severity of
GO. Today, summary scores such as NO SPECS are of little value in assessing outcomes [45]
but remains a useful reminder of the features that should be assessed. The current evaluation
systems for GO is the VISA classification (vision, inflammation, strabismus and appearance),
and the European Group of Graves Orbitopathy (EUGOGO) classification [46]. Both
systems are grounded in the NO SPECS and CAS (Clinical Activity Score) classifications,
and use indicators to assess signs of activity and the degree of severity to help the clinicians
treating these patients. The EUGOGO recommendations are often used in Europe and the

VISA recommendations are more commonly used in North America and Canada [46].
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Although a general consensus for assessment of GO in clinical practice has been established,
the clinical evaluation might be subjective and the disease often lead to therapeutic challenges
[46-48]. The severity is based on the features of eyelid swelling, eyelid aperture, proptosis,
eye motility, visual acuity and color vision [49]. Clinical activity score (CAS) for evaluation
of the patient is based on pain, redness, swelling and impaired function of the eyes (Table 1)
[48, 50]. CAS score of > 3/7 at the first examination or > 4/10 in successive examinations is

considered clinically active GO [48].

Table 1. Clinical Activity Score (CAS)

For initial CAS, only score items 1/ 7

1 Spontaneous orbital pain

2 Gaze evoked orbital pain

3 Eyelid swelling that is considered to be due to active (inflammatory phase) GO
4 Eyelid erythema

5 Conjunctival redness that is considered to be due to active (inflammatory) GO
6 Chemosis

7 Inflammation of caruncle OR plica

Patients assessed after follow/ up can be scored out of 10 by including items 8- 10
8 Increase of > 2 mm in proptosis

9 Decrease in uniocular excursion in any one direction of > 8°

10 Decrease of acuity equivalent to 1 Snellen line

* Amended by EUGOGO after Mourits et al. [48, 50].
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As GO is cosmetically disfiguring and functionally debilitating, the quality of life (QoL) in
these patients is usually significantly reduced, and GO may last for several years after the
diagnosis and treatment for GD [51, 52]. Especially patients with moderate to severe GO have
reduced QoL and trouble with daily activities. Furthermore, the QoL in patients with mild GO
is also reduced, as many patients experience changes in their appearance. A validated disease-
specific QoL questionnaire for GO has been developed by EUGOGO [51].

Several studies have shown that cigarette smoking is strongly associated with GO [53-61],
and approximately 40 % of patients with GO smoke [60]. The smoke extract is known to
increase adipogenesis [61], and is suggested to directly damage the tear film lipid layer [62].
Furthermore, smoking is also associated with deteriorating outcome of GD [63]. Additionally,
it has been shown that treatment with radioactive iodine treatments (RAI) is less favourable in
smokers than non-smokers [63, 64].

Today, GO is still considered a mystery and its treatment is non-specific and challenging. The
medical treatment of the patients with GD is important regarding risk for developing GO.
Antithyroid drugs and thyroidectomy have been shown to give no risk or benefit with respect
to GO [65, 66]. Medical treatment of patients with GO is usually given as block and-replace
regiment, which combines a high dose of antithyroid drugs that completely blocks
endogenous thyroid hormone production and a replacement dose of thyroxine, resulting in
good control of thyroid hormone levels. Treatment with RAI carries a risk of about 15 % for
developing or worsening GO [65, 66]. The risk is greatest if RAI is administrated during
active GO, or to patients who smoke. The risk is also increased in patients with severe GD
and high TRAb levels, or if the patient develops hypothyroidism with increasing TSH after
treatment. However, RAI treatment in combination with glucocorticoids have shown to
reduce this increased risk for GO, though RAI is usually not given to high-risk patients.

Patients with severe GO are often remitted to endocrine surgery for total thyroidectomy.
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Notably, for the treatment of active orbitopathy, intravenous pulsed prednisolone is favoured
to oral prednisone. The response is better and the side effects reduced [67, 68]. A dose of 4.5-
6 g methyl-prednisolone is the recommended total dose. In very severe disease, doses up to 8
g total methyl-prednisolone may be administrated. However, lower dose is preferred
compared to a high-dose prednisolone, as the risk for liver dysfunction is dose-related [69]. At
10-12 g total methyl-prednisolone doses, death caused by liver complications has been
observed [70]. Patients with DON (dysthyroid optic neuropathy) are best treated with
intravenous prednisolone, with a higher dose initially. These patients may also need
immediate decompression operation of the orbit to decrease the pressure on the optic nerves.
Many patients with active GO and eye muscle involvement are in addition treated with local
irradiation therapy of the orbit [71]. The radiation field is directed behind the eyeball, in
thickened muscle and adipose tissue in the orbita.

The treatment of patients with GO depends primarily on the activity and the severity of the
eye disease. Patients with signs of active GO should be referred to a multidisciplinary team
with ophthalmologists and endocrinologists [72], taking care of both the GD and the
inflammatory disease in the orbit. For patients with mild activity in the eye disease, a wait-
and-see policy is often recommended. However, the activity in the eye disease may increase
over weeks or months, and the patient should be followed up by CAS. The active phase of
GO is considered up to 2 years. Once the GO is inactive (stable for 6 months) and GD is
under good control, several rehabilitative surgery options for the eye disease is available. The
full treatment consists of decompression surgery of the orbit, squint surgery, eyelid
lengthening and blepharoplasty. Artificial teardrops, dark glasses and prisms are other helpful

tools.
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1.3 Mass spectrometry based quantitative proteomics

Proteomics is the large-scale study of proteins expressed in a given biological compartment at
a given time, using advanced separation methods (and equipment) resolving the biological
sample complexity [73-75]. Large-scale untargeted (discovery-driven) proteomic analysis is
considered important in the clinical research to identify and quantify potential biomarkers for
earlier detection of diseases. MS-based methodology is usually the methodology of choice to
perform untargeted proteomics, which is often the first step in a biomarker discovery pipeline.
Due to advantages of mass spectrometry (MS) and extensive technological and instrumental
developments, such as the invention of fast, high-resolution mass analyzers, ionization
techniques, and labeling approaches, MS based proteomics have increased the ability to
analyze complex protein samples in-depth [76]. However, analyzing complex biological
samples using MS-based proteomics may also provide several challenges. A major challenge
is the identification of low-abundant proteins due to the dynamic range of measurements in
mass spectrometers. This limitation can be circumvented by performing depletion of high-
abundant proteins and/or performing protein fractionation. Other limitations with MS-based
methodology are the cost and the requirement of trained personnel.

Proteomics can be classified into gel-based proteomics and gel-free proteomics [77]. Two-

dimensional gel electrophoresis (2D-GE) is based on an initial separation of proteins by
isoelectric focusing (IEF) in the first dimension followed by an orthogonal separation via
sodium-dodecyl sulfate polyacrylamide gel electrophoresis in the second dimension (SDS-
PAGE) [77, 78]. Due to its excellent resolving power, 2D-GE has been the method of choice
for separation of complex protein mixtures followed by MS identification after in-gel
proteolysis, using matrix-assisted laser desorption time of flight (MALDI-TOF) or
electrospray ionization (ESI) tandem MS. However, the 2D-GE based methods suffer from
several limitations. This approach is expensive, and involves labor-intensive and time-
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consuming protocols. There are also challenges with limited dynamic range, low gel-to-gel
reproducibility, automation and poor representation of low abundant proteins, highly
acidic/basic proteins, and proteins with extreme size or hydrophobicity [79]. To overcome the
low gel-to-gel reproducibility, 2D-fluorescent difference gel electrophoresis (2D-DIGE) [77]
was introduced. This technique relies on pre-electrophoretic labeling of samples with one of
three spectrally resolvable fluorescent dyes (Cy2, Cy3, and Cy5). The separation is performed
on a single gel, and this makes spot matching and quantitation much simpler, more sensitive
and accurate. The dyes are comparable in sensitivity to silver staining methods and are
compatible with MS [77].

To overcome some of the above challenges and limitations with gel-based proteomics, several
gel-free high throughput technologies for proteome analysis have been developed. Gel-free
proteomic field can be divided into top-down and bottom-up approaches. The top-down
approach identifies proteins by MS through the fragmentation of intact proteins within the
mass spectrometer, followed by the measurement of these fragment ions [80]. In bottom-up
proteomics (also known as shotgun proteomics), proteins are digested to peptides, which then
are analyzed by using a combination of LC and MS [80, 81]. The LC-MS/MS approach is the
preferred technique for ‘“shotgun proteomics” and allows direct analysis of very complex
peptide mixtures with high sensitivity and a broad dynamic range [80]. After determining
peptide sequences using MS/MS, proteins can be identified using protein sequence databases.
Shotgun proteomics also avoids the modest separation efficiency and poor mass spectral
sensitivity associated with intact protein analysis [80]. Since peptides can be more easily
separated by liquid chromatography than proteins, a peptide based proteomic analysis can be
performed much faster and cheaper than a complete gel-based analysis. Most LC-based
separation techniques are readily interfaced to MS and readily automated compared to 2D-GE

[77]. In complex mixtures of peptides, the higher incidence of co-elution is the limiting factor
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for the number of peptides that can be identified in an LC-MS/MS analysis. Another
limitation is that abundant peptides may suppress the signal of the less abundant proteins,
referred to as ion suppression. However, many of these problems may be solved by pre-

fractionation of the samples (further described in Section 1.3.1).

1.3.1 Pre-fractionation

To achieve greater analytical depth for a proteome of interest, pre-fractionation of the sample
prior to LC-MS/MS is important. Pre-fractionation can be performed either at protein or
peptide level. There are several pre-fractionation methods based on chromatographic or
electrophoretic principles.

Intact protein fractionation

For pre-fractionation of proteins, chromatographic principles such as ion exchange, reversed
phase (RP), hydrophobic interaction affinity or size exclusion can be used [79, 82]. Gel
electrophoresis can also be used where proteins are separated by charge and/or size [77]. In
addition, liquid-based electrophoretic techniques can also exploit the same separation
mechanism as IEF. In liquid-phase IEF, all proteins are separated based on their isoelectric
point (pl). An advantage of liquid-phase IEF is the ability to fractionate a complex mixture of
proteins according to their pl in a non-gel medium [79]. A disadvantage with IEF is that the
ampholytes used to establish the pH gradient may interfere with ESI-MS [79]. Since SDS-
PAGE is considered time-consuming, many groups use gel-free methods such as IEF and
strong cation exchange chromatography (SCX).

Tryptic peptide fractionation

As for intact proteins, both chromatographic and electrophoretic approaches can be used for
fractionation of tryptic digests [79, 82]. In IEF, tryptic peptide samples are applied to an

immobilized pH gradient (IPG) strips containing a fixed pH gradient [77]. After IEF
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fractionation, peptides can easily be recovered in solution for further analysis [77]. Liquid-
phase IEF has high loading capacity and resolution power [77]. However, long running time
of liquid-phase IEF is a limitation with this technique. Several chromatographic columns are
available for fractionation of tryptic peptides, such as SCX, reversed phase (RP) or
hydrophilic interaction liquid chromatography (HILIC) [79, 82]. Regardless of the method
used for pre-fractionation, a significant increase in the number of identified proteins is

achieved when such a step is included in the workflow prior to LC-MS analysis [83, 84].

1.3.2 Electrospray ionization (ESI)

Recent progress in the field of MS allows a fast and accurate analysis of complex protein
mixtures and the detection of low abundant proteins. The principle of MS is based on
ionization of the analytes in the ion source, followed by separation according to their mass-to-
charge ratio (m/z) in the mass analyzer.

ESI is a widely used ion source in combination with LC. Together with the solvent, the
sample components are introduced into the nebulizer capillary, which ends in a fine tip [85].
Analytes and matrix components are ionized when a high voltage is applied to the capillary
tip (2-5 kV). Aided by a coaxial flow of nitrogen gas, a fine aerosol of charged droplets is
formed. The droplets in the spray are reduced in size by evaporation and divided into even
smaller droplets until the droplets are completely evaporated and gaseous charged molecules
are obtained (Figure 3). ESI gives little (in-source) fragmentation because the energy is
transferred gradually to the analyte by thermal energy at low temperatures. Therefore ESI is
referred to as a soft ionization technique.

Noteworthy, non-volatile salts should be avoided in the mobile phase to prevent ion-
suppression and clogging of the MS-inlet. The MS has a limited mass range, though an

advantage of ESI is that the peptide analytes are mostly multiple charged [85].
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Figure 3. Schematic drawing of an ESI. When high voltage is applied, ions will move towards the opposite
charged electrode. Repulsive forces between the ions will break the cone into small highly charged droplets,
which will undergo fission and create even smaller highly charged droplets. At last, gas phase ions will be

produced. (Aass C 2016).

1.3.3 Mass analyzers

There are several types of mass analyzers used in proteomics, including, LTQ Orbitrap XL,
quadrupole-time-of-flight (Q-TOF) and ion-mobility MS (IM-MS). LTQ Orbitrap XL
combines a linear ion trap (IT) MS and an Orbitrap mass analyzer. lons generated by the
ionization source (ESI) are collected in the linear ion trap followed by an axial ejection to the
C-shaped storage trap [86]. Then ions are transferred from the C-trap and captured in the
orbital trap (Figure 4) by rapidly increasing the electric field and reach the detector in small
packages [86]. The frequency signal can be converted into a mass-to-charge (m/z) spectrum

through a fast Fourier-transform algorithm, and finally converted into a mass spectrum.
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Figure 4. Schematic overview of an LTQ Orbitrap XL. lons generated by the ionization ESI source are collected
in the linear ion trap followed by ejection into the C-shaped storage trap, before the ions are trapped in an

electrostatic field around a central electrode in the Orbitrap. (Aass C 2016).

1.3.4 Mass spectrometry-based quantitative proteomics

MS-based quantitative proteomics is a technique for determining the amount of proteins in a
sample. MS-based quantitative proteomics are divided into label-based (incorporation of
stable isotopes) and label-free quantitative proteomics [87]. In label-free approaches, the
intensities of mass spectral peaks are typically compared directly between samples, based on
their mass and retention times [87, 88]. This approach is well suited for multiple replicate
analyses, and is simpler and faster to perform than label-based approaches. However,
limitations regarding robustness and reproducibility may be an issue [88]. Especially,
retention time during the chromatographic fractionation and separation, and ESI ion intensity
(response) can vary significantly between replicates [87, 88]. Normalization and
chromatographic alignment procedures to compensate for retention time shifts and to avoid
mismatching peptide abundances across runs are applied (LC-MS/MS) [89]. The quality of
the quantification is strongly dependent on the reproducibility of the LC-MS/MS data and on
the bioinformatics tools for processing. Label-based approaches, using stable isotopes, are a

good alternative to overcome some of the limitations associated with label-free approaches,
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e.g. retention time shifts and ESI response. Based on stable isotopes, proteins may be
chemically, metabolically, or enzymatically labeled with molecules that have a combination
of light and heavy isotopes of N, *3C, 0, and 2H in their composition [90, 91]. Examples of
chemical isotopic labeling procedures are isotope coded affinity tag (ICAT), isotope-coded
protein label (ICPL), and dimethyl labeling (will be discussed later in this chapter). Typical
chemical isobaric labeling procedures are isobaric tags for relative and absolute quantification
(ITRAQ) and tandem mass tags (TMT). Other common labeling procedures are enzymatic
labeling with 20, and metabolic labeling with isotopic labeling of proteins in eukaryotic cells
(SILAC). A major advantage with labeled strategies is that samples are mixed together after
labeling and analyzed as one sample (in a single run). Consequently, precision is highly
improved. Important, label-based approaches do not compensate for sample loss prior to the
labeling, and in some label-based approaches retention shifts may occur due to incorporation
of light and heavy isotopes [90].

Chemical stable isotopic dimethyl labeling, is a fast and cost-effective procedure that is
applicable to any biological sample [92-94]. The labeling is usually performed at peptide level,
after protein digestion, where all primary amines (the N terminus and the side chain of lysine
residues) in the peptide mixture are converted to dimethylamines [95, 96]. The labels have
near identical chemical properties; however, each contains a unique stable isotope
composition resulting in mass differences of at least 4 Dalton (Da). Hence, a mixture of
samples containing the different labels can be distinguished in a single MS run by comparing
the peptide mass differences. Quantification is performed by comparing the signal intensity of
the differentially labeled peptides. The procedure is based on the reaction of peptide primary
amines with formaldehyde (CH,0O) to generate a Schiff base that is rapidly reduced by the
addition of cyanoborohydride (BH3CN) to the mixture (pH-range= 5-8.5) [97]. As shown in

Figure 5 [92], the light label is generated by the combination of regular formaldehyde (CH,0)
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and cyanoborohydride (BH3CN), providing a mass increase of 28 Da per primary amine on a
peptide. By incorporation of deuterated formaldehyde (CD,0), a new label is generated with a
mass increase of 32 Da per primary amine. Through combining deuterated and “*C-labeled
formaldehyde (**CD,0) with cyanoborodeuteride (BDsCN), a mass increase of 36 Da is
obtained, resulting in the heavy label. To increase the accuracy of the labeling step, both a
forward and reverse label-swap can be performed [98] by swapping the stable isotope labels

in for instance, two samples (Figure 6).

H  H ,CH;

R—NH, —— > R—N\
NaBH,CN CH,
(@)
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R—NH, —— R—'N\
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0
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C
D/ \D 1:/3CD3
R—NH, —— > R—N
NaBD,CN N

13CD:3

Figure 5. Dimethyl labeling with light, intermediate and heavy isotope dimethyl labeling. The primary amines
reacts with formaldehyde, which generates a Schiff base that is reduced by the addition of cyanoborohydride.
The different mass labels are generated by applying different combinations of formaldehyde and

cyanoborohydride. Re = remainder of the peptide. Adapted from Boersema et al. [92] with premission.

Since dimethyl labeling is performed at peptide level and as one of the last steps in the
proteomic analyses pipeline, variations introduced in the earlier steps of the sample
preparation may be lost. Another limitation with this labeling procedure is small isotope

effects in the LC separation, so called deuterium isotope effects [96, 99]. Although these
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effects generally result in minimal LC retention shifts, they should be taken into consideration
especially during sample fractionation in the first dimension. Bioinformatically, dimethyl
labeling is a relatively straightforward modification for quantitative proteomics and can be
performed by integrating extracted ion chromatograms of the differentially labeled peptides.
This can be carried out manually, or by using both open-source software packages such as

MSQuant, and/or commercially available software such as Proteome Discoverer.

1.3.5 Data analysis

Protein identification and quantification are performed through computerized search
algorithms and extensive databases with biological information. By combining information
regarding sample origin and treatment, computer programs are able to use the peptide mass
and product ion mass data to identify the proteins. All algorithms calculate a matching sore
that is used as a measure to say something about how close a given peptide sequence matches
the masses [100, 101]. The score is dependent on the number and relative intensity of
sequence-specific ions present in the mass list and the algorithm parameters used for the
particular calculation [100]. The two most common proteomic search algorithms used for
protein identification are SEQUEST and Mascot. Both apply similar approaches to assign
peptides in a sequence database to measured MS/MS spectra, but they use fundamentally
different principles in their mathematical operations [102, 103]. While SEQUEST is an
algorithm that assigns scores to matches based on empirical and correlation measurements,
Mascot is an algorithm which incorporates scores which accurately reflect true probabilities
[104]. Probability-based scoring calculates the probability that the observed match between
the experimental data set and each sequence database entry is a chance event. SEQUEST uses

a descriptive model for peptide fragmentation and correlative matching to score the alignment
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between observed and predicted spectra [105]. The algorithm identifies amino acid sequences
in the database that match the measured mass of the peptide ion and then predicts the
fragment ions expected for each sequence [105]. A score is calculated using a two-tiered
scoring scheme to assess the quality of the match between the spectrum and amino acid
sequence from a database [103]. Briefly described, the first score is the preliminary score (Sp),
an empirically derived score, and the second score is a cross-correlation score (XCorr) of the
experimental and theoretical spectra [103]. In addition to the preliminary- and the cross-
correlation scores, AC, IS a quantity value describing the uniqueness of the match (match
unique to a sequence, AC,> 0.1) by normalizing the difference of XCorr values between the
best sequence and each of the other sequences [103]. While the AC, is database dependent and
reflects the quality of the match relative to near misses, XCorr is independent of database size
and reflects the quality of the match between spectrum and sequence [103].

Due to the use of different score algorithms, inconsistencies between search results may
appear. The algorithm’s coverage or sensitivity and specificity are two aspects that may
interfere with the results obtained. The sensitivity of a search algorithm demonstrates the
ability to make correct identifications using any data, independent of the quality of the data,
whereas specificity indicates whether the correct hit is significant relative to the other hits. For
example, one search algorithm may be able to correctly identify peptides from poorer spectra
than another search algorithm, which result in identification of a higher number of peptides
and therefore higher sensitivity [106]. Even though a search algorithm is more sensitive than
another algorithm, it may be less specific in discriminating between correct and incorrect
peptide hits [106]. Often a good concordance between search algorithms is observed, showing
peptides identified in both algorithms, when comparing different search algorithms on the
same sample and LC-MS/MS instrument. However, different peptides may also be identified

by only a single algorithm and therefore affect the results. With tryptic searches, one must
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primarily rely on score filter criteria to distinguish correct from incorrect matches [102].
However, more stringent criteria may exclude correct proteins and thereby lower the
sensitivity [102]. Kapp et al. [106] showed a clear distinction between correct and incorrect
peptide hits for Mascot, and more overlap between correct and incorrect hits for SEQUEST,
indicating a lower specificity for SEQUEST. The choice of search algorithm may also affect
the results regarding low-abundance peptides, and identification of as many proteins as
possible. In such cases, complementary analytical platforms and/or complementary search
algorithms may be used. However, this may be insufficient if the platform reproducibility is
low [102], and the two search algorithms are unable to identify the same peptides. Therefore,
the choice of search algorithm depends on the MS/MS spectra collected and on the instrument
used [102].

Detecting significant changes in protein abundance is a fundamental task in MS-based
experiments when trying to compare samples from diseased and non-diseased subjects.
Identifying significant changes between two groups is essential, however, at the risk of
identifying false positives or false negatives. In high-throughput experiments with potentially
many differentially expressed proteins, a false discovery rate (FDR) is used [101]. The FDR is
designed to control the proportion of false positives among a set of proteins declared
differentially expressed. To reduce the impact of possible false positive identifications, the
number of peptides quantified and the FDR are important factors, and the chance of truly
identifying differentially expressed proteins is higher. Identifying differentially expressed
proteins is a task in proteomic studies commonly carried out by using statistics (target-decoy
searching or empirical Bayes approaches) [99]. The identified peptide ratio of each
differentially expressed protein is assigned a fold change (ratio) which correlates with the
statistical significance of the change in protein expression [100]. Usually, cut-off values are

set to avoid false positive results. However, if the cut-off values are strict, there is a possibility
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that other identified proteins with fold changes not exceeding the cut-off values, are still
significantly altered between samples (fold changes around 1, assumes experiments with little

changes).

1.4 Proteomic analysis of tear fluid

Tear fluid is a thin layer of extracellular fluid covering and protecting the cornea and
conjunctiva epithelia, and provides an optically smooth surface [107]. Normal tear fluid
volume is between 5 pL and 10 pL [108], the secretion rate is about 1.2 pL/min [109] and the
tear film thickness is between 3 um and 40 um [110]. The quality and production of tears are
controlled and coordinated by the lacrimal glands, the ocular surface including both the
cornea and conjunctiva, and the meibomian glands [107]. The tear film can be divided into
three layers, including an inner mucin layer, a middle aqueous layer and an outer lipid layer
[111]. In the aqueous middle layer, there is a large amount of proteins and the composition of
proteins differs between open and closed eye, and between reflex and basal tears. Most
proteins in tears originate from the lacrimal gland, but they may also come from epithelial
cells that are shed or leaked from blood vessels during inflammation, wounding or irritation
[112]. Tear proteins can be classified according to their abundance: major tear proteins at the
high abundant region (concentrations of mg/mL to pg/mL), proteins secreted from ocular
surface cells in the middle (ug/mL to ng/mL) and signaling molecules such as cytokines and
growth factors at the low abundance region (ng/mL to pg/mL) [73]. The major tear proteins
can be grouped into two categories, including proteins produced by the lacrimal gland, and
serum proteins that leak from the conjunctival capillaries. The major tear proteins lysozyme
(LYZ), lactotransferrin, secretory immunoglobulin A (I1gA), lipocalin, albumin and lipophilin
constitute about 80-90 % of the total amount of tear proteins [73]. These proteins are secreted

by the lacrimal glands, meibomian glands, conjunctival goblet cells, or derive from leakage
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from plasma [73]. Tear fluid is considered suitable for proteomic analysis because of its high
concentration of proteins, ranging from 6 mg/mL to 11 mg/mL [113]. A wide range of
techniques have been applied for the study of the tear proteome, including enzyme-linked
immunosorbent assays (ELISA) [114], one- and two-dimensional electrophoresis [115, 116],
and chromatographic techniques [117, 118]. Several studies have reported numerous proteins
in tears [121, 122], and several studies have demonstrated that the tear fluid proteome is
closely related to the ocular health. Moreover, it is believed that analysis of body fluids such
as tear fluid, closer to the site of interest (instead of sera), may be useful and an accessible
source for discovering biomarkers associated with ocular diseases, such as dry eye,
keratoconus and GO. For instance, the tear fluid composition has shown to be altered in GO
[121-127]. Early studies by Khalil et al. [122] found an increase in one or more of the five
tear protein peaks using LC, and a raised tear IgA/LYZ ratio was seen in patients with GO
compared to healthy controls, suggesting lacrimal gland involvement. Baker et al. [123] used
1D-gel electrophoresis to compare tear protein profiles between patients with GO and healthy
subjects. Matrix-assisted laser desorption (MALDI) TOF-MS revealed that the levels of zinc-
alpha 2 glycoprotein (AZGP1) and lactotransferrin were increased in tears in patients with GO.
Okrojek et al. [124] reported down regulation of several proteins in the molecular weight
range of 3000-20 000 Da and showed a clear discrimination between patients with GO and
healthy controls. Additionally, Matheis et al. [125] found an altered regulation of
proinflammatory and protective proteins in tears of patients with GO compared to healthy
controls. The same group also identified a protein panel which significantly differentiated
between GO patients, patients with dry eyes and controls [126]. They found an up-regulation
of inflammatory proteins and a down-regulation of protective proteins in GO patients
compared with controls. Moreover, Ujhelyi et al. [127] investigated the levels of 7 cytokines

and Plasminogen Activator Inhibitor-1 in tear samples of GD patients with GO, in patients
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with GD without GO, and in healthy controls. They observed a significant increase in the
release of interleukin (IL), TNF-a, and RENATES (regulated upon activation, normal T-cell
expressed, and secreted) in GO patients compared to controls. However, they did not find

significant differences in tear fluid cytokine release between the GO group and the GD group.

1.5 Targeted quantitative proteomics analyses

Generally, there are two approaches for targeted quantification in proteomics: antibody-based
immunoassays and MS-based assays. In a singleplex immunoassay, one analyte per assay is
quantified, whereas in multiplex assays many candidates can be evaluated simultaneously.
Enzyme-linked immunosorbent assay (ELISA), Western blot analysis and
immunohistochemical analysis are the most widely used singleplex assays [130]. Assay
formats exist to measure proteins in solutions (ELISA and immunospot assays), on the surface
of cells, within cells (immunohistochemical and immunofluorescent microscopy) and in
organs (in vivo imaging with labeled antibodies) [128]. Immunoassays rely on the ability of an
antibody to bind to the specific structure of a molecule (epitope). ELISA is a simple and
sensitive analytical technique for qualitative and/or quantitative determination of proteins, and
has become one of the most widely used immunological assays today. ELISA involves the
specific interaction between an antibody and an antigen, which allows the detection and
quantitation of the antigen [129]. Quantification is obtained by a color change using enzyme-
conjugated reagents and a chromogenic substrate (the color change is proportional to the
number/amount of antibody-antigen complexes formed) [129]. Though well-characterized
ELISA assays are suitable tools for verification analysis, the availability of high-quality
ELISAs for biomarker candidates is limited, and the development of ELISA assays is

expensive and time-consuming [130].
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Antibody-based assays may also be used in the multiplexed format. These quantitative
multiplex immunoassays couple the basic principle of antigen-antibody interactions to a wide
variety of detection methods. In comparison to singleplex ELISA for a single analyte,
multiplex assays offer the possibility to identify combinations of biomarkers with higher
disease specificity than any single established biomarker alone. Multiplex immunoassays can
have reasonable sensitivity, reproducibility, a wide dynamic range (pg/mL to ng/mL), high
throughput and robustness. However, as with singleplex immunoassays, candidate biomarker
verification is limited by the availability of good antibodies, cross-reactivity and the time and
resources needed to develop multiplex assays [128, 130]. The analytical sensitivity for
multiplexed protein measurement is much lower than singleplex ELISA assays, and limits the
usefulness of the technology [130].

MS-based assays, such as selected reaction monitoring (SRM), also known as multiple
reaction monitoring (MRM), is an alternative to ELISA for targeted protein quantification.
MRM is highly selective (targeted), allowing researchers to fine tune an instrument to
specifically look for peptides, or protein fragments, of interest [130-132]. Since potential
disease-specific biomarker proteins in humans are often in the ng/mL to pg/mL concentration
range, fractionation or enrichment strategies are necessary to increase the sensitivity,
especially for low-abundance proteins to reduce sample complexity and ion suppression.
MRM is only applicable to previously well-characterized peptides, and any sensitivity
improvements achieved by introducing additional enrichment or fractionation steps may lead
to sacrifice in analytical throughput. Further technology advances on both the MS interface
and MS instrumentation are important for eventually achieving sufficient sensitivity without
sacrificing analytical throughput [131]. One of the advantages of this approach is the
multiplexing feature that allows high-throughput and rapid characterizations of multiple

proteins simultaneously in a single LC-MRM-MS run [132,133]. A major advantage of MRM
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based quantification over multiplex immunoassays is the relatively short time frame, low cost
and ease in developing the multiplex MRM assay. The choice of assay to be used in targeted
quantification of proteins relies basically on whether the kit and platform can provide reliable

(precision), reproducible quantitative results.
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2 Aims

2.1 General aim

The aim of this study was to compare tear protein levels between GD patients with and

without GO using quantitative proteomics.

2.2 Specific aims
1. To develop a method for fast proteomic analysis of tear fluid and systematically
investigate the most suitable conditions for protein extraction from Schirmer strips

(Paper I).

2. To quantitatively compare pooled tear fluid from Graves' patients with moderate to
severe GO and Graves' patients without GO using untargeted quantitative proteomics

based on dimethyl labeling in combination with 2D LC-MS/MS (Paper I1).

3. To evaluate tear levels of LYZ, LACRT and AZGP1 in individual Graves' patients
with and without GO, using ELISA. And to investigate the diagnostic performance of

these proteins either alone or combined in a panel (Paper I11).
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3 Subjects and Methods

3.1 Patients and design

This thesis is based on samples collected from patients at the department of ophthalmology at
Oslo University Hospital-Ulleval and patients at the Department of Endocrinology, Morbid
Obesity and Preventive Medicine at Oslo University Hospital-Aker during the years 2014-
2015. The study was a cross-sectional study comparing GD patients with and without GO
(Paper 11 and Paper 111). An overview of the papers, groups and methods used are shown in
Table 2. Since analysis of tear fluid from Schirmer strips are challenging due to sample loss
during extraction, a study of tear samples from healthy laboratory volunteers was included
prior to the studies to develop a single unit filter-aided method for fast proteomic analysis of

tear fluid (Paper I).

Patients with GD were divided in three groups (the patients were only included in one group):

I.  Moderate to severe GO-CAS 4 or more of 7
1. Mild GO-CAS 3/7

I1l.  Patients without GO at end of medical treatment for GD
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Table 2. Overview of the different papers, groups and methods used.

Paper Patients evaluated Methods used

I Moderate to severe GO LC-MS/MS in combination with
patients and patients without GO dimethyl labeling on pooled tear

fluid samples

i Moderate to severe GO patients ELISA analyses on individual tear
and patients without GO fluid samples

i Mild GO patients and ELISA analyses on individual tear
patients without GO fluid samples

3.1.1 Patient recruitment

All Graves’ patients with and without GO were encouraged to participate in the study by their
treating ophthalmologist at Ulleval and endocrinologist at Aker. Patients willing to hear more
about the study were then given further description (written and oral) by the investigator (who
was contacted by the treating doctors after oral consent was obtained by the patient). The
patients then signed a consent form and filled out a questionnaire regarding their treatments
performed, duration of their GD/GO, smoking habits and other diseases. After the written
consent was obtained, tear fluid samples were collected. The same person performed the
description of the study to each patient, the collection of consent forms and questionnaire, and

collected tear fluid throughout the whole recruitment period.

3.1.2 Heathy volunteers
Three healthy volunteers with no history of GD or ocular involvement were included in the
introduction phase of this thesis for evaluation of sample preparation considerations and

method optimization (Paper 1).
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3.1.3 Graves’ patients with and without clinical signs of GO (Paper I1/Aim 2)

Design

In this cross-sectional study, pooled tear fluid from patients with moderate to severe GO and
patients without GO were evaluated using quantitative proteomics.

Patients

Twenty one patients with moderate to severe GO (15 female, 6 male, median age 57 years,
range 20-77 years; 9 smokers, 7 women and 2 men) were included (Table 3). Another group
consisted of 21 Graves’ patients without GO (17 female, 4 male, median age 44 years, range
26-69 years; 3 smokers, 3 women and 0 men, Table 3).

The inclusion criteria for all the patients with GO (Paper Il and I11) depended on CAS. All
patients were evaluated by ophthalmologists and endocrinologists, and grouped into moderate
to severe GO, mild GO, and patients without GO, based on activity and severity by CAS
(eyelid swelling, eyelid aperture, eye proptosis, eye motility, visual acuity and color vision)
[11], at the same day as Schirmer tear collection was done. All patients filled out the
questionnaire about disease duration, clinical history, smoking habits, treatment with
thyrostatic drugs, earlier treatments with RAI and operation of the thyroid. Dermatologic,
clinical and serological data including TRAb, FT4, FT3 and TSH levels are summarized in
Table 3. Exclusion criteria for patients with GD were other forms of hyperthyroidisms than
GD, patients treated with steroids, long lasting or chronic GO and subjects unwilling or
unable to give informed consent.

Inclusion criteria for patients without GO were Graves’ patients in remission and earlier
treated with thyrostatic medications, and no symptoms or signs of GO during their GD period.
All should have elevated TRAD levels during the period of active Graves’ disease. Exclusion

criteria were hyperthyroidism of other reasons than GD and age below 18 years.
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3.1.4 Graves’ patients with and without clinical signs of GO (Paper I11/Aim 3)

Design

This study was divided into two parts. The first part included patients with moderate to severe
GO and patients without GO. The second part included patients with mild GO and patients
without GO. Due to limited sample volume, the two studies included two separate groups of

patients without GO.

Patients

The patients included in the moderate to severe GO group were the same as the patients in
Section 3.1.3 (Section 3.1.3, Table 3, Paper Il). Furthermore, tears from 18 patients with mild
GO (15 female, 3 male, median age 51.5 years, range 28-63 years; 8 smokers, 8 women and 0
men) were examined (Table 4).

As described in Section 3.1.3, all patients with GO went through examination by an
ophthalmologist and filled out a questionnaire regarding clinical history, smoking, symptoms
and medications. Based on the ophthalmologists CAS examination on activity and severity,
the patients were grouped into moderate to severe GO, mild GO and patients without GO. The
inclusion and exclusion criteria for GO patients are described in Section 3.1.3. Disease
duration, treatment, smoking habits, TRAb, FT4, FT3, and TSH levels are summarized in
Table 3 for the patients with moderate to severe GO and patients without GO, and in Table 4
for the patients with mild GO. The patients without GO are described in Table 3 and 4.
Because of limited sample volume available, there were two separate groups of Graves’
patients without GO. The first group consisted of 21 patients (17 female, 4 male, median age
44 years, range 26-69 years; 3 smokers, 3 women and 0 men, Table 3). This was the same
group as described in Section 3.1.3. The second group consisted of 9 patients without GO (5

female, 4 male, median age 45 years, range 27-68 years; 2 smokers, 2 women and 0 men,
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Table 4). The inclusion criteria for the groups without GO were the same as described in

Section 3.1.3.

Table 3. Demographic, clinical and serological data of patients with moderate to severe GO and without

GO (Paper Il and I11).

Moderate to severe GO (n=21) Without GO (n=21)  p-value
Females, n (%) 15 (71.4) 17 (81)
Males, n (%) 6 (28.6) 4 (19)
Age, y (median) 57 (20-77) 44 (26-69) 0.029
Smokers, n (%) 9 (42.8) 3(14.3) 0.043
Duration GD, month (median) 14 (3-108) 21 (10-35) 0.018
TRAD, IU/L (reference range, <1.8) 19.9 (3.7-156.4) <0.9 (<0.9-4.9) <0.001
Radioiodine treatment, n (%) 5 (23.8) 0 (0) 0.019
Thyroid surgery, n (%) 1(4.8) 1(4.8) 1
TSH, mIU/L (median; reference range, 0.5-3.6) 0.05 (0.01-1.7) 0.88 (0.03-4.34) <0.001
Serum FT4, pmol/L (reference range, 8-21) 17.3 (10.1-49.2) 13.5(11.4-21.3) 0.004
Serum FT3, pmol/L (reference range, 3.6-8.3) 7.4 (4.4-20.0) 5.4 (4.5-8.6) 0.005

Table 4. Demographic, clinical and serological data of patients with mild GO and without GO (Paper I11).

Mild GO (n=18) Without GO (n=9)  p-value

Females, n (%) 15 (83.3) 5 (55.6)

Males, n (%) 3(16.7) 4 (44.4)

Age, y (median) 51.5 (28-63) 45 (27-68) 0.54
Smokers, n (%) 8 (44.4) 2(22.2) 0.27
Duration GD, month (median) 8.5 (3-40) 18 (7-42) 0.047
TRADb, IU/L (reference range, <1.8) 5.4 (0.9-30.0) <0.9 (<0.9-4.7) 0.003
Radioiodine treatment, n (%) 1(5.5) 0 (0) 0.48
Thyroid surgery, n (%) 2(11.1) 0 (0) 0.31
TSH, mIU/L (median; reference range, 0.5-4.4)  0.04 (0.03-1.7) 0.1 (0.03-2.33) 0.65
Serum FT4, pmol/L (reference range, 8-21) 21.3 (12.2-28.2) 18.6 (11.4-26.1) 0.37
Serum FT3, pmol/L (reference range, 3.6-8.3) 6.3 (4.6-11.7) 6.2 (4.8-8.6) 0.93
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3.2 Methods

3.2.1 Materials

All chemicals and solvents were purchased from Sigma (St. Louis, MO, USA) unless stated
otherwise. Milli Q water was obtained from a Milli-Q Ultrapure water purification system
(Millipore, Bedford, MA, USA). Calcium chloride (CaCl,), sodium chloride (NaCl) and
ammonia solution (NHs3) were purchased from Merck (Darmstadt, Germany). PPS Silent
Surfactant (PPS) and RapiGest SF (RG SF) acid-labile surfactants were obtained from Kem-
En-Tec Nordic (Tastrup, Denmark) and Waters (Milford, MA, USA), respectively. Invitrosol
protein solubilizer was purchased from Invitrogen (Carlsbad, CA, USA). Schirmer strips used
for tear collection were obtained from Haag-Streit UK (Harlow, Essex, UK). The proteases
endoproteinase Lys-C/trypsin and PNGase F were obtained from Promega Corporation
(Madison, W1, USA). Formic acid (FA) was purchased from Fisher Scientific (Geel, Belgum).

Bio-Rad protein assay dye reagent concentrate and y-microglobulin standard were obtained

from Bio-Rad Laboratories (Hercules, CA, USA). Cut-off size (0.1 uM) ultrafree-MC (0.5
mL) VV centrifugal filter used for the extraction of proteins was from Millipore (Bedford,
MA, USA). Lysozyme C (LYZ) (detection range; 0,156-2.5 ng/mL, inter-assay % CV 8.2 and
intra-assay % CV 4.2) was purchased from abcam, Cambridge, UK. Zinc-alpha-2-
glycoprotein 1 (AZGP1) (detection range; 4.7-300 ng/mL, inter-assay % CV < 12 and intra-
assay % CV < 10) and lacritin (LACRT) (detection range; 1,56-100 ng/mL, inter-assay % CV
< 12 and intra-assay % CV < 10) were obtained from Cloud-clone corp., Houston, TX, USA.

The materials used in the different experiments are also described in Paper I-11I.

3.2.2 Tear collection
Tear samples were collected using Schirmer’s type I tear test (Haag-Streit UK Ltd, Harlow,

Essex, UK) without local anesthesia. The Schirmer strips were inserted for five minutes in the
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lower eyelid in the standard fashion in both eyes (open eye tears) or until the filter strips were
full. The same investigator carried out the collection of tears from all the subjects included.
After collection, the Schirmer strips were placed in a 2 ml microcentrifuge tube and

immediately frozen at -80 °C until analysis (described in Paper II).

3.2.3 Protein extraction for LC-MS/MS analysis

Protein extraction from Schirmer strips for LC-MS/MS analysis is shown in Figure 6 and in
Figure 1 Paper Il. As described in Paper 1l Supplementary 1.1, twenty-one Schirmer strips,
one from each of the subjects in each group were pooled (moderate to severe GO and without
GO). Two strips were randomly collected from the pool and placed in a 0.1 um centrifugal
filter unit giving a total of 11 sample vials for each group. Tear proteins were then extracted
from the Schirmer strips with 500 uL 100 mM triethylammonium bicarbonate (TEAB) and 50
mM NacCl, and mixed for 4 h at 25 °C at 300 rpm. The samples were then centrifuged at 7500
rpm for 5 min and the Schirmer strips were removed. The filtrate (protein solution) was
evaporated and dissolved in 50 pL of denaturing buffer consisting of 8 M Urea in 50 mM

TEAB (pH 8.5). Eleven samples were collected for each group and pooled.

3.2.4 Protein extraction for ELISA analyses

The protein extraction from Schirmer strips used in ELISA measurements is shown in Figure
6 and Figure 1 in Paper I1. One Schirmer strip from each patient was collected and placed in a
0.1 um centrifugal filter unit. Tear proteins were then extracted from the Schirmer strips with
500 pL 100 mM TEAB and 50 mM NaCl, and mixed for 4 h at 25 °C at 300 rpm. Next, the

samples were centrifuged at 7500 rpm for 5 min and the Schirmer strips were removed.
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Figure 6. Schematic illustration of the single- unit filter- aided method for both sample handling and protein
extraction from Schirmer strips with quantitative proteomics analysis using dimethyl labeling in combination
with 2D LC-MS/MS or ELISA measurements. For untargeted 2D LC-MS/MS analysis: Twenty-one Schirmer

strips, one from each of the subjects in each group, were pooled and extracted in a centrifugal filter unit. Two
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independent experiments were performed by dimethyl labeling in forward and reverse directions prior to LC-
MS/MS analysis to relatively quantify proteins altered between the patients with moderate to severe GO and

without GO (Paper 11). ELISA measurements were performed immediately after the extraction step (Paper Il and

1.

3.2.5 Total protein concentration

After protein extraction from Schirmer strips, total protein concentration measurements were

performed by colorimetric protein assay using a Microplate absorbance reader (Tecan Austria

GmbH, Grasdig, Austria) and y-microglobulin as standard.

3.2.6 ELISA measurements

The concentration of LYZ, AZGP1 and LACRT proteins was assessed with commercially
available ELISA Kits (on moderate to severe GO patients and without GO). LYZ levels were
also assessed in the mild GO group and without GO. Protein concentrations obtained with
ELISA assays were normalized with respect to total protein concentration and calculated and

expressed as follows in pg/mg:

Protein concentration

Protein concentration (pug/mg) Normalized Total protein

concentration
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3.2.7 Digestion before LC-MS/MS analysis

As described in Supplementary 1.2 in Paper |1, pooled tear protein samples from each group
were reduced by adding 25 pL 100 mM dithiothreitol (DTT) solution to a final concentration
of 10 mM and incubated for 1 h at 37 °C. Alkylations of free sulfhydryl groups were done by
adding 22 pL 250 mM iodoacetamide (IAA) solution to a final concentration of 20 mM and
incubated at 25 °C for 45 min in the dark. The sample was then diluted by adding 750 pL of
50 mM TEAB (pH 8.5) buffer to reduce the urea concentration to below 1 M, and PNGase F
was added to a final concentration of 2 mM (adding 25 pL of a 500 mM PNGase F solution)
before the sample was left overnight at 37 °C. Next, the reduced and alkylated proteins were

digested with Lys-C/trypsin (1:20) (Pierce Thermo) for 6 h at 37 °C.

3.2.8 Dimethyl labeling

After digestion, dimethyl labeling was performed as described in detail in Supplementary 1.3
in Paper Il. Digested samples from each group (Figure 6 and Figure 1 in Paper Il) were
dissolved in 250 pL of 100 mM TEAB buffer (pH 8.5) and divided in two equal volumes of
125 pL each, generating four samples. Then, 140 pL of 4 % (v/v) CH,O (light label) and 140
puL of CD,0 (intermediate label) was added to one of the two sample vials, respectively, for
each group (Figure 6). All four sample vials were then mixed briefly and centrifuged. Next,
140 pL of 0.6 M NaBH3CN was added and the samples were incubated in a fume hood for 1 h
at 22 °C while mixing at 400 rpm. The labeling reaction was quenched by adding 560 pL of
1 % (v/v) ammonia solution and then mixed and centrifuged briefly. A further quenching and
acidification was performed by adding 280 pL of 5 % formic acid and mixed. The labeled
samples were then mixed in 1:1 ratio as follows; i) in the forward labeling experiment, the
pooled GO sample (Graves' patients with moderate to severe GO) was light labeled while the

without GO sample was intermediate labeled, and ii) in the reverse labeling experiment the
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pooled GO sample was intermediate labeled (Graves' patients with moderate to severe GO)
while the without GO sample was light labeled. Finally, the mixed samples were evaporated
and dissolved in 0.1 % formic acid before 2D LC-MS/MS analysis. Before labeling of our
samples, the labeling efficiency was tested several times on albumin, and showed an

efficiency of 99 % for both the light and intermediate label.

3.2.9 Offline fractionation on a porous graphite carbon column

Mixed dimethyl labeled digests was fractionated on a porous graphitic carbon column
(Hypercarb 100 x 4.6 mm Thermo) as described in Supplementary 1.4 in Paper Il. The
fractionation was performed at a flow rate of 0.8 mL/min using a Dionex Ultimate 3000 LC
analytical system connected to an UV detector (Dionex, Thermo Scientific). A total of 25
fractions were collected manually every minute using mobile phases consisting of 0.1 % FA
in water as solvent (A) and ACN with 0.1 % FA as solvent (B). The separation was run for 60

min using a multi-step gradient (0-80 % eluent B in 35 min followed by 80 % B in 5 min).

3.2.10 Nano LC-MS/MS

Described in Supplementary 1.5 Paper Il, tryptic digest separation was performed on an
PepMap RSLC Easy-spray C18 column (2 um, 100 A, 75 um x 150 mm) using the EASY-
nLC 1000 nano UHPLC system (Thermo fisher Scientific, Bremen, Germany) connected to a
LTQ-Orbitrap XL hybrid mass spectrometer (Thermo Fisher Scientific) equipped with a nano
EASY-Spray source (Thermo Fisher Scientific). The analytical separation was run for 180
min using a multi-step gradient of 0.1 % FA in water as solvent (A) and 0.1 % FA in ACN as
solvent (B) (0-25 % eluent B in 150 min and 25 %-60 % B in 20 min followed by 60 % B in

10 min) at a flow rate of 300 nL/min and a column temperature at 45 °C. The mass
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spectrometer was operated in positive mode with a spray voltage set at 2.0 kV and the heated
capillary temperature was kept at 200 °C. The LTQ-Orbitrap XL was operated in data-
dependent mode in which one cycle of experiments consisted of one full-MS survey scan
using the Orbitrap mass analyzer and subsequently five sequential MS/MS events of the most
intense peaks using collision-induced dissociation (CID) in the LTQ. The MS survey scans
were performed on the high resolution Orbitrap (R = 30 000) with an m/z range of 350-2000.
Precursor ions with charge 1 or unassigned charge were rejected and the precursor ion

isolation width was set to 3 m/z units.

3.2.11 Data analysis

Described in Supplementary 1.6 Paper Il, Proteome Discoverer computational proteomics
platform (Version 1.4, Thermo Scientific) with default settings was used to search raw files
with MS/MS spectra created by Xcalibur software 2.07 (Thermo). Raw data files were
searched against the UniProtkKB human database (updated June 2015) using the SEQUEST
HT search engine with the precursor and fragment mass tolerances set to 10 ppm and 0.6 Da,
respectively. Only the peptides resulting from the tryptic cleavages were searched and two
trypsin missed cleavage sites were allowed. As shown in Table 5, carbamidomethylation of
cysteine/+ 57.021 Da was selected as a fixed modification. The variable modifications were
as follows; + 15.995 Da for methionine oxidation, + 28.031 for dimethyl (K and N-term) light
label and + 32.056 for dimethyl (K and N-term) intermediate label (Table 5). Peptide and
protein false discovery rates (FDR) were set to 1 % using default filters. Dimethyl datasets
were quantified using peak area with the precursor ions quantifier node integrated in the
Proteome Discoverer with RT tolerance of isotope pattern multiplets set to 1 min. To correct
for possible experimental bias, protein ratio distribution was normalized on protein median.

The cut-off ratio for up- and down-regulated proteins was set at > 2.0 and < 0.5, respectively,
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and only proteins quantified in both forward and reverse experiments were considered.
Abundance ratios for proteins reported as differentially expressed in this study were
confirmed by manual inspection of the MS spectra intensities of the labeled peptide pairs.
Briefly, the criteria for passing the manual inspection were as follows: i) signal- to- noise
ratios of both light and intermediate labeled peptide pairs > 20, ii) light and intermediate
labeled peptide ion spectra must show similar isotope patterns and expected mass shift
between doublet clusters. For both forward and reverse experiments only unique peptides

were considered for protein quantification.

Table 5. An overview of the fixed and variable modifications used.

Modification Amino Reagent Product Mass shift

(Da) acid

Oxidation Methionine Methionine +15. 995
(Met) sulfoxide

Dimethyl K and N- Formaldehyde and  Dimethylamine +28. 031

labeling termini cyanoborohydride  (light)

Dimethyl K and N- Formaldehyde-d,  Dimethylamine + 32. 056

labeling termini cyanoborohydride  (intermediate)

Carbamido- Cysteine lodoacetamide Carbamide +57.021

methylation (Cys) cysteine
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3.2.12 Statistical analyses

All statistical analyses were performed with IBM SPSS Statistics 22 (Armonk, NY, USA).

The study reported in Paper | aimed to identify as many proteins as possible in tears
extracted from Schirmer strips by systematically investigate the influence of different
extraction parameters. The number of proteins identified with different extraction solvents
(expressed as the mean of three replicates) was compared using one-way of variance

(ANOVA).

The study reported in Paper Il aimed to quantitatively compare pooled tear fluid from
Graves' patients with moderate to severe GO and Graves' patients without GO using
untargeted quantitative proteomics based on dimethyl labeling in combination with 2D LC-
MS/MS. Baseline demographics of continuous variables between groups were performed
using Student’s t test or Mann-Whitney U test, as appropriate. Due to normally distributed
data, Pearson correlation was performed to determine the significance of the relationship
between forward and reverse labeling MS experiments. A two-sided p-value < 0.05 was

considered significant.

The study in Paper 11l aimed to evaluate tear levels of LYZ, LACRT and AZGP1 in
individual Graves' patients with and without GO, using ELISA. And to investigate the
diagnostic performance of these proteins either alone or combined in a panel. The data are
presented as median unless otherwise specified due to the somewhat small sample size. We
analyzed non-normally distributed data, using log-transformation or non-parametric methods,
as appropriate. For comparison of continuous variables between groups, student’s t tests or
two-sided Mann-Whitney U tests were used. Spearman’s correlation coefficients rank test was
used for TRADb correlations due to the non-normally distributed data. Multiple logistic

regression analysis was performed, with log-transformation of parameters when needed. This
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was to ensure no violation of the assumptions of normality and to assess if there were any
potential effects from independent variables such as age, smoking, gender and protein
concentration on GO (dependent variable). A two-sided p-value < 0.05 was considered to be
significant and uncorrected values are presented. Bonferroni-Holm corrections were also
performed for the significance level for multiple testing, and showed that uncorrected p-
values < 0.01 remained < 0.05 after correction (avoid type 1 error). However, the groups were
not matched for age, gender and smoking so we cannot rule out the possibility that these
factors contribute to the significance obtained in protein concentrations. The diagnostic value
of LYZ, LACRT and AZGP1, individually and together, was assessed by ROC-curve
analyses. However, this is a proof of concept study and further analysis on a larger cohort of

patients is necessary and has been started.

In Paper Il and 111 no power calculations were performed, but tear fluid from as many
subjects as possible were collected during a year. The sample size was somewhat small with
21 patients in each group in the moderate to severe GO study (21 patients with moderate to
severe GO and 21 patients without GO), and 18 and 9 patients in the mild GO study (18
patients with mild GO and 9 patients without GO). However, in these exploratory studies, the
potential biomarkers of interest were analyzed with two different methods (LC-MS/MS and

ELISA), which strengthens the interpretation of the results.
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4 Main results-Summary of papers

4.1 Paper |

The aim of this study was to develop a single-unit filter-aided method for both sample
handling and protein extraction, and to investigate the most suitable conditions for protein
extraction. Tear fluid from healthy laboratory volunteers with no history of ocular disease
were collected using Schirmer tear test. A total of 48 strips were collected and before
extraction, the strips were mixed together and two strips were randomly collected and placed
in each centrifugal filter unit. The whole sample preparation procedure, including protein
extraction, reduction, alkylation, and digestion, was performed in a single-unit centrifugal
filter before analyzed on a 1D LC-MS/MS system. Eight different extraction solvents were
evaluated, and an increased number of identified proteins were seen with ammonium
carbonate in combination with 50 mM NaCl. In general, there were a high number of proteins
overlapping between the extractions solvents. The effect of extraction volume on the number
of identified proteins was examined, showing that 450 pL resulted in the highest number of
identified proteins compared with 200 puL and 1000 pL. Extraction time (4 h and overnight)
and extraction temperature (25 °C, 37 °C and 50 °C) were also evaluated. The results showed
an increased number of identified proteins with a 4 h extraction at 25 °C. Extracted proteins
were also subjected to 2D LC-MS/MS analysis employing an SCX column in the first
dimension and a RP column in the second dimension. 2D LC-MS/MS analysis resulted in
1526 protein identifications compared with 309 with 1D LC-MS/MS analysis. These findings
suggest that a single-unit filter-aided extraction method in combination with 2D LC-MS/MS
increased the number of identified proteins. This dataset of identified proteins represents a
comprehensive catalogue of the human tear fluid proteome and may serve as a list for future

biomarker research.
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4.2 Paper 11

This paper is based on the method development described in Paper I. The aim of this paper
was to quantitatively compare pooled tear fluid from Graves' patients with moderate to severe
GO and Graves' patients without GO using untargeted quantitative proteomics based on
dimethyl labeling in combination with 2D LC-MS/MS. Quantitative comparison between the
two groups was performed using dimethyl labeling (both forward and reverse labeling) in
combination with 2D LC-MS/MS (Figure 6). 1212 proteins were identified at a 1 % FDR, and
a total of 1136 proteins were quantified in both forward and reverse measurements. Using a
cut-off value of > 2.0 and < 0.5 for up- and down-regulated proteins, 16 proteins showed
significant altered regulation in tear samples from the moderate to severe GO group compared
to the Graves' patients without GO. Caspase 14, dermcidin, antileukoproteinase (SLPI),
procollagen-lysine, 2-oxoglutarate 5-dioxygenase 2 (PLOD2), mesothelin, deleted in
malignant brain tumors 1 (DMBT1), apolipoprotein D (APOD), zymogen granule protein 16
homolog B (ZG16B), lysozyme C (LYZ), glutathione peroxidase 3, extracellular glycoprotein
lacritin (LACRT, Figure 7) and zinc-alpha-2-glycoproteinl (AZGP1) were all up-regulated in
both forward and reverse experiments in the sample from the GO group with fold-changes
ranging from 2.1-5.6. Cystatin D, periplakin, mammaglobin A and prelamin A/C were down-
regulated in the moderate to severe GO group compared with the Graves' patients without GO.
We showed that a number of regulated proteins differed in tear fluid from patients with
moderate to severe GO compared with Graves' patients without GO. These new observations
may be useful to better understand the disease and may be used as biomarkers and indicators

for disease activity and risk for developing GO.
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4.3 Paper Il1

Based on the results from Paper I, this paper is a validation study describing the three
proteins, LYZ, LACRT and AZGP1, in tear fluid from individual patients with moderate to
severe GO, and patients without GO, using ELISA measurements. The mild GO group was
assessed for only LYZ levels. The moderate to severe GO group had a higher median age (p =
0.024), increased number of smokers (p = 0.043) and increased TRAD levels than the patients
without GO (p < 0.001). For the mild GO group there were no significant differences in
smoking (p = 0.27) and age (p = 0.50) compared to the patients without GO. However, the
TRAD levels were significantly higher in 16 patients in the mild GO group compared to the
patients without GO (p = 0.003), but no significant difference in TRAb levels were observed
between the two groups when comparing the highest TRAb levels between the mild GO
group and patients without GO.

Significantly higher tear levels were found in the moderate to severe GO group compared
with the patients without GO, in LYZ (median, 269 pug/mg (n = 21) vs. 84 pg/mg (n = 21), p <
0.001, Figure 8A), LACRT (median, 7 pg/mg (n = 20) vs. 0.9 pg/mg (n = 20), p = 0.004,
Figure 8B) and AZGP1 (median, 42 pg/mg (n = 20) vs. 22 p/mg (n = 20), p = 0.001, Figure
8C). Higher levels of LYZ, AZGP1 and LACRT were significantly associated with GO after
adjustment for age, smoking and gender. Using ROC analysis, LYZ showed high accuracy
with an AUC value of 0.91, while LACRT and AZGP1 showed AUC values of 0.77 and 0.80,
respectively. When combined, LYZ, LACRT and AZGP1 tear fluid concentrations could
detect patients with moderate to severe GO in GD with an AUC of 0.93. Tear levels of LYZ
(median, 51 pg/mg vs. 14 pg/mg, p = 0.003), were significantly higher in patients with mild
GO compared to patients without GO. LYZ were significantly associated with GO, and this
association was still significant after adjustment for age, smoking and gender. ROC analysis

showed an AUC of 0.86 for LYZ. ROC analysis of the highest TRAb levels revealed an AUC
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of 0.73 for the moderate to severe GO group and an AUC of 0.46 for the mild GO group.
These findings suggest that this novel three protein biomarker panel is able to differentiate

between Graves' patients with and without GO and are comparable to serum TRAb.
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5 Discussion

The objective of this thesis was to search for protein biomarkers for GO by comparing tear
protein levels between patients with and without GO using quantitative proteomics.

In the following discussion part of this thesis, firstly, validity of the study is discussed.
Furthermore, demographic, clinical and serological data of the patients included in this study
will be discussed. Then sample preparation and 2D LC-MS/MS proteomic analyses using
quantification with dimethyl labeling of tear fluid from patients with and without GO is
discussed (pooled samples). Finally, confirmation with ELISA on selected proteins will be

discussed (individual samples).

5.1 Methodological considerations

5.1.1 Internal and external validity

Validity is divided into internal validity and external validity (generalizability). Internal
validity refers to the reliability of the study results, which is determined by the degree to
which a study minimizes bias. To obtain a high internal validity, the study group should be as
homogeneous as possible and is usually obtained by rigid inclusion and exclusion criteria,
blinding and randomization/matching [134]. One of the most common types of bias in clinical
research is those related to subject selection. Selection bias refers to systematic differences
between baseline characteristics (age, gender, smoking, treatment) of the groups being
compared. In our study, we enrolled every patient with the pre-set inclusion and exclusion
criteria (see Section 3.3.3-3.3.4). Selection bias occurs when the criteria used to recruit
patients into separate groups are inherently different, and this can be a problem with studies
such as this since exposure and outcome (GD with and without GO) already have occurred at

the time individuals were selected for study inclusion [134].
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Due to our inclusion and exclusion criteria, there were differences between our groups’
demographics (age and gender), disease specific characteristics (disease duration, TRAb
levels and thyroid hormone levels), RAI treatment and smoking. Based on the differences
between GD patients with and without GO, we cannot rule out the possibility that some of the
variables in the inclusion/exclusion criteria may have affected our results regarding protein
concentrations. We enrolled as many patients as possible during a year that met the inclusion
and exclusion criteria set before the recruitment. Due to the somewhat loose inclusion and
exclusion criteria set, matching of the groups and more rigid inclusion/exclusion criteria was
not prioritized. However, this is necessary to reduce possible selection bias, and increase the
internal validity of the study. Additionally, this study was an unblinded study where all parties
were aware of the group assignment (with/without GO), which may have biased the study.
However, in our opinion the outcome is already defined and would not reflect the results
[134]. Another possible bias in this study is misplacement of recruited GO patients in the
wrong GO group. For example a GO patient with seemingly mild GO will be placed in the
mild GO group, whereas it actually may belong to the moderate to severe GO group.

External validity refers to the degree to which the findings are able to be generalized to other
groups or populations outside the study group. Increased external validity can be obtained by
widening the exclusion criteria so that the study population is very similar to the general
population. However, wide inclusion criteria may compromise the internal validity of the
study [134, 135]. In this study, all patients were recruited from one clinic Oslo University
Hospital (OUS) which may impact the external validity of this study since we cannot rule out
that clinicians at OUS perform different evaluations than clinicians in other hospitals.
Achieving balance between internal and external validity is difficult, and an ideal study would
randomize patients and blind those collecting and analyzing data, while keeping exclusion

criteria to a minimum. As mentioned, we included all patients willing to participate in the
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study using the pre-set inclusion and exclusion criteria to obtain as large groups as possible
and make them as similar to the general patient population with GD and GO as possible.
Since we did that, the internal validity may have been reduced but the external validity
somewhat increased. However, it would have been an option to widen the inclusion and
exclusion criteria in this study to reduce selection bias, even though this would have been on

the expense of the external validity.

5.1.2 Patient characteristics

The choice of patients and differences in activity and severity

The most widely used comparison of patient groups in proteomic GO studies is the
comparison between GO patients with different activity and severity and healthy subjects
[124-126]. Since GD patients are the target population in which the biomarkers will be
measured in, healthy controls are often inappropriate for defining disease-specific biomarkers
in GO (Paper I1). Therefore, patients with low activity GD without GO were chosen as the
control group instead of healthy subjects. However, there may be a chance that a GD patient

with no clinical apparent GO has some GO involvement and signs of orbital inflammation.

GO passes through several phases, where the first phase involves worsening of symptoms
and signs. Active GO refers to the presence of inflammation, and is the phase when the
patient is symptomatic and notice changes in the severity, which may result in double
vision and/or proptosis [136]. In contrast, when there is no longer a change in severity of
any feature (for up to 2 years), the disease has passed on to the chronic inactive phase.
Considering these two stages of the disease manifestation, Planck et al. [137] found a clear
difference in gene expression between the active and chronic phase of GO. While many

genes involved in inflammation and immune response were up-regulated in active GO, up-
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regulation of acute inflammatory genes was not observed in chronic GO. With this in mind,
all GO patients in this study had a CAS score > 3/7. The active GO patients were further
divided into moderate to severe GO and mild GO to obtain as homogeneous groups as
possible. The severity of GO was determined by an ophthalmologist in collaboration with
an endocrinologist, and based on the EUGOGO classification (eyelid swelling, eyelid
aperture, proptosis, eye mobility, visual acuity and color vision) [47-49]. Patients
considered as having moderate and severe GO were evaluated for treatment with
glucocorticoids, whereas patients with mild GO were not treated by glucocorticoids.
However, the patients with mild GO were also strictly followed up by CAS assessments,

and encouraged to stop smoking, use tear substitutes, and avoid bright light and dust.

Differences in TRAD levels

TRAD activity is currently considered as important contributors to GO, and enhanced
expression of the autoantigen to TSHR within the orbit may play a role in the initiation or
propagation of the autoimmune response in GO [137]. Several experimental and clinical
studies supports the theory of TRAb involvement in GO [34-37, 40]. For instance, Eckstein et
al. [34] observed a relationship between TRAb levels and GO severity and outcome. In our
study, increased TRAD levels were observed in all patients with moderate to severe GO and in
16 of the 18 patients in the mild GO group, compared to patients without GO at the time of
sample collection. In addition to the above observations on TRAb at the time of sample
collection, we also evaluated the highest TRAb levels in patients during their disease course.
Significantly higher TRAb levels were observed in all patients with moderate to severe GO
compared to patients without GO, when comparing the highest TRAD levels in the two groups.
However, there was no significant difference in the TRAD levels between mild GO patients

compared to patients with no sign of GO, when comparing the highest TRAD levels in the two
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groups. This indicates that TRAD levels are higher in patients with moderate to severe GO

than in patients with mild GO and this is in line with findings observed by Eckstein et al [34].

Differences in smoking

The observed association between smoking and autoimmune diseases may indicate that there
is a generalized stimulation of autoimmune processes in smokers [59]. Baker et al. [123]
demonstrated that the tear composition of GO patients was altered, and that similar changes
could be found in tears of smokers. The number of smokers was significantly higher among
the patients with moderate to severe GO than patients without GO. However, the number of
former and current smokers was not significantly higher in the mild GO group compared to
patients without GO. As suggested in earlier research [123], the significantly higher number
of smokers in the moderate to severe GO group indicates that smoking is a strong risk factor
contributing to GO development and progression in patients with GD. This indicates that
cigarette smoking has a strong and dose-responsive relationship with the course and severity
of GO, and suggests that smokers generally suffer from more severe GO than non-smokers
[60, 63]. Because smoking is a significant risk factor for the development of GO, and our
groups are not matched for smoking, we cannot rule out the possibility that smoking may
affect the levels of the dysregulated proteins in tear fluid observed between the groups.
Additional studies with larger groups, matched for smoking, are necessary to determine the
impact of smoking on tear protein composition. Since smoke extract is known to increase
adipogenesis [60] and ex-smoking GO patients reduced progression in diplopia and proptosis,
quitting smoking should be the first recommendation for patients with GO. Moreover,
treatment with glucocorticoids has shown to have increased effect on non-smokers compared

to smokers [64].
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Differences in age and gender

In the two study groups, the age inclusion criteria were the same. Patients with moderate to
severe GO group were significantly older than those with no signs of GO. However, patients
in the mild GO group were not significantly older than those with no signs of GO. Usually,
GD patients with GO are older than patients without GO (mean age: 46.4 years vs. 40.0 years)
[14]. In this study the moderate to severe GO group was older than the mild GO group by 5.5
years, which supports the observation associated between severity of GO and advancing age
[14].

As is the case in most studies on autoimmune disease [21], there were more women than men
in the GO group compared to the patients without GO. There was no restriction on gender in
the inclusion criteria in our study, and the increased number of women included in the GO
groups may be reasonable due to a higher frequency of GD in women (with a prevalence in
general women population of 2.5 %) [8-12]. Usually, higher incidence in women compared
with men has been observed. However, a recent study observed no difference in gender

distribution among patients without GO, mild GO and moderate to severe GO [20].

5.1.3 Sample size and power

This study is exploratory, and we did not perform power calculations [138]. No matching of
the groups concerning smoking, age or gender was made. We intended to include 40 patients
with GD and GO and 40 patients with GD without GO, but the recruitment of patients
(especially GD patients without GO) proved more difficult than anticipated. Initially we
included 39 GD patients with GO. We decided to divide the group into mild and moderate to
severe GO patients which, resulted in two GO groups containing 21 and 18 patients,
respectively. It was challenging to find subjects with GD without any clinical history of GO.

Tear samples were collected from the two control groups, with 29 and 9 GD patients.
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However, after a closer look, 8 patients of the totally 29 patients in the first control group had

previously shown clinically apparent GO involvement and were excluded from the study.

5.1.4 Sample preparation and optimization

Due to high concentrations of proteins in tear fluid and the advantages of MS, there has been
an increased attention to proteomic analysis of tear fluid. However, there are several
analytical aspects to consider in proteomic analysis that may contribute to protein loss during

processing, such as sample preparation and optimization.

The choice of collection procedure

In the present study, the well-established Schirmer tear test was used for tear collection
(Figure 6 and Paper 1). Schirmer tear test is rapid and easy to handle, does not require
experienced personnel, is free of risk for injury, and it is considered more pleasant for the
patient compared to capillary [139]. The procedure is routinely used in the ophthalmology
clinic as a standard clinical test for dry eye disease, and has shown to be a good collection
procedure, as shown in previous studies [139-141]. However, there are some challenges with
this collection procedure; one is the contamination of proteins from epithelial cells on the
ocular surface (conjunctiva and cornea) [107], and since an extraction step is required, a 100 %
tear fluid recovery is not possible from the Schirmer strips. An alternative collection
procedure of tear fluid is collection with glass capillary. With this method no proteins from
the conjunctiva or cornea are collected, however, a degree of practice and experience is
required, and subjects have shown to be more hesitant about the rigid capillary tube in this
procedure compared with the flexible Schirmer tear test. Collection with glass capillary is
more time-consuming and requires that the subjects have normal tear fluid secretion to obtain

enough tear fluid. The opinion on which collection procedure is best suited differs [139-146],
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and both the subject and the aim of measurement should be considered. Although sample
handling and protein extraction from Schirmer tear test have been challenging, several studies
on the human tear proteome have used this collection technique. Cutting and removal of the
Schirmer strips after extraction, and several sample transfer-steps may lead to extensive

sample loss prior to downstream analysis [120, 146-151].

The choice of extraction solvent

We examined different extraction solvents to find the solvent resulting in the highest number
of identified proteins in tears. We observed an increased number of identified tear proteins
with ammonium bicarbonate in combination with NaCl. This shows that using a non-optimal
extraction solvent can result in serious sample loss already in the first step of the analysis.
Ammonium carbonate as extraction solvent has previously been used for protein extraction
from Schirmer strips by Green-Church et al. [146]. They used ammonium bicarbonate to
extract proteins from Schirmer strips and then precipitated the extract with acetone [146].
Since NaCl is present in tears, we thought it may increase the solubility of tear proteins and
promote the extraction from the strips [152]. Additionally, we evaluated three MS-compatible
surfactants RapiGest SF (RG SF), Invitrosol, and PPS Silent Surfactant (PPS), to try to
improve the protein extraction further, as suggested by Chen et al [153]. However, all three
surfactants turned out to be less effective compared with ammonium bicarbonate containing
NaCl. In general, the number of protein identities overlapping between the extraction solvents
applied was high (Paper 1), and typical tear proteins, such as LYZ, lipocalin 1, mammaglobin
B and AZGP1, were identified in all extraction solvents applied. However, some differences
were observed, indicating that some solvents extracted specific proteins. This shows that the
choice of extraction solvent affects both the number of identified proteins as well as which

proteins are extracted.

68



The choice of extraction volume, time and temperature

The effect of extraction volume on the number of identified proteins was examined. We
observed solvent breakthrough (solvent not retained by the filter) with volumes larger than
600 pL, which shows that too high extraction volumes, may contribute to sample loss and
reduced number of identified proteins. The highest number of identified proteins was
observed using 450 pL, and was therefore used for further analyses.

It has been shown that 3-h extraction is sufficient to achieve time-independent protein
extraction from Schirmer strips [148, 149, 154]. In our study, we experienced a slight increase
in the number of identified proteins with overnight extraction compared with a 4-h extraction.
Despite this slight increase in the number of identified proteins with overnight extraction, a 4-
h extraction was selected because it is less time-consuming.

Usually, diffusion-based extraction improves when the temperature is increased [155]. We
evaluated increased temperatures; however, the extraction efficiency did not improve with
increasing temperatures in our study. In fact, due to the limitations related to the filter unit,
showing a maximum temperature limit of 40 °C, lower temperatures turned out to be the most

suitable for the number of identified proteins from Schirmer strips using this type of filter unit.

Two dimensional liquid chromatography mass spectrometry

As mentioned, to achieve greater analytical depth for a proteome of interest, pre-fractionation
of the sample prior to LC-MS/MS is important and would preferably increase the number of
proteins identified. After evaluation of the different extraction parameters on the number of
identified proteins on a 1D LC-MS/MS system, extracted proteins were subjected to 2D LC-
MS/MS analysis. As expected, we were able to identify 1217 more proteins with the

optimized extraction parameters.
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5.2 Quantitative proteomic comparison between GD patients with and
without GO-Main findings

5.2.1 Dimethyl labeling based comparative proteomics of tear fluid

Quantification of protein expression in biological systems is an important part of proteomics
research, and there are several techniques for quantifying the protein abundance between
samples. In this study (Paper Il), untargeted quantitative proteomics with 2D LC-MS/MS
analysis was applied on pooled tear samples from GD patients with moderate to severe GO

and without GO.

Dimethyl labeling based quantitative proteomics

Dimethyl labeling is a fast and cost-effective procedure that is applicable to any biological
sample, and was therefore considered a good choice for quantification of proteins in this study.
We labeled our samples with light and intermediate labels and chose to reverse label (forward
and reverse label-swap can be performed by swapping the stable isotope labels, Figure 6, 7,
and Paper I1) the samples to increase the accuracy of the labeling step. Since we only needed
two labels, we chose to label with light and intermediate labels due to recommendations from
previous studies due to the interpretation of both deuterium and **C isotope in the heavy label
[93]. Since this labeling procedure is performed on peptide level, variations introduced in the
earlier steps of the sample preparation may have been lost. Additionally, the introduction of

deuterium in the intermediate label may cause some isotopic effects [96, 99].
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Up- and down-regulated proteins in patients with GO

LC-MS/MS analysis clearly showed differences in tear protein composition between the two
groups investigated (Paper I1). Several proteins were found to be significantly up-regulated or
down-regulated in the GO group compared to the controls (Table 6). However, other proteins
identified in this study can be related to GO even though the fold changes were outside the
pre-set cut-off values (> 2.0 and < 0.5 for up- and down-regulated proteins). The majority of
the proteins identified and quantified in both sets were typical tear proteins, such as LYZ and
LACRT. For instance, LACRT was 2.2-fold up-regulated (Table 6) in both forward and
reverse experiments as shown in Figure 7. Many of the proteins we found dysregulated are
involved in inflammation (antileukoproteinase (SLPI), LYZ, apolipoprotein D (APOD)) and
immune response (deleted in malignant brain tumors 1 (DMBT1), LYZ and AZGP1) of the
ocular surface (Table 6). For instance, LYZ has shown to play a role in the immune response
[156], and increased tear levels of LYZ in patients with GO have been reported in previous
studies. Khalil et al. found increased levels of LYZ in tears from patients with GO and
suggested lacrimal gland involvement in patients with GO [122]. Matheis et al. showed
elevated levels of LYZ in patients with GO compared with healthy controls, suggesting
increased inflammatory process of the orbit and the lacrimal gland [125]. Although most of
the proteins have been reported in tears earlier, proteins such as caspase 14, periplakin,
mammaglobin A, and prelamin A/C, have to our knowledge not been reported in tears of GO
patients before (Paper Il). These new observations may be useful to better understand the

disease.
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Table 6. Altered proteins (expressed as fold changes) in patients with moderate to severe GO compared

with patients without GO (Paper 11).

Proteins Mean fold- change ®

Function in tears/ eye

Up- regulated
Caspase 14
Dermcidin

Antileukoproteinase (SLPI)

Procollagen-lysine, 2- oxoglutarate 5- dioxygenase 2 (PLOD2)

Mesothelin

Deleted in malignant brain tumors 1 (DMBT1)
Apolipoprotein D (APOD)

Zymogen granule protein 16 homolog B (ZG16B)
Lysozyme C (LYZ)

Glutathione peroxidase 3

Extracellular glycoprotein lacritin (LACRT)
Zinc- alpha- 2- glycoprotein 1 (AZGP1)
Down- regulated

Periplakin

Cystatin D

Mammaglobin A

Prelamin A/C

5.6
3.4
3.1
2.9
2.9
2.9
2.8
2.8
2.7

2.6
2.2
21

05
0.4
0.4
0.4

apoptosis

defense
inflammation
unknown
unknown
immune response
maintenance
protection
immune response,
inflammation
unknown

wound healing

immune response

unknown
proteolysis
unknown

unknown

& Mean fold- change obtained for forward and reverse experiments.
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Figure 7. Mass spectra for light and intermediate labeled peptide (QFIENGSEFAQK) pairs from forward and
reverse labeling experiments for LACRT. The peaks at m/z 727.37 and 731.39 correspond to light and

intermediate labels for active GO, respectively (Supplementary Paper I1).

5.2.2 ELISA measurements

In the third part of this thesis, we examined the protein levels of LYZ, LACRT and AZGP1 as
potential protein biomarkers for GO on individual patient samples, using commercially
available ELISA assays (Paper I11). These proteins were chosen because of their up-regulation
in GO in combination with their high abundance in tear fluid which is highly important when
dealing with limited sample volume available. Other low-abundant proteins were also
analyzed with ELISA (Table 6) but their detection proved to be difficult. As mentioned, the

concentration of LYZ, AZGP1 and LACRT was assessed in tears from patients with moderate
to severe GO and without GO. Additionally, only LYZ levels were assessed in the mild GO

group and Graves' patients without GO due to limited sample volume available.
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Tear levels of LYZ, LACRT and AZGP1 in patients with moderate to severe GO

The results from ELISA measurements in the moderate to severe GO group showed elevated
levels of LYZ in the GO group (Figure 8A), which are in line with findings from former
studies [125, 133]. We also observed elevated levels of LACRT in the GO group compared
with patients without GO (Figure 8B). LACRT levels were only detected in 13 out of 20 tear
samples in the GO group and 11 out of 20 tear samples in the patients without GO. This was
probably a result of limited sample volume available. In this study we also found increased
AZGP1 levels in the GO group compared to those without GO (Figure 8C), which is in line
with previously reported up-regulation of AZGP1 in tears from patients with GO and healthy
smokers [125]. Our logistic regression analysis showed significant association between GO
and AZGP1, both with and without adjustment for smoking, age and gender. However, we did
not match our groups for smoking, and can therefore not rule out the possibility that smoking
may affect AZGP1 tear levels in this study, since smoking is a significant risk factor for the
development of GO (Paper IlI).

Further analysis to study the possibility to differentiate between GD patients with and without
GO was performed by measuring tear levels of LYZ, LACRT and AZGP1 using receiver
operator characteristic (ROC) analysis. Even though each protein individually had reasonably
high values for area under the curve (AUC), the combination of the three biomarkers
combined in a panel performed better as a diagnostic test than a single protein alone. However,
the diagnostic performance of our biomarker panel needs to be further validated prospectively
in a larger population. ROC analysis was also used to evaluate if the highest TRADb levels
could differentiate between GD patients with and without GO, and if this differentiation was
better as a diagnostic test than the diagnostic performance of the three protein biomarker
panel. The ROC analysis revealed an AUC of 0.73 for the moderate to severe GO patient

group, which is lower than that obtained for the biomarker panel (AUC of 0.93). This
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indicates that the three protein panel may differentiate GD patients with moderate to severe

GO better than TRAD.
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Tear levels of LYZ in patients with mild GO

Since LYZ showed the best performance in discriminating between GD patients with
moderate to severe GO and those with no signs of GO, in combination with limited sample
volume available, we wanted to examine LYZ tear levels in GD patients with mild GO.
Significantly higher LYZ levels were observed in patients with mild GO compared to those
without GO. Also for this group, the highest TRAD levels during disease were examined using
ROC analysis to see if a better diagnostic performance was obtained with TRAb compared
with LYZ. The results showed an AUC of 0.46, which is much lower than the AUC observed
for LYZ (AUC of 0.86). These observations may represent a possible manifestation of
subclinical stage of the disease. Usually, patients with mild GO are not recommended for
glucocorticoid treatments and a wait- and- see policy is favored in hope of a spontaneous
improvement [157]. However, a few patients progress into moderate to severe stages of GO
and these patients are difficult to detect with clinical examination methods. We therefore
believe that measurement of LYZ tear levels may help the clinician in deciding which patients
need extra care concerning development of GO in the clinically mild GO group. Additionally,
LYZ levels may help the clinician to decide which permanent treatment (thyroidectomy or
RAI) that should be considered. Further studies to find clinically relevant cut-off values

predicting patients at risk for developing GO are desirable (Paper I1I).
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Conclusions

To easy evaluate the tear fluid proteome in future studies, we have developed a robust
single-unit filter-aided method for both sample handling and protein extraction from
Schirmer strips.

A number of novel regulated proteins in pooled tear fluid from patients with moderate
to severe GO were identified using 2D LC-MS/MS in combination with dimethyl
labeling.

Tear levels of LYZ, LACRT and AZGP1 have been evaluated in patients with GO at
an individual level using ELISA, and we have established a panel based on these 3
proteins that is able to differentiate between GD patients with moderate to severe GO
from those without GO.

High LYZ levels in patients with GD may suspect GO development and may indicate
that additional follow-up and treatment of the patient is necessary.

Up-regulation of lacrimal gland proteins such as LYZ and LACRT suggest
involvement of the lacrimal gland in the pathogenesis of GO.

Our groups were not matched for smoking, age and gender. Consequently, the
possibility that smoking, age and gender may affect tear levels of proteins found
regulated in the present study cannot be ruled out. Therefore, they need to be
reproduced in a larger independent sample group matched for smoking, age and

gender.
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6.1 Future research

There is a need for further studies of the proteomic profile in tear fluid from GD patients
with GO to verify the results of this thesis. Furthermore, the patient groups should be
matched for smoking, age and gender. Other groups such as dry eye patients and patients
with Sjegren’s syndrome should also be investigated. Finally, further evaluation on a larger
prospective cohort of patients with power calculations, would be necessary to increase the
diagnostic accuracy of the biomarker panel to evaluate the risk of developing GO among

patients with GD.
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Abstract

Background

Graves’ orbitopathy (GO) is an autoimmune inflammatory ocular complication and one of
the most frequent manifestations of Graves’ disease (GD). Clinical judgment of GO is sub-
jective sometimes leading to clinical and therapeutic challenges. Better tools to diagnose
this severe complication are warranted.

Patients and methods

The aim of the present study was to evaluate tear levels of LYZ, LACRT and AZGP1 in GD
patients with or without GO, as possible biomarkers for GO. Tear samples were collected
from GD patients with moderate-to-severe GO (n = 21) and no clinical signs of GO (n = 21).
Additionally, 18 GD patients with mild GO and 9 patients without GO were included in a fur-
ther part of the study.

Results

Tear levels of LYZ (p <0.001), LACRT (p = 0.004) and AZGP1 (p = 0.001) were significantly
elevated in GD patients with moderate-to-severe GO compared to GD patients without GO.
The discriminatory power of the three biomarkers, combined in a panel was confirmed by
ROC plot analysis, with an AUC value of 0.93 (sensitivity of 95%; specificity of 80%). Since
LYZ showed the best performance in discriminating between GD patients with (moderate-
to-severe) and without GO (in combination with limited sample volume available), LYZ levels
were also measured in tears from GD patients with mild GO and without GO. Significantly
higher levels of LYZ were measured in GD patients with mild GO compared to those without
GO (p =0.003).
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Conclusions

We have established a novel three-protein biomarker panel that is able to discriminate
between GD patients with and without GO, which might aid in diagnostic evaluation of GO
as well as an indicator for disease activity.

Introduction

Graves’ orbitopathy (GO) is an inflammatory autoimmune disorder of the orbit and one of the
most frequent manifestations of Graves’ disease (GD) [1, 2]. GD is a common disorder that
occurs more frequently in women than in men, with a peak age between 30 and 50 years [3-5].
GO is clinically apparent in approximately 20% of patients with GD [4, 6], and is characterized
by inflammatory changes and enlargement of extraocular muscles and orbital tissues. These
changes, combined with the local production of cytokines and other mediators of inflamma-
tion, result in upper eyelid retraction, edema, proptosis, diplopia, erythema of the perorbital
tissues and conjunctivae, and even sight loss due to compressive optic neuropathy or break-
down of cornea [7, 8]. Generally, increased levels of thyrotropin receptor autoantibodies
(TRAD) are considered as an important contributor to GO [9]. The symptoms of GO are pri-
marily due to inflammation, and the severity of GO is categorized into mild, moderate, and
severe (including sight-threatening) GO [10]. Although a general consensus for assessment of
GO in routine clinical practice is established, according to the 2016 recommendations of the
European Group on Graves’ Orbitopathy [10], the clinical judgment is subjective sometimes
leading to clinical and therapeutic challenges. Therefore, from a clinical perspective, it is
important to find disease-associated markers that identify GO patients.

In an earlier comprehensive quantitative proteomics study [11], we demonstrated increased
levels of lysozyme C (LYZ), lacritin (LACRT) and zinc-alpha-2 glycoprotein 1 (AZGP1) in
pooled tear fluid sample from GD patients with moderate-to-severe GO compared with GD
patients without clinical signs of GO. The aim of the present study was therefore to assess indi-
vidual levels of LYZ, LACRT and AZGP1 in tears from GD patients with moderate-to-severe
GO and without GO using ELISA, and to investigate the diagnostic performance of these pro-
teins on GO, either alone or combined in a panel.

Materials and methods
Subjects

As described in detail previously [11], tear samples from 21 patients with GD and moderate-
to-severe GO (15 female, 6 male, median age 57 years, range 20-77 years; 9 smokers) were
included in this study (moderate-to-severe GO, Table 1). Another group consisting of 21
patients with outburned GD and no sign of ocular symptoms during the disease (17 female, 4
male, median age 44 years, range 26-69 years; 3 smokers) served as the control group (Table 1)
[11]. Patients in this group were examined by an endocrinologist (by the same endocrinologist
as in the GO group), had normal TRAD values (except for two patients) and no history of GO
[11].

Another study group consisting of 18 patients with GD and mild GO (15 female, 3 male,
median age 51.5 years, range 28-63 years; 8 smokers) was also included in this study (mild
GO, Table 2). Due to limited sample volume available, a new control group consisting of 9
patients with outburned GD and no sign of ocular symptoms during the disease (5 female, 4
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Table 1. Demographic, clinical and serological data of GD patients with moderate-to-severe GO and without GO.

Moderate-to-severe GO (n = 21) Without GO (n =21)
Females, n (%) 15(71.4) 17 (81)
Males, n (%) 6 (28.6) 4(19)
Age, y (median) 57 (20-77) 44 (26-69)
Smokers, n (%) 9 (42.8) 3(14.3)
Duration GD, month (median) 14 (3-108) 21 (10-35) 0.018
TRADb, IU/L (reference range, <1.8) 19.9 (3.7-156.4) <0.9 (<0.9-4.9) <0.001
Radioiodine treatment, n (%) 5(23.8) 0(0) 0.019
Thyroid surgery, n (%) 1(4.8) 1(4.8) 1
TSH, mlU/L (median; reference range, 0.5-3.6) 0.05 (0.01-1.7) 0.88 (0.03—4.34) <0.001
Serum FT4, pmol/L (reference range, 8-21) 17.3(10.1-49.2) 13.5(11.4-21.3) 0.004
Serum FT3, pmol/L (reference range, 3.6-8.3) 7.4 (4.4-20.0) 5.4 (4.5-8.6) 0.005

https://doi.org/10.1371/journal.pone.0175274.t001

male, median age 45 years, range 27-68 years; 2 smokers) served as the control group in this
further part of the study (mild GO, Table 2). Patients in this group were examined by an endo-
crinologist (by the same endocrinologist as in the GO groups), had normal TRAb values

(except for two patients) and no history of GO.

All GO subjects went through a thorough examination by a trained ophthalmologist and

an endocrinologist, and filled out a questionnaire regarding clinical history (other autoim-

mune,—and ocular diseases), smoking habits, symptoms and medications. However, ocular

surface diseases, such as dry, which may alter the tear composition, cannot be completely
excluded since GD and GO patients may have dry eyes. None of the patients with GO had
started on medical treatment with steroids (which may affect the ocular disease). A clinical
score (mild, moderate and severe) was given by the ophthalmologist to all the patients with

GO, based on their overall severity (eyelid swelling, eyelid aperture, proptosis, eye motility,
visual acuity and color vision) [12] and clinical activity, at the time of sample collection. All
GO patients were in the active phase of the disease course, with a CAS score > 3/10 (10 when
severity is included). Written informed consent was obtained from all the subjects and all
protocols were approved by Regional Committee for Medical and Health Research Ethics
(REK south-east, 2013/839) in accordance with the ethical standards laid down in the Decla-

ration of Helsinki [11, 13].

Table 2. Demographic, clinical and serological data of GD patients with mild GO and without GO.

Mild GO (n = 18) Without GO (n =9)

Females, n (%) 15 (83.3) 5(55.6)
Males, n (%) 3(16.7) 4 (44.4)
Age, y (median) 51.5 (28-63) 45 (27-68)
Smokers, n (%) 8 (44.4) 2(22.2)
Duration GD, month (median) 8.5 (3—40) 18 (7-42) 0.047
TRADb, IU/L (reference range, <1.8) 5.4 (0.9-30.0) <0.9 (<0.9-4.7) 0.003
Radioiodine treatment, n (%) 1(5.5) 0(0) 0.48
Thyroid surgery, n (%) 2(11.1) 0 (0) 0.31
TSH, mIU/L (median; reference range, 0.5-3.6) 0.04 (0.03-1.7) 0.1(0.03-2.33) 0.65
Serum FT4, pmol/L (reference range, 8-21) 21.3(12.2-28.2) 18.6 (11.4-26.1) 0.37
Serum FT3, pmol/L (reference range, 3.6-8.3) 6.3(4.6-11.7) 6.2 (4.8-8.6) 0.93
https://doi.org/10.1371/journal.pone.0175274.t002
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Materials, tear collection and protein extraction

Materials, tear collection and protein extraction are described in detail previously [11] with
some alterations. See details in S1 File.

ELISA measurements

One Schirmer strip from each individual was extracted as described in S1 File and the concen-
tration of the three proteins was assessed with commercially available ELISA kits; AZGP1
(detection range; 4.7-300 ng/ml), LACRT (detection range; 1.56-100 ng/ml) and LYZ (detec-
tion range; 0.156-25 ng/ml). Additionally LYZ levels were also assessed in both mild GO
group and controls. Protein concentrations obtained with ELISA assays were normalized with
respect to total protein concentration and expressed as protein/total protein concentration

in pg/mg.

Statistical analysis

ELISA results were exported to SPSS statistical analysis program (IBM SPSS statistics 22,
Armonk, NY, USA). Data are presented as median and interquartile range (IQR). We analyzed
non-normally distributed data, log-transformed, or used non-parametric methods, as appro-
priate. For comparison of continuous variables between groups, student’s ¢ tests or two-sided
Mann-Whitney U tests were used. Spearman correlation coefficients rank test were used for
TRAD correlations. A two-sided p-value < 0.05 was considered to be significant and uncor-
rected values are presented. Bonferroni-Holm correction was also performed. The diagnostic
value for LYZ, LACRT and AZGP1, individually and together, was assessed by ROC-curve
analyses. Multiple logistic regression analysis were performed with log-transformation of
parameters when needed, to assess if there was any potential effects from independent vari-
ables such as age, smoking, gender and protein concentration on GO (dependent variable).

Results
Moderate-to-severe GO

Demographic, serological and clinical data. Twenty one GD patients with moderate-to-
severe GO and 21 GD patients without signs of GO were included in the study, as shown in
Table 1. The number of smokers was significantly higher in the moderate-to-severe GO group
(p = 0.043) than those without GO, and the moderate-to-severe GO group were significantly
older than those with no signs of GO (p = 0.024). The mean values for duration of GD, TRAb,
TSH, serum T3 and serum T4 were significantly different between the groups (see Table 1 for
p-values). Among the patients with moderate-to-severe GO, five had been treated with radio-
iodine and one had gone through thyroid surgery. On the other hand, none of the GD patients
without GO were treated with radioiodine, while one had gone through thyroid surgery
(Table 1).

Tear levels of LYZ, LACRT and AZGP1. We determined tear levels of LYZ, LACRT and
AZGP1 with commercially available ELISA assays. The levels of LYZ ((median, 268.9 ug/mg
(n=21) vs. 84.3 pg/mg (n = 21), p < 0.001)), LACRT ((median, 6.9 ug/mg (n = 20) vs. 0.9 ug/
mg (n =20), p =0.004)) and AZGP1 ((median, 42.5 ug/mg (n = 20) vs. 22.1 p/mg (n = 20),

p = 0.001)) were significantly higher in GD patients with moderate-to-severe GO compared to
GD patients without GO, as shown in Fig 1A-1C. These results validate our previous findings,
that levels of these three proteins are elevated in GD patients with moderate-to-severe GO
[11]. Importantly, LACRT levels were detected in only 13 of 20 tear samples from the GO
group and 11 of 20 tear samples from the control group, probably due to limited sample
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Fig 1. Tear levels of LYZ, LACRT and AZGP1 in moderate-to-severe GO patients vs GD patients
without GO obtained with ELISA. Box and-whisker plot showing median and interquartile range (IQR). (A)
The median for LYZ (268.9 pg/mg vs 84.3 pg/mg), (B) LACRT (6.9 pg/mg vs 0.9 pg/mg) and (C) AZGP1

(42.5 ug/mg vs 22.1 p/mg). Mann-Whitney U-tests were performed and p-values are indicated on each graph.

https:/doi.org/10.1371/journal.pone.0175274.9001
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Table 3. Logistic regression analysis for moderate-to-severe GO patients in relation to LYZ, LACRT and AZGP1 both with and without adjustment
for smoking, gender and age using log-transformed data.

No adjusted effect (OR) 95% ClI p-value Adjusted effect (OR) 95% ClI p-value
LYz 8.90 2.58-30.70 0.001 10.53 2.38,46.58 0.002
AZGP1 4.81 1.58-14.69 0.006 4.99 1.35,18.57 0.016
LACRT 1.70 1.16-2.50 0.006 1.59 1.03,2.44 0.035

https://doi.org/10.1371/journal.pone.0175274.t003

volume available. However, tear levels for the samples not detected with ELISA were set to the
lowest obtained concentration (0.2 pg/mg) for ROC analysis.

Logistic regression analysis showed that elevated levels of LYZ (p = 0.001), LACRT
(p=0.006) and AZGP1 (p = 0.006) were significantly associated with GO (Table 3). Moreover,
higher levels of LYZ, AZGP1 and LACRT were significantly associated with GO after
adjustment for age, smoking and gender ((p = 0.002, OR = 10.53, 95% CI = (2.38, 46.58)),

((p = 0.016, OR = 4.99, 95% CI = (1.35, 18.57)) and ((p = 0.035, OR = 1.59, 95% CI = (1.03,
2.44)), respectively in a multivariable logistic regression analysis (Table 3). Increased tear levels
of LYZ, AZGP1 and LACRT correlated with increased TRAb values in patients with moder-
ate-to-severe GO (LYZ, p < 0.001, LACRT, p = 0.002, AZGP1, p < 0.001).

The diagnostic performance of LYZ, LACRT and AZGP1 was established by calculating
area under the curves (AUC) representing receiver operator characteristic (ROC) plots. We
first assessed their individual performance in discriminating between GD patients with and
without GO. LYZ showed high accuracy with an AUC value of 0.91 (sensitivity of 95% and
specificity of 71%), while LACRT and AZGP1 showed AUC values of 0,77 (sensitivity of 95%
and specificity of 70%) and 0,80 (sensitivity of 95% and specificity of 75%), respectively. A bet-
ter performance than any of the individual biomarkers was achieved when the biomarkers
where combined into a panel, with an AUC value of 0.93 (sensitivity of 95%, specificity of 80%,
p-value < 0.001, 95% CI = 0.83, 1.0), as shown in Fig 2.

Mild GO

Demographic, serological and clinical data. In this further study, eighteen GD patients
with mild GO and 9 GD patients without signs of GO (Table 2) were included. Notably, none
of these individuals overlapped with the other study group. Due to limited sample volume
available, a new group served as a control group in this further part of the study. Patients in the
mild GO group were not significantly older than those with no signs of GO (p = 0.50), and the
number of former and current smokers was not significantly higher in the mild GO group
(p = 0.27). The mean values for duration of GD and TRAD were significantly different between
the groups (see Table 2 for p-values). Moreover, among the patients with mild GO, one had
been treated with radioiodine and two had gone through thyroid surgery. None of the GD
patients without GO were treated with radioiodine or had gone through thyroid surgery
(Table 2), and none of the patients with mild GO had started treatment with steroids at the
time of sample collection.

Tear levels of LYZ. Since LYZ showed the best performance in discriminating between
GD patients with moderate-to-severe GO and those with no signs of GO, we next tested
whether GD patients with mild GO also showed a pronounced increase in LYZ levels com-
pared to GD patients without clinical signs of GO. ELISA analysis showed that levels of LYZ
(median, 51.4 pg/mg vs. 13.9 pug/mg, p = 0.003) were significantly higher in the mild GO group
(Fig 3). Additionally, a ROC curve was generated, showing an AUC of 0.86 (sensitivity of
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Fig 2. Diagnostic performance of the 3-protein biomarker panel in discriminating GD patients with moderate-to-severe GO from
GD patients without GO. ROC curve analysis showing LYZ, LACRT and AZGP1 combined in a panel, with an AUC of 0.93. The curve is
created by plotting the true positive rate (sensitivity) against the false positive rate (1 —specificity).

https://doi.org/10.1371/journal.pone.0175274.9002

100% and specificity of 78%, S1 Fig). Notably, increased tear levels of LYZ did not correlate
with TRAb levels (p = 0.57) in the mild GO group.

Using logistic regression analysis, elevated levels of LYZ were significantly associated
(p = 0.010) with GO, and this association was still significant after adjustment for age, smoking
and gender ((p = 0.032, OR = 7.58, 95%—CI = (1.19, 48.40)).
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Fig 3. Tear levels of LYZ in mild GO patients vs GD patients without GO obtained with ELISA. Box and-whisker plot showing median
and interquartile range (IQR). The median for LYZ (51.4 pg/mg vs. 13.9 pg/mg). Mann-Whitney U-test was performed and the p-value is

indicated on the graph.

https://doi.org/10.1371/journal.pone.0175274.9003

Discussion

In our previous proteomic study [11], we showed that tear levels of LYZ, AZGP1 and LACRT
were elevated in pooled samples of GD patients with moderate-to-severe GO compared to
those without GO. The main reason why these three proteins were chosen was their high abun-
dance in tear fluid, which is highly important when dealing with limited sample volume avail-
able, in combination with ELISA. The objective of this study was therefore to examine the
protein levels of LYZ, LACRT and AZGP1 as potential protein biomarkers for GO and to vali-
date our previous findings [11] using individual protein profiling.

Moderate-to-severe GO

Out of the 21 patients with moderate-to-severe GO, smoking were more prevalent in the GO
group compared to the control group (9 vs. 3), showing that about 40% of the GO patients
smoke, which has also been suggested in previous studies [14]. Smoking is a well-established
risk factor for developing GO, and the odds increase progressively as the severity of eye disease
increases. It is believed that GD is caused by TRAD, which activate TSHR, and enhanced
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expression of the autoantigen TSHR within the orbit may play a role in the initiation or propa-
gation of the autoimmune response in GO [15]. In this study, increased TRAb levels were
observed in all patients with moderate-to-severe GO, and median TRADb levels were signifi-
cantly higher in these patients in comparison to patients with no signs of GO. Although mea-
surement of serum TRAD levels in patients with GO is recommended, assessment of activity
and severity of GO are measured by the CAS and the features of eyelid swelling, eyelid aper-
ture, proptosis, eye motility, visual acuity and color vision [12]. Thus, the clinical judgment in
estimating the activity and severity of GO is highly subjective leading to major clinical and
therapeutic challenges.

Tear levels of LYZ, a major lacrimal gland protein, were elevated in the GO group (Fig 1A).
The present results with increased tear levels of LYZ in patients with GO corroborates with
results observed in previous studies [11, 16, 17]. In logistic regression analysis, a significant
association between GO and LYZ was obtained, both with and without adjustment for age,
gender and smoking. Additionally, a significant correlation was observed between LYZ levels
and TRADb values.

Moreover, tear levels of LACRT, a major lacrimal gland protein, were also elevated in the
GO group (Fig 1B). Notably, LACRT levels were detected in only 13 of 20 tear samples from
the GO group and 11 of 20 tear samples from the control group with ELISA assay, probably
due to limited sample volume available. Further analyses of LACRT are necessary to support
these current findings. Though well-characterized ELISA assays are suitable tools for verifica-
tion analysis, sometimes sample volume needed is an issue, especially with tear fluid as only a
few microliters are obtained from an individual. A highly viable alternative to ELISA is the use
of targeted MS methods using multiple reaction monitoring (MRM) approaches. This meth-
odology is highly suited for candidate verification as it is possible to quantify many proteins
with high sensitivity in a single LC-MRM-MS run [18].

Similarly, AZGP1, a multidisciplinary tear protein [19], was found increased in the GO
group (Fig 1C). These results are in line with previously reported up-regulation of AZGP1 in
tears from patients with GO and healthy smokers [20]. In logistic regression analysis, a signifi-
cant association between GO and AZGP1 was obtained, both with and without adjustment for
age, gender and smoking. Since our groups are not matched for smoking, we cannot not rule
out the possibility that smoking may affect the AZGP1 tear levels since smoking is a significant
risk factor for the development of GO [11]. Although we did not find any correlation between
AZGP1 levels and smoking in the GO group, additional studies with larger groups, matched
for smoking, are necessary to determine the impact of smoking on AZGP1 tear level.

As mentioned earlier, clinically, it is very valuable for the ophthalmologist to have disease-
associated markers to aid in diagnosis of GO. The results from this study have shown that it is
possible to differentiate between GD patients with and without GO by measuring tear levels of
LYZ, LACRT and AZGP1. As it is well-known that ocular diseases may alter the tear composi-
tion, it should be mentioned that the secretion of LYZ, LACRT and AZGP1 have been detected
in tears of healthy subjects [21, 22]. Additionally, LYZ has also shown to be down-regulated in
patients with dry-eye syndrome [23]. Although the diagnostic performance (ROC curve analy-
sis) of the three proteins separately was satisfactory (reflected by high values for AUC), in a
complex disease such as GO, it is difficult to discriminate patients using individual biomarkers.
Hence, a combination of biomarkers rather than a single one likely performs better as a diag-
nostic test. When combined, LYZ, LACRT and AZGP1 form a powerful tear fluid panel able
to discriminate between GD patients with moderate-to-severe GO and those without signs of
GO with 93% accuracy. The diagnostic performance of our biomarker panel now needs to be
further validated in a prospective longitudinal study with a larger population. Tear collection
from such a cohort are underway in our lab.
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Mild GO

Since LYZ showed the best performance in discriminating between GD patients with moder-
ate-to-severe GO and those with no signs of GO, and in combination with limited sample vol-
ume available, we next examined the ability of LYZ to distinguish between GD patients with
mild GO from GD patients without clinical signs of GO. The levels of LYZ were significantly
higher in GD patients with mild GO compared to GD patients without GO (Fig 3), represent-
ing a possible manifestation of subclinical stage of the disease. Moreover, LYZ was significantly
associated with GO, and this association was still significant after adjustment for age, smoking
and gender. With an AUC of 0.86, LYZ also show potential for differentiating GD patients
with mild GO from those with no signs of GO. The difference between mean age and the num-
ber of smokers was not significantly different between the patients included in the mild GO
group and patients with no signs of GO. However, increased TRAb levels were observed in 16
patients in the mild GO group, and median TRAD levels were significantly higher in this group
compared to patients with no signs of GO.

Today, patients with mild GO are usually not recommended for anti-inflammatory treat-
ment with steroids, however, many patients suffer from changes in their appearance and can
have troublesome diplopia [24]. Generally, a wait-and-see policy is favored, in hope of a spon-
taneous improvement [24]. However, some of these patients progress to more moderate to
severe stage of GO disease, representing a subgroup which cannot be detected with clinical
examination methods. We believe that tear fluid measurement of LYZ may help the clinician
in deciding which of the patients that needs extra care concerning development of GO in the
clinically mild GO group.

Concluding remarks

The aim of the present study was to assess levels of LYZ, LACRT and AZGP1 in tear fluid from
GD patients with moderate-to-severe and without GO using ELISA, and to investigate the
diagnostic performance of these proteins either alone or combined in a panel. We have estab-
lished a novel three protein biomarker panel that is able to differentiate between GD patients
with GO from those without GO. This diagnostic marker panel could enable non-invasive
diagnosis and be of tremendous benefit for patients who are being evaluated for this debilitat-
ing disease. Additionally, LYZ measured in tears from GD patients with mild GO were signifi-
cantly higher compared to GD patients without GO.

Since dry eye is common among patients with GD and GO, and the groups are not matched
for age, gender and smoking we cannot rule out at this point, that the altered tear composition
are only a result of GO. Furthermore, further evaluation of these biomarkers on a larger cohort
of GD patients, and patients with other forms of hyperthyroidism, would be necessary to
increase the diagnostic accuracy of the biomarker panel.

Supporting information

S1 File. Materials, tear collection, and protein extraction.
(DOCX)

S1 Fig. Diagnostic performance of LYZ in discriminating GD patients with mild GO from
GD patients without GO.
(TIFF)
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Dissertation title: Quantitative proteomic analyses of tear fluid in Graves’ orbitopathy

Abbreviations for type corrections:
Cor — correction

Celtf — change of text format
Space — space removed

Ins — inserting missing words

Side Linje Orginal tekst Type rettelse | Korrigert tekst

6 11 ....LC- MS/MS... Space ....LC-MS/MS...

13 2 Ins Paper |

13 10 ...Establishment of a | Cor ...Establishment of
tear fluid protein a tear protein
biomarker... biomarker...

16 6 ...<1.8IU/L... Cor ...>1.8IU/L...

16 8 ...thyroid- Space ..thyroid-
associated ... associated..

22 20 ... The risk is greatest | Cor ... The risk is
if RAl is greatest if RAl is
administrated during administrated
active GO, to patients during active GO,
who smoke.. or to patients who
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24 2 ...large- scale... Space ...large-scale...
24 19 ...sodium- dodecyl... | Space ...sodium-
dodecyl...

24 20 ...2D-GE... Space ...2D-GE...

26 11 ...pre- Space ...pre-
fractionation... fractionation ...

26 16 .... liquid- phase... Space ... liquid-phase...

30 24 ...(pH- range= 5- Space ....(pH-range= 5-
8.5).. 8.5)..

33 6 ...Cross- Space ...Cross-
correlation. .. correlation. ..

36 14 .1D- gel... Space ...1D-gel...

38 12 ...MS- based.... Space ...MS-based...

41 6 ...cross- sectional... | Space ...cross-sectional..

43 10 ... The inclusion Cor ... The inclusion
criteria for all the criteria for all the
patients with GD... patients with GO...

46 7 .....acid- labile... Space ...acid-labile...




50 2 ....paper II... Celtf ...Paper1I...

51 8 ....supplementary Celtf ...Supplementary
1.4... 1.4...

51 14 3.2.10 Space 3.2.10
Nano LC- MS/ MS Nano LC-MS/MS

54 6 ...one- way... Space ...one-way...

54 20 ....log- Space ...log-
transformation. .. transformation..

55 3 ...two- sided... Space ...two-sided...

57 9 ...sigle- unit... Space ...single-unit...

68 9 ...non- optimal... Space ...non-optimal..

68 24 ...as well as which Cor ...as well as which
proteins which are proteins are
extracted. extracted.

69 7 ..time- independent... | Space ...time-

independent..
75 10 A) The for Cor A) LYZ....
LYZ...

89 25 [111]...Journal of Cor [111]...J Proteome
proteome research. .. Res...

92 5 [135]...BMC Celtf [135]...BMC
Medical Research Medical Research
Methodology... Methodology...
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