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Abstract

The etiology of the inflammatory diseases, and what initially triggers the immune system to
target otherwise healthy cells and tissue, remains poorly understood. The undesirable immune
response often results in chronic conditions, leading to life-threatening complications for the affected
individuals, as well as a significant economic burden for society. This PhD thesis aims at gaining a
deeper understanding of the underlying biological triggers of the autoimmune diseases by using the
inflammatory joint disease rheumatoid arthritis and the inflammatory bowel disease ulcerative colitis
as model systems. The two diseases share several genetic factors and environmental risk factors,
suggesting common triggers. The posttranslational modification citrullination is known to be
involved in the etiology of theumatoid arthritis, and might be involved in inflammatory bowel disease

as well. However, the identification of the modification is often non-trivial.

The main analytical method used in this PhD was mass spectrometry driven protein
identification and relative quantification. In order to enable the reliable identification of citrullinated
peptides and proteins, I analyzed several synthetic citrullinated peptides and synovial fluid from a
rheumatoid arthritis patient. Protocols for the collection of mucosal colonic biopsies, serum, and
plasma from 10 ulcerative colitis patients, 11 rheumatoid arthritis patients and 10 controls were
established, and the biological samples from patients and controls were collected in collaboration
with Silkeborg Regional Hospital. Protocols for the sample preparation and analysis of the colonic
biopsies were optimized, and the samples were analyzed using high-throughput bottom-up

proteomics.

The histological analysis revealed no visible differences between the colonic biopsies from the
rheumatoid arthritis patients and the colonic biopsies from our controls. The crypt architecture of the
colonic biopsies from the ulcerative colitis patients was preserved. However, the colonic tissue was
found to have a higher density of cell nuclei, likely neutrophils, which was confirmed by the
proteomics analysis. Of the 5,444 quantifiable proteins, 46 proteins demonstrated a statistically
significant abundance change between the ulcerative colitis group and the controls, of which 33
proteins were more abundant and 13 proteins less abundant. Several of the statistically significantly
more abundant proteins were involved in the innate immune system, and known components of
neutrophil extracellular traps. Both findings are in agreement with the ulcerative colitis diagnosis,

and indicates that even though colonic tissue from well treated patients was analyzed, an
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inflammatory condition is present in the tissue. The inflammatory condition and activated innate

immune system, indicates the involvement of the gut microbiota in the disease.

No proteins demonstrated a statistical significant abundance change between the rheumatoid
arthritis group and the control group in the present study. However, the analysis of citrullinated
peptides and proteins allowed us to propose an identification strategy for reliable identification of
citrullination. Unambiguously, citrullination of arginine was found to result in a tryptic missed
cleavage. Combined with the accurate peptide mass increase and peptide fragment masses, a reliable
identification could be obtained. Using the identification strategy, one citrullinated peptide, the C-
terminal end of the protein vimentin was identified with a statistical significant abundance change
between the colonic biopsies from the rheumatoid arthritis patients and the controls. No citrullinated
peptides demonstrate a statistical significant abundance increase between the ulcerative colitis group

and the control group.

The identification of increased abundances of citrullinated vimentin in the colonic tissue of
rheumatoid arthritis patients underlines the role of citrullination and vimentin in the etiology of
rheumatoid arthritis. Citrullinated vimentin has previously been found in increased amounts in the
lung-tissue of rheumatoid arthritis patients, suggesting this to be the initial place of autoantigen
presentation in the disease. However, the finding of increased amounts of the same citrullinated
protein in the gut could indicate that initial disease onset can take place in many places. Other studies
have found indications of the gut microbiota being involved in the etiology of rheumatoid arthritis.
No citrullinated peptides were found demonstrating a statistically significant abundance change
between the ulcerative colitis patients and controls. This study thereby did not find indications that
citrullination is involved in the etiology of ulcerative colitis. However, the activated innate immune
system in the colonic tissue of ulcerative colitis patients and the likely increased abundance of
neutrophil extracellular traps strongly indicate that the gut microbiota is involved in the etiology of
ulcerative colitis. A study incorporating metabolomics and transcriptomics data would allow us to
investigate the ongoing host-microbial interaction and altered gut microbiota functions. Such data is
likely to provide new insights in the etiology of the inflammatory diseases, and potentially lead to

new treatment strategies and diagnostic tools.
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Dansk Resumé (Abstract in Danish)

De xtiologiske faktorer bag inflammatoriske sygdomme, og hvad der forsager immunsystemets
angreb péd rask vev og celler, er forsat et omrade, hvor der mangler en dybere forstdelse. Det
uhensigtsmessige immunrespons resulterer ofte i kroniske tilstande, der forer til livstruende
komplikationer for de bererte personer, samt en betydelig ekonomisk byrde for samfundet. I denne
PhD-afhandling forseger jeg at opnd en dybere forstaelse af de udlesende biologiske faktorer for de
autoimmune sygdomme ved at anvende den inflammatoriske ledsygdom reumatoid artritis og den
inflammatoriske tarmsygdom colitis ulcerosa som modelsystemer. De to sygdomme har adskillelige
genetiske og miljemassige risikofaktorer til falles, hvilket indikerer at der kunne vare falles
biologiske bagvedliggende faktorer. Motiveret af den kendte sammenhang mellem reumatoid artritis
og proteiner med den posttranslationelle modifikation citrullinering, undersgges det om citrullinering

kan have en forbindelse med inflammatoriske tarmsygdomme.

Den primare analysemetode har i dette PhD-projekt veeret massespektrometri-baseret protein
identifikation og relativ kvantificering (proteomics). For pélideligt at kunne identificere citrullinerede
peptider og proteiner, analyserede jeg adskillelige syntetisk citrullinerede peptider og ledveske fra
en reumatoid artrit patient. Mucosale biopsier fra colon, serum samt plasma blev indsamlet fra i alt
10 patienter med colitis ulcerosa, 11 patienter med reumatoid artrit og 10 kontroller i taet samarbejde
med Silkeborg Regional Hospital, og biopsierne blev analyseret med high-thrughput bottom-up

proteomics, ud fra optimerede protokoller.

De mucosale colonbiopsier fra reumatoid artrit patienterne var histologisk identisk med
biopsierne fra kontrollerne. Dette var ikke tilfaeldet med biopsierne fra colitis ulcerosa patienterne,
som generelt havde en hgjere tethed af cellekerner. Dog var krypt arkitekturen velbevaret, hvilket
stemmer overens med at kun velmedicinerede patienter var inkluderet i studiet. Den egede
cellekerner-teethed er sandsynligvis neutrofile celler, hvilket blev bekraftet af proteomics analysen
som er i overensstemmelse med patienternes diagnose. Af de 5.444 kvantificerbare proteiner, var der
statistisk signifikant forhgjede mangder af 33 af proteiner i colitis ulcerosa-biopsierne i forhold til
kontrolbiopsierne. Derudover var der statistisk signifikant mindre af 13 proteiner. Proteinerne med
ogede mangder var forbundet med det medfedte immunsystem, og adskillelige af dem var desuden
en del af de neutrofile ekstracellulare traps. Studiet indikerer at selvom colon-biopsierne stammede
fra velbehandlede patienter er vaeevet i en inflammatorisk tilstand, og resultaterne peger pa at tarmens

mikrobiota i colitis ulcerosa er medvirkende til denne tilstand.
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I dette studie udviste ingen af proteinerne en statistisk signifikant mengde-forskel mellem
reumatoid artrit biopsierne og kontrolbiopsierne. Studiet af de citrullinerede peptider og proteiner
viste at et citrullineret arginin uden undtagelse resulterer i et missed cleavage nar proteinfordejelsen
foregar med trypsin. Det tryptiske missed cleavage kan med den korrekte masseforagelse og peptid
fragmentmasser bruges som en specifik marker for citrullinering, og baseret pé resultaterne har vi
foreslaet en strategi for palidelig identifikation af citrullinering. Ved at anvende identifikations
strategien blev ét citrullineret peptid fundet med statistisk signifikant egede mengder i mucosal
biopsierne fra reumatoid artrit patienterne i forhold til kontrolbiopsierne. Peptidet tilhorte den C-
terminale ende af proteinet vimentin. Ingen citrullinerede peptider blev fundet med statistisk

signifikant forskel mellem colitis ulcerosa biopsierne og kontrolbiopsierne.

De forhgjede maengder citrullineret vimentin i colonvav fra patienter med reumatoid artritis,
understreger citrullinerings og vimentins rolle i reumatoid artrit. Et andet studie har pavist foregede
mengder C-terminalt citrullineret vimentin i lungerne pa reumatoid artrit patienter, hvilket indikerer
at tilstanden kunne have sin begyndelse i lungerne. De forhgjede mengder citrullineret vimentin i
mucosal biopsierne fra colon peger imidlertid pa, at sygdommen kan have sit udspring flere steder i
kroppen. Ingen citrullinerede peptider blev fundet med statistisk signifikant @ndrede mangder
mellem colitis ulcerosa patienter og kontroller, hvilket indikerer at citrullination ikke er involveret i
colitis ulcerosa. Resultatet af den ggede mangde af adskillelige proteiner forbundet med det medfedte
immunsystem samt tegn pa foragede mangder neutrofile ekstracellulere traps i colonveyv tyder pa,
at tarmens mikrobiota er involveret i colitis ulcerosa. Et udvidet studie der inkluderer metabolsk data
og transcriptionel data, vil kunne undersgger interaktionerne mellem immunsystemet og tarmens
mikrobiota yderligere, og herigennem klargere mikrobiotaens rolle i sundhed og sygdom. Denne
viden kan potentielt fore til nye behandlingsstrategier og diagnostiske verktejer for de

inflammatoriske sygdomme.
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Abbreviations

2D-PAGE  Two-dimensional polyacrylamide gel electrophoresis
A280 Absorbance at 280 nm

ACN Acetonitrile

ACPA Anti-citrullinated peptide/protein antibodies
AGC Automatic gain control

ANA Antinuclear antibodies

Anti-CCP  Anti-cyclic citrullinated peptide antibody
ASCA Anti-saccharomyces cerevisiae antibody
BCA Bicinchoninic acid assay

BSA Bovine serum albumin

CD Crohn’s disease

CID Collision-induced dissociation

CRP C-reactive protein

DDA Data-dependent mode of acquisition

ESI Electrospray ionization

ETD Electron-transfer dissociation

FA Formic acid

FASP Filter aided sample preparation

FDR False discovery rate

FFPE Formalin fixed paraffin embedded

H&E Hematoxylin and eosin

HCD Higher-energy collisional dissociation

IBD Inflammatory bowel disease

IL Interleukin

LC Liquid chromatography

m/z Mass-to-charge ratio

MS Mass spectrometry

NET Neutrophil extracellular trap

pANCA Perinuclear anti-neutrophil cytoplasmic antibodies
PAD Peptidylarginine deiminase

PCA Principal component analysis

PMN Polymorphonuclear leukocytes

PTM Posttranslational modification

PSM Peptide spectral match

RA Rheumatoid arthritis

SDS Sodium dodecyl sulfate

SWATH Sequential window acquisition of all theoretical mass spectra
TCEP Tris(2-carboxyethyl)phosphine

ucC Ulcerative colitis

UPLC Ultra high performance liquid chromatography
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1. Introduction

The immune system plays a key role in protecting our body from internal and external threats.
By recognizing and neutralizing viral and prokaryotic pathogens and abnormal cells, including
cancerous, we are to a large extent protected from infections and cancers. However, when the immune
system targets otherwise healthy cells and tissues and produce autoantibodies, it leads to several types
of autoimmune diseases. This undesirable immune response can result in inflammation and damage
to tissues and bone, and may be specific to a particular type of cells, e.g. pancreatic 3 cells in type-1
diabetes and oligodendrocytes in multiple sclerosis®. A Danish study of 31 autoimmune diseases in
2007, found a prevalence of 5%, and the incidence and prevalence are increasing in developed
countries™°. The triggers of the initial immune response is not always known, and the etiology of the
autoimmune diseases is incomplete. However, genetic factors and environmental stimuli, such as

smoking, has been found to predispose to the development of several autoimmune diseases®.

This PhD thesis aims at gaining a deeper understanding of the underlying biological triggers of
the autoimmune diseases, using inflammatory joint and intestine diseases as a model system; namely
inflammatory bowel disease (IBD) and rheumatoid arthritis (RA). IBD and RA disorders can lead to
life-threatening complications, such as stroke events and colon cancer for RA and IBD, respectively.
Furthermore, the diseases have a major impact on the quality of life for the affected individuals, and
for society due to lost labor and expenses to the health care system’°. Several genetic risk loci are
shared between IBD and RA*#, and the two diseases share many similarities with other autoimmune
diseases!?. Several common inflammatory inducing cytokines are known to be involved in the disease
etiologies of IBD and RA, including T-helper 17 cells cytokines interleukin (IL)17 and 1L231%12,
Smoking is a risk factor for Crohn’s disease (CD), one of the two most common forms of IBD, and
for RA where it is the environmental factor with the highest effect on risk!*!4. The cause is unknown;
however, increased expression of the enzymes peptidylarginine deiminases (PADs) have been found
in the lungs of smokers®. PADs catalyzes citrullination, a posttranslational modification (PTM) of
proteins, and also increased amounts of citrullinated proteins have been found in the lung-tissue of
smokers?®. It has been hypothesized that the citrullinated proteins may become an autoantigen and

thereby trigger an immune system response in people with genetic dispositions for RA and IBD¢718,
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1.1. Inflammatory Bowel Disease

IBD comprises multiple chronic gastrointestinal disorders, and the two most common forms are
CD and ulcerative colitis (UC). CD is characterized by chronic inflammation in any part of the
gastrointestinal tract from mouth to anus. Most commonly, the terminal ileum or the perianal region
are inflamed and in a non-continuous manner (Figure 1). Histologically, CD shows thickened
submucosa, transmural inflammation, fissuring ulceration and non-caseating granulomas. UC is
characterized by inflammation limited to the colon, spreading continuously from the rectum and
various distance proximal. Histologically, UC shows superficial inflammatory changes limited to the
mucosa and submucosa with inflammation of crypts (cryptitis) and crypt abscesses!®. The etiology of
IBD remains unclear, but genetic studies have found 163 genetic loci involved in IBD, many of which
pointing to defects in the hosts defense against infections?’. Based on this and other studies, IBD

likely involves a complex interplay between genetic and environmental factors, including the gut

microbiota?!+19:22-25:20,
a) Small Large b) Openings of c)
intestine intestine intestinal glands

Intestinal

gland 1
Terminal
ileum
Muscularis — =R
mucosae

—— Submucosa

Figure 1. Overview of the human intestine. a) Small and large intestine. b) Cross section of human
colon (large intestine) with epithelial cells. ¢) Hematoxylin and eosin (H&E) stained large intestine
biopsy from the present study.
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The incidence and prevalence rates of IBD vary considerably between countries, with higher
occurrence in industrialized countries than in non-industrialized countries. The highest occurrences
are found in North America and Europe, and within Europe the highest occurrences are found in
Scandinavia and the United Kingdom?. It is estimated that 0.3%-0.8% of the northern European
population suffers from IBD?%°. Furthermore, the prevalence of IBD is higher in females and
increases with age®®. As of 2013, the incidence rates of both UC and CD are stable or increasing in
most countries, thus the number of IBD patients is strongly expected to increase in the future’'. IBD
greatly reduce the quality of life of the affected individuals, and the direct annual expenses to the

European health care system is as of 2013 estimated to be 4.6-5.6 billion EUR?,

1.1.1. Diagnosis of Inflammatory Bowel Disease

Several general markers for inflammation obtainable in stools or blood samples are used in the
diagnosis of IBD (Table 1), and the diagnosis is often verified by endoscopy followed by histology.
However, as outlined in our recent review no biomarkers capable of distinguish CD from UC patients
with a high specificity and sensitivity have been implemented in daily clinical use!*?°, Instead, the
diagnosis is established based on a combination of symptoms, clinical examinations, laboratory
findings, radiology, and endoscopy with histology, which are used to assess disease severity. Even
when the tests are performed by expert clinicians, they can for some patients result in diagnostic
uncertainty>*~7. Hence, there is a need for reliable and usable biomarkers for early diagnosis and

prognosis of IBD, which could be based on disease specific proteins?%323537-40,

As the intestine is the site of inflammation, the intestinal tissue remains an obvious place to
search for novel disease specific proteome alternations for IBD, usable for explaining disease
etiology. Subsequently, easily obtainable biological material such as serum, plasma, feces, and urine
can be screened for the identified disease specific markers to assess the usability in blood screenings
as novel diagnostic markers. Several proteomic studies have been conducted with the aim of
identifying such disease specific markers using proteomics. However, as we stated highly promising

biomarker candidates have yet to be identified and implemented?.
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Biomarker

Specificity

Usability

Serum Biomarkers

ASCA 39-79% of CD patients positive, | 14-18% of controls tested positive, limiting
5-15% UC patients*' ™3, the diagnostic value*.

pANCA 20-85% of UC patients positive, | 32% of controls tested positive, limiting
2-28% of the CD patients*'*>%_ | the diagnostic value**.

CRP Marker for acute inflammation. | Cannot differentiate CD from UC.

However, usable for monitoring disease
state6 48,

Fecal Biomarkers

from inactive IBD and irritable

bowel syndrome®.

Calprotectin Sensitive marker for intestinal | Cannot differentiate CD from UC. Used to
inflammation2-36-3%, monitor disease state®.
Lactotransferrin | Can distinguish active IBD | Cannot differentiate for CD and UC.

However, usable for monitoring disease
state®.

Table 1. Commonly used IBD diagnostic markers, in serum: anti-saccharomyces cerevisiae antibody
(ASCA) and perinuclear anti-neutrophil cytoplasmic antibodies (pANCA); and in feces: calprotectin
and lactotransferrinl.
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1.2. Rheumatoid Arthritis

RA is a chronic inflammatory joint disease. The disease is characterized by persistent
inflammation of the synovial membrane, joint swelling, and chronic inflammation of the synovial
joints (Figure 2). The synovial inflammation leads to damage to the articular cartilage and bone
erosion, and in many cases ultimately to joint destruction®>>?, Synovial fluid fills the joint cavity and
is responsible for reducing friction within the joint and maintains joint homeostasis. During injury
and joint diseases, such as RA, the composition, protein concentration, volume and function of

synovial fluid is altered*?.

Femur
Synovial
Fluid

Synovial
membrane

Cartilage
Meniscus
Anterior
cruciate
ligament
Fibula
Tibia

Figure 2. Anterior view of a human knee2.

Similarly to IBD, RA is more predominant in industrialized countries with a prevalence of 0.5-
1.0%, with a higher prevalence in females and increases with age>*>*. The number of RA patients is
increasing, and RA has been identified as one of the most disabling and costly chronic diseases due

to lost labor and expenses to the health-care system>*>.
1.2.1. Citrullination and Rheumatoid Arthritis

As mentioned, smoking is the environmental factor with the highest impact on the risk of
developing RA and smoking results in increased abundance of PADs and citrullinated proteins in the
lung tissue'#?>. Citrullination is believed to play a key role in the etiology of RA and citrullinated

proteins and peptides have previously been identified in increased amounts in the synovial fluid from
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RA patients®®8, Autoantibodies targeting specific citrullinated proteins (ACPA), namely vimentin
and filaggrin have been described in RA. The latter serve as a disease specific diagnostic marker, and
screening for anti-citrullinated peptide antibodies (anti-CCP) is today used as a standard screening
method for RA with a sensitivity of 72% and a specificity of 95-99%°%3%-¢1, Citrullination is a normal
physiological process, mainly in apoptotic cells, and as a result the immune system should not
encounter citrullinated proteins. However, it has been hypothesized that an impaired clearing of cell
debris during massive cell death could release of PADs and citrullinated proteins to the extracellular
environment. This could in turn trigger an immune response, which results in more cell death resulting
in a chronic inflammatory state’’. Whether the hypothesized etiology is accurate remains to be
verified. However, ACPAs can be detected in the serum years prior to manifestation of any clinical
signs of inflammation in the joints, indicating that the initial triggering of ACPA production might
not be located to the joints®>. The lungs have been suggested as an alternative citrullination site
candidate, as smoking as mentioned results in increased citrullination of proteins in the lungs and is
the best known environmental risk factor in RA%. However, the site(s) of initial immune response

triggering remains to be verified.

1.3. Genes, Transcripts, and Proteins

The human genome contains the genes for the expressed human gene products, and the human
genetic code contains approximately 20,687 protein coding genes®. Proteins are responsible for the
majority of the biological functions of the human cells and tissues®. Hence, alterations in the genetic
code resulting in an altered amino acid sequence of a protein can have severe consequences for the
organism. Proteins, therefore, represent an obvious target for studies seeking to discover disease
specific markers and explain disease etiologies. During protein synthesis, the DNA code is transcribed
into RNA transcripts, and each gene can give rise to several different transcripts. As a result, the
approximately 20,687 protein coding genes can result in approximately 100,000 different RNA

66-68 (Figure 3). Following translation of the RNA into a specific sequence of amino acids,

transcripts
most proteins are covalently modified at several positions®. More than 200 different PTMs are known
to exist, amongst these is citrullination, and the PTMs are often crucial to the correct function of the
protein. The final mature protein products including PTMs and splice variants are termed
proteoforms, and it is estimated that the human body can produce more than one million different

proteoforms, which constitutes the human proteome®”.70,
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Genome bt wensn Transcriptome " Proteome

~20,000 genes ~ - ~100,000 transcripts >1,000,000 proteoforms

Figure 3. The number of possible gene products increases dramatically from the human genome to
the transcriptome, and to the mature protein products (i.e. proteoforms) which in many cases carry
PTMsl.

Information of genetic and gene-products can, in principle, be obtained by studying the genes,
the transcripts, or the proteins. Sequencing techniques for studying the DNA code or RNA transcripts
have the advantage that entire genomes and transcriptomes can be sequenced with great sensitivity
and coverage, in part made possible by the chemical nature of nucleotides and the recent development
in sequencing technology’'. As a result, sequencing studies have increased our knowledge of diseases
and biological systems tremendously. Genomic sequencing techniques have greatly increased our
knowledge of the IBDs, and several CD and UC loci have been known for more than a decade °7>7,
Several cellular IBD specific pathways have been identified, including pathways involved in barrier
function, epithelial restitution, microbial defense, immune regulation, reactive oxygen species
generation, autophagy, and finally various stress and metabolic pathways associated with cellular
homeostasis!®. Findings on the genomic level, e.g. quantative information, are not always directly
reflected in the final protein products, and it is apparent that PTMs only can be studied on the

proteome level’""”, However, the protein molecules are much more diverse than nucleotides and

display a greater chemical variation and a wide dynamic range, which presents a range of problems
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for the high-throughput analysis of proteins’'. Today, no single technique exists capable of identifying
all proteoforms of complex systems such as human tissue. However, mass spectrometry-based protein
analysis has resulted in the identification of human proteins encoded by 17,294 genes, which

constitutes approximately 84% of the total annotated protein-coding genes in humans’’.

1.4. Bottom-up Mass Spectrometry-based Proteomics

In 1994, Wilkins M. defined a proteome as the total protein complement of a genome’.
Proteomics is the large-scale analysis of proteins, and can cover the study of nearly all expressed
proteins of an organism at a given state’®”’. Bottom-up proteomics strategies involve digesting the
proteins in question into peptides. The resulting peptides are analyzed in a mass spectrometer and
subsequently reassembled into the originating proteins. In top-down proteomics strategies, the intact
proteins are analyzed in the mass spectrometer. However, the high-throughput analysis of highly
complex protein mixtures, such as human colonic tissue, using top-down proteomics remain
infeasible despite the recent development in the field’®. This is in contrast to bottom-up strategies
where the instrumental and computational developments within the field of MS has improved the
speed and sensitivity of the mass spectrometers, which has allowed for the identification of nearly all
expressed proteins of complex organisms, such as yeast, within a few hours of measuring time,
identifying and (relatively) quantifying several thousand proteins as well as study several
PTMs®767_ Proteomics has thereby become ideal in translational medicine, for biomarker discovery

and validation studies, and for the development of new diagnostic tools®’.

1.4.1. Sample Preparation Strategies

The initial digestion of proteins prior to MS analysis is done using specific proteases, which
enzymatically cleave all protein products into peptides (Figure 4). Usually the specific protease
trypsin is used, which cleaves the C-terminal end of arginine or lysine unless the following C-terminal
amino acid is a proline. However, also the protease Lys-C which cleaves the C-terminal end of lysine
(or a combination of Lys-C and Trypsin) are widely used. Commonly, a concentration of 1:30-1:50
protease:substrate molar ratio is used, and the enzymatic cleavage is allowed to proceed for
approximately 16 hours at 37°C to obtain full digestion of the protein sample®®2. To avoid
degradation of protein in biological samples by naturally occurring proteases, samples should always

be frozen as fast as possible following extraction, and kept on ice when possible until the protease
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activity can be inhibited. Otherwise, the subsequent protein identification and quantification might
be hampered®3. The protease activity can be inhibited during sample homogenization by adding strong

detergents and/or by adding specific protease inhibiting compounds.

To ensure an efficient proteolysis, homogenization of the sample and denaturation of the
proteins is a critical step®®. For homogenization of tissue samples, commonly grinders, homogenizers
with beads, and ultrasonication are used. Protein denaturation is ensured by the use of strong
detergents, heating the sample, and by reducing the protein disulfide bonds commonly with
dithiothreitol or tris(2-carboxyethyl)phosphine (TCEP). Subsequently, the cysteine reduction is
followed by alkylation with iodoacetamide or iodoacetic acid®>. However, as we and others have
demonstrated, the alkylation with iodoacetamide results in several alkylation artifacts, such as
carbamidomethylated N-terminals and lysines¥®°. Therefore, chloroacetamide has been suggested as

an alternative alkylating agent with higher specificity toward cysteines®.

Proteins Peptides LC-MS Analysis Peptide Spectra
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Figure 4. Typical bottom-up MS-based proteomics workflow. The proteins are digested to peptides
with specific proteases, and the resulting peptides are separated and analyzed by liquid
chromatography (LC)-MS. The measured peptide spectra are matched to an in silico generated
database, and the peptides and hence proteins in the sample are identified.

Several strategies exist to digest proteins into peptides. The proven and often used in-gel

digestion method has been a central protocol for robust protein identification and relative
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quantification for decades®®%’. Prior to enzymatic cleavage of the proteins, the proteins are denatured
and kept soluble, often with the powerful detergent sodium dodecyl sulfate (SDS). Many SDS
molecules become highly charged after binding to proteins, which prevents the proteins from
adsorbing to the container walls. This is in contrast to weak detergents, which might compete with
the container walls for protein binding®®. Following sample homogenization and protein denaturation,
the proteins are separated on a polyacrylamide gel in one or two dimensions according to their
apparent molecular weight and/or isoelectric point. The separation also facilitates removal of SDS,
which inhibits the tryptic digestion and remains MS incompatible, as well as the removal of other
interfering substances. By visualizing the protein-spots in the gel with a dye, the protein spots can be
quantitated. Spots of interest can be cut from the gel, enzymatically cleaved, and the peptides can
subsequently be extracted from the gel and analyzed by MS for protein identification. The method is
extremely robust and efficient at removing interfering substances. However, gel-based approaches
are suboptimal for samples with high protein complexity and dynamic range®. Other considerations
is the incomplete recovery of peptides from the gel following digestion, which is concentration
dependent and interferes with the subsequent quantitation. Finally, several steps in the in-gel digestion
protocol are not readily compatible with throughput techniques, thus reducing repeatability and

3,90,91

unbiased protein analysis , which has resulted in a shift toward in-solution digestion strategies.

In solution digestion is an alternative digestion strategy, where all digestion-steps are performed
in a liquid phase, in contrast to in a gel matrix. Generally, all digestion steps are performed in a single
low-protein binding tube, making the protocol compatible with high-throughput strategies. However,
buffer-exchanges are infeasible during the digestion protocol, and can only be implemented after the
protein digestion has been completed. SDS is commonly used for protein denaturation at 1-2%
concentration, at which the activity of trypsin is inhibited®®. Furthermore, SDS interferes with the MS
analysis if not efficiently removed®. The lack of buffer-exchange makes the in solution digestion
protocol incompatible with SDS. Urea is usually used as an alternate detergent at 8-10 M urea
concentrations, after which the solution can be diluted to 1-4 M urea where the tryptic activity is
retained. The protocol can be combined with Lys-C digestion which retains proteolytic activity in
high urea concentrations’?. The lack of buffer exchanges results in an increased final volume during
the digestion step and a lower protease concentration in the solution. Furthermore, the presence of
chemicals and other interfering small molecules which might interfere with the digestion, decreases

the proteolytic activity®*.

10
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Finally, in 2005 a method was published combining many of the advantages of in-gel digestion
and in-solution digestion’®. By performing the digestion on a molecular weight cutoff spin filter,
buffer exchanges could be re-implemented to the digestion protocol. During centrifugation, proteins
are retained by the filter, while small molecules and solvents can pass through the filter. As a result,
the final digestion volume can be kept small, vastly increasing the protease concentration compared
to the in-solution protocols. We and others have demonstrated that the protocol can be more
repeatable than in-gel digestion and in solution digestion®®*. The filter aided sample preparation
(FASP) protocol was further developed to include SDS to soluble the proteins, followed by washes
with urea, which effectively removed interfering substances prior to digestion®*. Sodium
deoxycholate (SDC) has been identified as an alternate detergent to SDS and urea, and in contrast to

most other detergents, SDC was found to increase the activity of trypsin almost five-fold at a 1%

concentration”.

Commonly following proteolytic digestion, detergents, salts, and other contaminants are
removed by desalting using solid phase extraction or reversed phased chromatography. The peptides
bind to the column and can be washed with acidified water, and the peptides can subsequently be
eluted using acidified organic solvents, commonly acetonitrile (ACN). However, SDC also binds
effectively to the columns and elute with ACN, so a phase inversion step with an organic solvent such

as ethyl acetate is often included in protocols with SDC digestion to facilitate detergent removal®*.

1.4.2. Liquid Chromatography Mass Spectrometric Analysis

A tryptic digest of a complex sample, such as a human tissue sample, will result in tens of
millions of different peptides. Even though modern MS-systems can sequence up to hundred peptides
per second, the overwhelming number of peptides presents a range of technical problems. Separation
of the peptides by liquid chromatography (LC) prior to the MS-analysis is often applied (Figure 4).
The peptides are loaded onto a column and sequentially eluted over time, using an organic solvent.
The LC-system, furthermore, increases the peptide concentration (as the peptides are sequentially
eluted), which is a key requirement to facilitate identification of the peptides as MS is concentration
dependent. However, the design of the LC-gradients must be optimized to ensure an optimal peptide
elution profile, and the finite sequencing speed of the mass spectrometer must be taken into
consideration. Ultra-high performance liquid chromatography (UPLC) nanoflow-systems utilize

extended columns (>50 cm) to facilitate the MS analysis of complex samples such as human tissue

11
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samples, by increasing the applicable gradient length without compromising the chromatographic

peak-width excessively.

Following elution from the analytical column, gas-phase ionized peptides are formed by
electrospray ionization (ESI). The peptides are ionized using a high potential (typically 2-4 kV), and
a heated drying gas is applied to aid solvent evaporation. In the ESI process, tryptic peptides
predominantly become doubly protonated, but higher charge states are also obtained, especially with
increasing peptide lengths (roughly one charge per 1.4 kDa). The charge states can be calculated from
the isotopic pattern where the isotopic peaks are separated by approximately 1 Da, resulting mainly
from the 1.1% naturally occurring carbon-1378. Following the ESI process, the peptides are
introduced into the mass spectrometer by a vacuum and in the MS manipulated using electrostatic
fields. Other ionization techniques exist, such as matrix-assisted laser desorption/ionization

(MALDI). However, a review of the different ionization techniques is beyond the scope of this thesis.

When complex samples are analyzed several peptides will elute simultaneously from the LC-
column. Usually, a data-dependent mode of acquisition (DDA) is used for the MS analysis, but other
strategies exists such as the data-independent acquisition: Sequential window acquisition of all
theoretical mass spectra (SWATH). DDA involves measuring the mass-to-charge ratio (m/z) of the
eluting precursor ions, from which the molecular weight of the intact peptides can be calculated®®.
Each precursor is, furthermore, isolated and collided with an inert gas, often nitrogen, helium, or
argon, which causes the peptide to fragment and the m/z’s of the resulting fragments are likewise
determined. Predominantly the bonds with the lowest energy are broken using collision-induced
dissociation (CID) or higher-energy collisional dissociation (HCD), which mainly are the amide
bonds and the methods predominantly produce b- and y- ion series where the charge is retained by
the N- and C-terminal, respectively (Figure 5)’%. Due to the finite speed of the mass spectrometers,
commonly only the most intense precursors are analyzed (top n methods) in any given precursor scan.
Various strategies exist to perform the MS analysis in a quantative manner, to yield relative protein
abundances. The strategies can be divided into labelled approaches where the proteins/peptides are
stable isotope labelled prior to the MS analysis, and label-free approaches where a high LC
repeatability is obtained and utilized to align different LC-MS analysis. In both approaches, the signal
intensity from the MS analysis is assumed to correlate with the peptide (and hence protein)

abundance.

12
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Figure 5. Peptide backbone fragmentation patterns. CID and HCD fragmentation predominantly
produces y and b ion series, whereas electron-transfer dissociation (ETD) fragmentation
predominantly produce ¢ and z-dot ion series.

1.4.3. Data Processing, Databases and False-Discovery-Rate Estimations

The proteins in the sample are identified post processing by matching the peptide intact masses
and measured fragment m/z’s against a database, which has been in silico generated from a reference
database of protein sequences. The reference databases can originate from curaled protein sequences
to automatic translated sequences. Transcriptomics is a complementary technique to proteomics, and
yields data on which RNA transcripts are present at that specific time?’. As we have demonstrated,
transcriptomics databases can be used to generate tissue-specific databases, and combined with
proteomics the likely origin of the identified proteins can be elucidated?. The quality of the peptide
spectral match (PSM) between fragment m/z’ and the in silico generated data is assessed and each
identification is given a quality score. As many parameters in a LC-MS analysis vary between
experiments (the sample complexity, LC-MS systems, databases, etc.) a fixed cutoff for the
identification scores cannot be used. Previously, a minimum of two identified peptides have been
required for a protein identification’®. However, a false discovery rate (FDR)-based approach has
been found to provide a lower FDR, and the method is today commonly applied®®. In FDR-based
approaches, the entire dataset is searched against a reversed or scrambled “decoy database”, which is
identical to the real “target database” in terms of size, number of proteins, amino acid distribution etc.
The identification score of the true hits in the target database will predominantly be greater than the

identification score of the false hits in the decoy database (Figure 6). Based on this, the cutoff for the
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identification score is defined as a function of the percentage of decoy hits in the results. Usually 1%
FDR is used, but as we and others have demonstrated, the cutoff score should be optimized for the
given experiment as the FDR approach is suboptimal for very large or small databases and datasets®%%.
It is apparent that only proteins and PTMs included in the search can be identified in the analysis. A
large database or dataset provides a higher probability that a given mass spectrum will be matched in
the decoy database, thereby forcing the applied cutoff to a higher identification score and reducing
the number of target hits. On the other hand, as we and others have demonstrated the database and
dataset must also not become too small¥*°. Included PTMs in the search greatly increases the size of

the search space, as all possible peptide mass variations are evaluated. It is therefore critical to restrict

the search parameters as much as possible.

Decoy ,
| Applied Cutoff

L.
>

# Hits

% Decoy hits ~_

Identification Score

Figure 6. Typical distribution in a target-decoy search. The applied cutoff is defined from the
percentage of hits found in the decoy database.

1.5. The Posttranslational Modification Citrullination

Citrullination or deimination is the conversion of the amino acid arginine into the non-standard
amino acid citrulline (Figure 7). The reaction is in vivo catalyzed by the PAD enzyme family (EC
3.5.3.15)2 Each citrullination-event of a protein leads to the loss of one positive charge at
physiological pH and results in a monoisotopic mass increase of +0.984016 Da'%. The loss of positive
charge influences the charge distribution, isoelectric point, and hydrogen bond forming abilities of
the protein, and the PTM is believed to alter the protein fold, amongst others leading to denaturation
in order to promote enzymatic protein degradation®®!°"12. An example of a citrullinated protein is

myelin basic protein, a part of the central nervous system, where it functions as a non-conducting
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isolator between the nerve fibers!%1% Myelin exists in different charge isomers that differ by the

degree of citrullination!?>1%5,
Arginine Citrulline
HZN‘YNHZ OY NH,
NH _ P'f\D ) NH
Citrullination
HZO P > + NH;
Ca*
R R
P Nie ™SpN Nr
H H 2 H H 2
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Figure 7. Citrullination of the amino acid arginine into citrulline?.
1.5.1. Identification of Citrullination with Mass Spectrometry

Several features of citrullination makes it difficult to detect and assign correctly with MS%!%,
The citrullination mass increase is identical to the mass increase caused by deamidation of asparginine
and glutamine, common artefacts likely introduced during exposure to non-physiological pH during
the sample preparation®!%, Determination of the correct PTM causing the mass increase can therefore
be problematic. Furthermore, the mass shift is close to that of a single neutron +1.008665 Da. As a
result, if two peptides which are identical apart from a citrullination event, are chromatically
coeluting, the m/z-signal from the citrullinated peptide will fall within the isotopic cluster of the non-

citrullinated peptide!'?’

. Due to the typical isolation window used on mass spectrometers (m/z 1-3),
both peptides would simultaneously be selected for fragmentation, which most likely would hinder a
successful assignment and identification of the PTM!®, In bottom-up proteomics strategies the
protease trypsin is usually the protease of choice for the enzymatical digestion of the proteins prior
to analysis®*2. As mentioned, trypsin cleaves the C-terminal end of arginine or lysine unless the
following C-terminal amino acid is a proline. However, using several synthetic peptides and synovial
fluid from a RA patient, we have demonstrated that citrullination unambiguously inhibits tryptic
proteolytic activity at the modified arginine (Figure 8), thus resulting in a tryptic missed cleavage?.
The resulting missed cleavage is in contrast to a deamidation event of asparginine or glutamine, which

will not result in a missed cleavage. As a result, a tryptic missed cleavage combined with the correct

mass increase and fragment m/z information can be used as a marker for a citrullinated peptide, in
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combination with the correct mass increase and fragment masses information. It is worth noting that
in the specific case where the C-terminal of a protein is a citrullinated arginine, a missed cleavage
will not be reported and using the recommended citrullination identification criteria outlined above
such peptides will be dismissed as false positives. Even though such cases can be assumed rare, we
have identified such a peptide in the synovial fluid?. Thus, if the focus of a given study is a specific
protein C-terminal citrullination, these should be manually assessed. Nonetheless, a missed cleavage
remains a very significant marker for citrullination when combined with the accurate mass increase,

peptide fragment data, and when available a neutral loss%'%,
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Figure 8. Annotated fragment spectrum of the tryptic digested peptide STR(inSVSSSSYRZ.
Citrullination inhibits tryptic proteolytic activity at arginine.

The verified inhibition of tryptic proteolytic activity at arginine by citrullination, has the
consequence that in a tryptic digest peptides with identical sequences apart from a citrullination will
not be present, as the citrullinated peptide lacks a tryptic cleavage site (Figure 9a). Thus, coelution is
not a problem for tryptic peptides. However, chromatographic coelution might be an issue for Lys-C
digested samples as a Lys-C digestion could result in peptides with identical sequences apart from
the citrullination. Citrullination results in an increased hydrophobicity of the modified peptide, and
as a result, citrullinated peptides will have a longer retention time on a reversed phase LC column.
We have demonstrated that for most investigated peptide pairs, coelution will not occur on standard
LC gradients (Figure 9b)2. The altered isotopic pattern during peptide coelution has successfully been

used to assess the ratio of citrullinated peptide'®

. However, as we have demonstrated, in order to
have an overlap of elusion, the LC gradient must be designed very steep, which limits the feasibility

of the approach for complex samples such as human tissue samples.
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Figure 9. Citrullination inhibits tryptic cleavage at arginine. a) Tryptic digestion of two near-identical
peptides SP 10 and SP10.i;, containing an arginine and a citrulline at position 495 respectively. b)
Chromatographic retention time shift between SP 10 and SP10.it on a reversed phase C18 column?.
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1.5.2. Neutral Loss Triggered Precursor Selection

Citrulline residues display a unique neutral loss of HNCO when subjected to CID and HCD,
corresponding to 43.0058 Da'%®. The neutral loss is utilized in neutral loss triggered precursor
selection MS instrument methods, where the identified MS precursors are enriched with citrullinated
peptides'®. The principle of the method is to conduct a precursor scan followed by an all-ion-
fragmentation and a scan of the resulting ion fragments (Figure 10). Any identified mass differences
between the two scans corresponding to a predefined neutral loss list, triggers a data-dependent MS
scan on the precursor ion. As a result, mostly citrullinated peptides will be chosen for data-dependent
fragmentation and identified. The method is dependent on a high signal intensity of the neutral loss
(Figure 10, blue circle), as all-ion-fragmentation MS spectra can become highly complex, which can
hinder the detection of the neutral loss. Despite optimization of the HCD energy, I was in this PhD
project not able to establish a method with sufficient sensitivity for identifying citrullinated peptides

in human mucosal biopsies or synovial fluid from rheumatoid arthritis patients (data not shown).
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Figure 10. Neutral loss triggered precursor selection. Alterating presursor scans and all-ion-
fragmentation scans are performed. When a neutral loss is detected corresponding to a predefined
list, a data-dependent fragmentation MS scan is triggered on the precursor.
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2. Proteomics Analysis of Colonic Tissue from

Ulcerative Colitis and Rheumatoid Arthritis

We are born sterile and within a few days our gut undergo colonization''*!"!. The mature human
gut contains more than ten times the number of prokaryotic cells as human cells; these bacteria — the
gut microbiota — influence a number of human functions'!2, It is assumed that roughly 100 trillion
bacteria from at least 1,000 species are present in the gut, representing an enormous diversity, and
millions of years of co-evolution have shaped this human-microbial relationship'>14, The metabolic
activities of the gut microbiota have major consequences for us, which can be both beneficial and
harmful'!>. For instance, a number of microorganisms have been shown to evoke autoimmunity.
Additionally, infection with intestinal microbial pathogens such as Salmonella, Shigella and Yersinia
can trigger autoimmune reactions in joints and other organs'!®. Furthermore, increased amounts of
the sulphate-reducing bacteria Desulfovibrio has been associated with UC''? and segmented
filamentous bacteria can induce the IL17-1L23 pathway'!"; a core pathway suggested to be involved
in IBD, RA, diabetes mellitus, multiple sclerosis and psoriasis''® 12!, In general, a reduced diversity
has been found in the composition of the gut microbiota of IBD patients'??"'?° and IBD has been

hypothesized to be caused by an impaired interplay between the host and the gut microbiota!!>!13:124-

131

The epithelial cells of the intestine form a single-cell epithelial layer with an impressive surface
area of 200 m?, representing the interacting surface of the host-microbial interactions''*. The intestinal
epithelial cells thereby play a key role in defining the mucosal immune response and maintaining
intestinal homeostasis. The layer functions as a barrier between the host and the intestinal luminal
content, including bacteria and other antigens, while allowing the absorption of water and nutrients''*.
Intercellular junctions, of which the tight junctions are the most critical for maintaining homeostasis,
seal the space between adjacent epithelial cells. The tight junctions define the overall barrier function,

and play a key role in defining permeability'?

. As a consequence of the critical role, the intestinal
epithelia will heal wounds within minutes'33!134, Besides controlling absorption, the barrier preforms
several actions, crucial for maintaining intestinal homeostasis, including secretion of compounds that
influence microbial colonization, sensing of the intestinal microenvironment, including beneficial
and harmful microorganisms. However, the epithelial cells do not only regulate the intestinal

homeostasis, but also responds to signals from the commensal gut microbiota''*!3>!3¢_ The intestinal
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immune system is faced with the difficult task of tolerating the complex content of the intestinal
lumen, while giving a measured response to threats. The intestinal epithelium is directly involved in
the innate immune system, and the barrier is, furthermore, populated by immune cells such as
dendritic cells, macrophages, and neutrophils, all essential in maintaining the intestinal
homeostasis!>!**!137, Neutrophils are essential for the innate immunity and are the most abundant
leukocytes in plasma. In response to inflammatory stimuli, they migrate from plasma to the effected
tissue where they bind and inactivate invading microorganisms. Neutrophils act as the first line of
innate immune response to an injury or threat and mediate their effect by releasing enzymes from the
granules and produce compounds with antimicrobial potential'*®. In addition to the classical effector
molecules, such as reactive oxygen species, the antimicrobial compounds include neutrophil
extracellular traps (NETs). NETs are extracellular fibrillar networks composed mainly of DNA, but
also contains proteins and other effector molecules some of which have antibody-like properties, from
the neutrophil granules. The NETSs trap the invading microorganisms and facilitates interaction with

other effector molecules that kill the microorganisms!3$-141,

As mentioned, proteins are responsible for the majority of the biological functions and cellular
behavior in human cells and tissues®. In 2001, an NIH group defined a biomarker as “A characteristic
that is objectively measured and evaluated as an indicator of normal biological processes, pathogenic

processes or pharmacologic responses to a therapeutic intervention.”'*?

, usable for diagnostics,
monitoring disease prognosis and disease monitoring and prediction. Based on the outlined current
opinions in the literature, we hypothesized that a proteome study of the intestinal mucosa from UC
patients and controls could identify such biomarkers, essential for providing additional insights into
the etiology of IBD, as well as function as diagnostic and prognostic disease markers. Motivated by
the outlined similarities between IBD and RA, ranging from shared genetic and environmental risk
factors as well as an altered gut microbiota composition, we decided to include mucosal biopsies from
RA patients, not suffering from IBD. Being a systemic disease, we decided to investigate whether an
increased amount of citrullinated protein could be detected in the mucosal tissue, and hypothesized
that citrullination might be involved in the etiology of UC as well. PTMs are introduced after
translation, thus DNA and mRNA sequencing techniques do not directly identify these modifications,
in contrast to proteomics. Fortunately, the technological development in recent years within
proteomic research has made proteomics studies of samples as complex as human intestinal tissue

feasible following protocol optimization®”’.
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2.1. Experimental Procedures
2.1.1. Collection of Sample Material

The project has been approved by the Danish Data Protection Agency (J.nr. 2011-41-6437) and
the regional ethical committee (M-20110151). All patients had given informed consent to participate
in the study. Mucosal biopsies from 10 UC patients, 11 RA patients without IBD, and 10 controls
without findings were extracted by standard colonscopy with COz at Silkeborg Regional Hospital
(Figure 11). Only patients with a well-defined diagnosis were included in the study. Care was taken
to only extract biopsies from healthy-looking tissue, and the biopsies were handled on-site by the
project group to ensure homogenous sample handling. Biopsies for the proteomics analysis were
immediately transferred to individual cryotubes and within 10-20 seconds snap-frozen in liquid
nitrogen followed by storage at -140°C. Biopsies for histology were following extraction immediately
placed on fixation paper, stabilized in 4% formaldehyde and stored at room temperature until
formalin-fixed, paraffin-embedded (FFPE) tissue sample preparation. Serum and buffy coat was
collected, and information on medication, diagnosis, and smoking habits was acquired. Furthermore,
samples were collected for screening for fecal calprotectin, rheumatoid factor, anti-CCP and

antinuclear antibodies (ANA).

Figure 11. Extraction of biopsies by standard colonscopy. Picture from the present project.
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2.1.2. Histology

The colonic biopsies were saturated in paraffin and sliced. The slices were incubated in a water
bath at 60°C for 20 min, rinsed three times with water to remove paraffin residues, dipped 10 times
in 99% ethanol, dipped 20 times in 96% ethanol and rinsed with water. The samples were incubated
at room temperature in hematoxylin Mayer’s (Sigma-Aldrich, St. Louis, MO, USA) for 15 min. and
rinsed with two changes of water. Samples were dipped twice in 0.25% ammonium hydroxide, and
then twice in water, dipped 10-20 times in an eosin solution, then 20-30 times in 96% ethanol and
20-30 times in 99% ethanol, before cleaning by dipping 20-30 times in tissue clear (Sakura, AJ
Alphen aan den Rijn, The Netherlands).

2.1.3. Protein Digestion

Intestinal biopsies (approximately 2-3 mm?®) were kept on ice when possible to avoid unwanted
protein degradation/modification due to enzyme activity. The frozen biopsy was transferred to an
impact resistant tube with five steel-beads on a scale, and the wet weight was determined. The tube
was immediately placed on ice and 0.5 mL cold lysis buffer was added (5% SDC, 50 mM
triethylammonium bicarbonate, pH 8.5). The samples were homogenized using a Precellys 24
homogenizer (Berting Technologies, Rockville, MD, USA) at 6,000 rpm for 20 sec a total of 3 times.
Between the runs, the samples were cooled on ice. The samples were sedimented at 8,000 g for 30
sec, and inspected for large debris. Total protein concentration was determined for normalization of
sample material for digestion on four of the samples using a standard bicinchoninic acid assay (BCA)
with bovine serum albumin (BSA) as standard. A total of 20 uL sample was analyzed per well, and
a dilution series (1, 1/2, and 1/4) with lysis buffer was loaded, all in triplicates, for accurate protein
concentration measurements. The detected protein abundances were held against absorbance at 280
nm (A280) of 1 pL analyzed in triplicates using a NanoDrop 1000 UV-Vis Spectrophotometer
(Thermo Scientific, Waltham, MA, USA), calibrated with lysis buffer. A coefficient to transfer from

A280 to BCA measurements was calculated, and A280 measurements were used henceforth.

100 ng protein was digested using the FASP protocol with 0.5% sodium deoxycholate and ethyl
acetate surfactant removal®>'#. Following trypsin digestion, 50 pg peptide material was desalted with
TARGA C18 columns according to the manufacturer’s protocol (Nest Group, Southborough, MA,
USA). The eluent was dried down in a vacuum centrifuge overnight and stored at -80°C until time of
analysis. The dry peptide product was mixed with 30 pL resuspension buffer (2% acetonitrile (ACN),

0.1% formic acid (FA)), vortexed, sonicated for 2 min, and briefly spun down.
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2.14. Liquid Chromatography Mass Spectrometry Analysis

The loaded samples amounts were normalized using A280 on a NanoDrop 1000 (Thermo
Scientific, Wilmington, DE, USA), calibrated with resuspension buffer. Five pg total protein was
analyzed per LC-MS run, diluted with resuspension buffer to a total volume of 10 pL. Research

randomizer'#*

was used to ensure a random order of biopsy analysis, and all biopsies were analyzed
in triplicates. The triplicates were analyzed consecutively (i.e. not randomized), and followed by a
quality control with BSA to the ensure system performance, retention-time stability, and ensure
minimize sample cross contamination between different biopsy analysis. The autosampler tray was

kept at 5°C and no samples resided longer than 48 hrs in the auto sampler prior to LC-MS analysis.

The samples were analyzed using a UPLC-nanoESI MS/MS setup with an UltiMate™ 3000
UPLC system upgraded with a RSLC nanopump module. The system was coupled online with an
emitter for nanospray ionization (New objective picotip 360-20-10) to a Q Exactive mass
spectrometer (Thermo Scientific, Waltham, USA). Ten pL sample (normalized to five ug) was loaded
onto a C18 reversed phase column (Dionex Acclaim PepMap RSLC C18, 2 um, 100 A, 75 um x 2
cm) and separated using a C18 reversed phase column (Dionex Acclaim PepMap RSLC C18, 2 pum,
75 A, 75 pym x 50 cm) at 40°C. The sample was eluted with a gradient of 96% solvent A (0.1% FA)
and 4% solvent B (0.1% FA in ACN), which was increased to 8% solvent B on a 5 minutes ramp
gradient and subsequently to 30% solvent B on a 225 minutes ramp gradient, at a constant flow rate
of 300 nL/min. The mass spectrometer was operated in positive mode in DDA, selecting up to 12
precursor ions based on highest intensity for HCD fragmenting. Fragmented ions were dynamically
excluded for 30 sec. MS1 resolution was 70,000 and MS/MS resolution 17,500, both with a maximum
injection time of 70 ms and 1E6 and 1ES automatic gain control (AGC) targets respectively. The scan
range was set to m/z 400-1200, with an isolation window of m/z 1.6, and a normalized collision
energy of 27. Peptide match was set to preferred, and exclude isotopes was set to on. Undetermined,
+1 and >+8 charge states were excluded, and an underfill ratio of 3.0% was used, yielding an intensity

threshold of 8.6E4. Apex triggering and lock mass was set to off.

2.1.5. Proteomics Data Analysis

The data-files (.raw) were searched using MaxQuant 1.4.1.2 against all reviewed Homo sapiens
Uniprot proteins (downloaded 08/10/2013, containing 20277 entries). All standard settings were
employed with carbamidomethyl (C) as a static modification and protein N-terminal acetylation,

deamidation (NQ) and citrullination (R) were included as variable modifications. Citrullination was
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not allowed to be present on the C-terminal in order to reduce the number of false positives when
assessing citrullinated peptides?. All proteins and peptides are reported below a 1% FDR cutoff, to

ensure only high-confidence protein identifications.

Initially, all reverse hits and proteins tagged as contaminants were removed from further
analysis, and the data was log2-transformed. Two unique peptides or more were required for a protein
identification and quantitation to ensure high-confidence quantitation. Furthermore, the proteins
should be quantifiable in at least half of the subjects in at least one group (UC, RA, or control group).
The protein abundances were investigated replicate-wise, by scatterplots of all protein
quantifications. Any replicates within the analysis of a given biopsy with a Pearson correlation
coefficient < 0.95 was removed from further analysis. In this way, only highly reproducible LC-MS
runs were included in the analysis. The replicates were combined by the median, to yield biopsy
(subject) protein abundances. Solemnly for the purpose of conducting principal component analysis
(PCA), missing values were replaced with values from a normal distribution (width 0.3 and down
shift 1.8), calculated separately for each subject. MS measurements were grouped according to the
disease state, and two-sided t-tests were performed, separately calculated for UC and control group,
and RA and control group. The statistical tests were corrected for multiple hypothesis testing using
permutation based FDR (FDR=0.15, SO=1 and 250 randomizations)'*>16. Likely due to a high degree
of biological diversity and number of proteins quantified, the FDR had to be adjusted to 15%. Besides
this, all standard settings were employed. Semi-absolute protein abundances are represented as

protein intensity-based absolute quantitation values (iBAQ)'*.

To analyze tentative interactions between the significantly changing proteins, we used the
STRING 9.1 software that builds functional protein-association networks based on available
experimental data'¥’. Gene ontology annotations were imported using STRAP v1.5'® and Venn

diagrams were created with BioVenn'*’ and Venny!*® for the data analysis.

2.1.6. Citrullination Analysis

Four filters were applied for a positively identified citrullinated peptide: 1) less than 1% peptide
FDR; 2) A missed cleavage after arginine was required?; 3) A localization score of 0.75 or greater
was required for each individual citrullination localization'>!~!%%; 4) the citrullinated peptide should

be quantifiable in at least half of the subjects in any group (UC, RA, or control group).
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The intensities of the citrullinated peptides were divided with the summed intensity of all
detected peptides for that given LC-MS run. In this way, we normalized the detected citrullinated
peptide intensities to account for possible differences in loaded peptide material, system performance
etc. The technical replicates were combined into subjects by taking the median of the intensity.
Peptides displaying significant change in intensity between the groups, were calculated by two-
sample t-tests using Perseus with both sides and permutation-based multiple hypothesis testing
correction using permutation based FDR (FDR=0.05, S0=1, 250 randomizations)!>!46. The
calculations were performed separately for the UC and control group, and RA and control group

respectively. Plots were created with RStudio version 0.98.507 and BoxPlotR!>.
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2.2. Results & Discussion
2.2.1. Patient Cohort and Biopsy Evaluation

Biological material was successfully collected from 10 UC patients, 11 RA patients, and 10
controls with no findings. The mucosal biopsies were in all cases obtained from non-inflamed areas
at approximately 40 cm from the anus (Figure 12a). A well-defined colonic biopsy extraction-depth
is important, as protein abundance changes along the length of the colon have been described. In the
study, most proteins were found stable in abundance. However, proteins involved in bacterial sensing,
cation-transport and O-glycosylation were decreased in the distal direction, whereas proteins involved

in bacterial defense and anion-transport were increased'>

. All extracted biopsies visually appeared
similar in size and color, and the average wet-weight of the biopsies was measured to be 4.9 mg +1.3
mg. The histological analysis of the hematoxylin and eosin (H&E) stained formalin fixed paraffin
embedded (FFPE) colonic biopsy revealed no apparent tissue changes like mucosal distortion caused
by the UC or RA disease state, and all investigated biopsies seemed similar with preservation of the
crypt architecture (Figure 12b). However, a x40 magnification revealed an increased density of cell
nuclei in the UC biopsies (Figure 12c¢), which could likely be neutrophils. This theory is supported

by the apparent neutrophil infiltration of the crypt epithelium, which is commonly seen in UC!37!%8,

Initially, the protein concentration of the homogenized biopsy lysate was determined with BCA
and protein A280 using four samples. A highly reproducible mean coefficient of 0.47 (STD 0.01)
BCA to A280 was calculated. Due to the high amount of sample required for accurate BCA protein
concentration measurements compared to A280 protein concentration measurements (53 pL and 3
pL respectively), A280 measurements were adjusted and used henceforth. Based on the protein
concentration measurements, the homogenization of the samples was found to be highly reproducible.
Of the biopsy wet weight, 10% (STD 2%) could be detected as soluble proteins validating the chosen

lysis buffer and homogenization method.
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Figure 12. Biopsy extraction and analysis. a) Picture taken during our colonic biopsy extraction,
demonstrating a typical view of the biopsy extraction. b) H&E stained FFPE slice analysis colonic
biopsy from control group. ¢) Colonic biopsy from UC group. The crypt architecture is preserved in
the UC group. However, an increased number of stained cell nuclei is visible, which could be PMNs.
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2.2.2. Proteomic Data Validation

All biopsies were analyzed in three technical replicates, and the technical replicates were
analyzed consecutively, in contrast to the randomized biopsies. We calculated the Pearson correlation
coefficient pairwise between the triplicates for all subjects, and removed one replicate from three
different subjects (3 of 93 total LC-MS runs) with a coefficient less than 0.95 from further analysis.
The generally high Pearson correlation coefficients between the replicates points to a high degree of
technical repeatability of the method, i.e. a low variance of the calculated protein abundances when
the same biopsy is analyzed repeatedly. A PCA of all quantifiable proteins was conducted prior to
combination of the replicates (Figure 13). The plot of PCA component 1 and component 2 revealed
groupings of the technical replicates, as expected for a low technical variance relative to the inter-
biopsy variation. To ensure that the clustering of the technical replicates of the patients were not
caused by the sequential LC-MS analysis of the replicates, in contrast to the subjects which were
randomized, we investigated whether the clusters of replicates were dependent on the time of analysis.
No pattern could be observed (data not shown), which indicates that the time of biopsy LC-MS
analysis has not affected the measurements to a detectable extend. The variance in protein abundances

between different biopsies, therefore, seems much larger than the technical variance.
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Figure 13. Scores plot of component 1 and component 2 in the PCA of protein abundances. Technical
replicates (encircled in blue) group together in all cases; a) PCA scores plot of UC samples (red) and
control (gray); b) PCA scores plot of RA samples (blue) and control (gray).

2.2.3. Mucosal Protein Abundance Analysis in Inflammatory Diseases

The technical replicates were combined subject-wise by taking the median. After the filtering
steps 5,444 proteins remained (1% FDR) meeting our requirements for relative quantification. In

contrast to the high degree of tissue similarity observed in the histological analysis, a large degree of
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diversity was observed on the protein level. The observed small technical variance validates the
overall method and analysis, and points to differences between the biopsies or the subjects. A
permutation-based FDR level of 15% was chosen for identifying proteins with a statistically
significant abundance change between patients and controls, to give sufficient input in the subsequent
analysis. The need for the relatively high FDR can be explained by generally large differences
between the biopsies. No cell isolation was employed following biopsy extraction. As a result, any
variation in the biopsy-tong penetration depth will have resulted in an altered cellular composition of
the extracted biopsies. Also due to interpersonal differences the protein composition can be expected
to vary between the biopsies. At the applied cutoff, 46 proteins demonstrated a statistical significant
abundance change between the biopsies from the UC patients and the biopsies from the control group.
Of the 46 proteins, 33 proteins were more abundant in the UC group and 13 proteins less abundant
(Table 2). None of the 46 proteins displayed a mean fold-change less than 2.8 between the groups.
Interestingly, no significantly changing proteins could be detected between the RA group and the
control group. Observing only the number of significantly changing proteins, it appears that the
intestinal mucosal tissue of RA patients is much more similar to that of the control group than that of
UC patients. This finding is in agreement with the histological analysis. However, non-statistically
significant protein changes were detected, hence it is possible that a study including a larger cohort

could detect statistically significant protein changes.

Fold Protein Description Uniprot | Unique
Change ID peptides
219.2 *Lactotransferrin P02788 | 49

92.1 Matrix metalloproteinase-9 P14780 | 30

63.3 *Myeloperoxidase P05164 | 41

314 Myeloblastin P24158 |7

31.3 *Neutrophil elastase P08246 | 11

18.0 Dual oxidase 2 QI9NRDS | 42

16.7 Integrin alpha-M P11215 |33

16.3 *Protein S100-A9 P06702 | 10

13.7 Neutrophil gelatinase-associated lipocalin P80188 12

11.8 *Protein S100-A12 P80O511 |5

10.6 Neutrophil collagenase P22894 14

9.9 *Neutrophil defensin 3 P59666 |5

9.4 Ig gamma Fc region receptor I1I-A P08637 |2

9.2 Hexokinase-3 P52790 | 18
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Fold Protein Description Uniprot | Unique
Change ID peptides
8.7 Peptidoglycan recognition protein 1 075594 |5
8.5 Chitinase-3-like protein 1 P36222 14
7.8 Regenerating islet-derived protein 3-alpha Q06141 |4
7.3 Dual oxidase maturation factor 2 QlHG44 | 4
6.6 Eosinophil lysophospholipase Q05315 | 11
6.6 Nitric oxide synthase, inducible P35228 | 41
6.2 Arachidonate 15-lipoxygenase P16050 |25
5.9 *Eosinophil cationic protein P12724 | 10
5.7 Mast cell-expressed membrane protein 1 Q8IX19 |3
5.1 Non-secretory ribonuclease P10153 |8
5.0 Eosinophil peroxidase P11678 | 44
4.5 *Myeloid cell nuclear differentiation antigen P41218 17
4.4 Ig kappa chain V-II region RPMI 6410 P06310 |3
43 Rac exchanger 1 protein Q8TCUG | 8
4.0 Cystatin-A P01040 |2
4.0 Derlin-3 Q96Q80 |3
3.9 Transmembrane protein 179B Q7Z7N9 |2
3.8 Protein unc-13 homolog D Q70J99 | 16
3.5 *Cathepsin G P08311 16
-2.8 Myristoylated alanine-rich C-kinase substrate P29966 11
-3.1 Alcohol dehydrogenase 1C P00326 10
-3.4 HLA class II histocompatibility antigen, DRB1-11 beta chain | P20039 | 2
-3.5 Peptide YY P10082 |3
-3.7 EGF-containing fibulin-like extracellular matrix protein 1 Q12805 |15
-3.7 Cytochrome P450 4F11 QO9HBI6 |3
-3.9 Elastin P15502

-4.0 Hyaluronan and proteoglycan link protein 1 P10915 13
-4.1 NADH dehydrogenase 1 alpha subcomplex subunit 11 Q86Y39 |7
-4.4 Phosphoenolpyruvate carboxykinase P35558 | 34
-4.5 F-box only protein 38 Q6PIJ6 | 6
-4.9 Trefoil factor 3 Q07654 |3
-5.1 WAP four-disulfide core domain protein 2 Q14508 |4

Table 2. List of the 46 proteins displaying a statistical significant change between the UC group and
the control group. * proteins have been associated with NETs!4!.
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Of the 46 significantly changing proteins between the UC group and the controls, SI00A9
calgranulin-B/Calprotectin, neutrophil elastase, myeloperoxidase, alpha defensin 1, cathepsin G have
previously been found with increased abundance in colonic biopsies from UC patients'*’. Also,
protein S100-A9 and protein S100-A12 has been found to be elevated in the serum of children with
IBD!®, These findings validate the chosen method. An overabundance of the enzyme indoleamine-
2.3-dioxygene has been found in intestinal mucosal tissue from CD and UC patients compared to
normal mucosa, hypothesizing an involvement of the Kynurenine pathway of tryptophan metabolism
in the IBDs!'®!. The protein was in our study detected displaying an 1.8 fold increase in UC patients,
but with no statistical significance, indicating that a larger study cohort could have identified a higher
number of statistically significantly changed proteins. Isolated epithelial cells and not whole intestinal
mucosal biopsies were analyzed in the mentioned study using 2D-PAGE protein separation and
quantitation followed by MS identification. Indoleamine-2.3-dioxygene activity has been found to be
essential in dendritic cells to induce co-cultured T cell apoptosis'®' and thus might not be present in
vastly increased amounts in well-treated UC patients. However, it might be that the high degree of

biological diversity encountered could be reduced by analyzing an isolated/enriched cell group.

An analysis of the measured iBAQ values of previously identified significantly changing
proteins between mucosal biopsies from UC patients and controls, revealed that many of the
previously known biomarkers are in the upper half of the iBAQ range (Figure 14). This is in contrast
to this study, where the identified significantly changing proteins also are present in the lower half

iBAQ area. This points to an increased sensitivity of the methods used in this study.

The protein with the largest abundance change between the UC and control group is
lactotransferrin, which has been found to be >200 times more abundant in the UC group (Table 2).
Lactotransferrin is used as a fecal biomarker for intestinal inflammation, and is involved in the
mucosal innate immune system response. It is an iron-binding glycoprotein expressed by activated

164 and is released by the injured tissue. The protein has been found to modulate

neutrophils
inflammation and act in the defense against infections as a part of the innate immune system!®. It is
resistant to degradation and proteolysis, and unaffected by freeze thaw cycles, making it a useful
biomarker for inflammation®. Taken together with the top 10 proteins more abundant in the UC
group: Matrix metalloproteinase-9, myeloperoxidase, the leukocyte serine protease myeloblastin,
neutrophil elastase, dual oxidase 2, integrin alpha-M, protein S100-A9 and A12, and neutrophil

gelatinase-associated lipocalin, this points to a highly activated innate immune system. This is

interesting as all UC patients were in remission. However, the finding is in agreement with the
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histological analysis, which found an increased abundance of cells, which likely was neutrophils.
Both results indicates an activated immune system in the UC colonic tissue, and points a subclinical

chronic inflammation in the tissue.
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Figure 14. Protein abundances represented by iBAQ values of all quantifiable proteins in this study
(gray), all significantly changing proteins in this study (blue), and identified biomarkers in other
proteomics studies comparing UC to healthy mucosal tissue, where a corresponding iBAQ value
could be found in the present study'>%!162163,

2.2.4. Host-Microbial Interactions and Inflammatory Bowel Disease

Several studies have found alterations in the gut microbial composition during IBD, and it has
been hypothesized that altered host-microbial interactions are central in the IBD etiology. A large
genetic study found 163 IBD loci, many of which were involved in the host defense against
infections?’. Taken together these findings support that IBD is caused by an inappropriate immune

response toward the gut microbiota.

As mentioned, several of the statistically significantly more abundant proteins in the colonic
tissue of UC patients compared to controls, are directly involved in the mucosal innate immune

system response. A closer analysis revealed that several of the proteins, furthermore, have been
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associated with NETs (Table 2). Besides the statistically significantly more abundant proteins, other
NET associated proteins were identified with statistically insignificant increased mean abundance
fold change (Figure 15). However, not all proteins known to be associated with NETs were found in
increased amounts in the mucosal tissue from UC patients, and several of the identified NET-proteins
are involved in the normal innate immune system response. Therefore, if the increased presence of
these proteins is an indication of an increased abundance of NETs or merely an activated innate

immune system remains unclear.

Based on the results, it is apparent that even though the UC patients were well treated and the
tissue healthy looking, a chronic inflammatory condition is present in the colon tissue. The results
point to an activated innate immune system in the mucosal tissue of the UC patients, and an obvious
target for the activated immune system is the gut microbiota. IBD has previously been associated
with an altered gut microbiota composition, and it has been hypothesized that IBD is caused by a
mucosal immune system response toward the gut microbiota?’. Our findings, thereby, supports the

current knowledge.
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Figure 15. Average protein abundance changes between UC patient and controls (positive X-axis
values indicate more abundant protein in UC tissue) plotted against the p-value for the abundance
change. The applied significance cutoff (black line) and significantly changing proteins (red) are
illustrated. Green indicates that the protein is associated to NETs. A total of 46 proteins were found
to be significantly changed of which 33 proteins were more abundant in the UC group. Nine of these
have been found to be associated with NETs!#0141,
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2.2.5. Citrullinated Peptides

Finally, we conducted an analysis of all identified citrullinated peptides. A total of 231
citrullinated peptides were identified meeting the strict identification criteria. One citrullinated
peptide: 446-TVETRinDGQVINETSQHHDDLE-466, the C-terminal end of the cytoskeletal
protein vimentin, demonstrated a statistically significant intensity-change between the RA and control
group at 5% FDR. No peptides with a statistically significant abundance change between the mucosal
colonic biopsies from the UC and the control group were found. The peptide was identified with high
confidence by MSMS data (Figure 16).
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Figure 16. Identification of the citrullinated peptide TVETR(cit)DGQVINETSQHHDDLE. a) One

of the annotated MSMS spectra identifying the peptide. b) TIC MS chromatogram of eluting peptides,
demonstrating the sample complexity. Red square marks the elusion of the peptide.
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The boxplots (Figure 17) revealed that the majority of the detected difference is caused by four
RA subjects. One could speculate that this represents a subgroup of the RA patients. However, the
recorded medical history and drug usage of these individuals could not explain the grouping. The
identification of citrullinated vimentin out of the more than 5,000 identified proteins is striking, as
antibodies of citrullinated vimentin previously have been associated with RA%!%, Vimentin has been
identified as one of the first cellular proteins to become citrullinated in the RA etiology. Indeed, it
has been hypothesized that an impaired clearing of active PAD enzymes released during cell death
could result in the citrullination of cellular proteins, which in turn serve as the first citrullinated
antigens to the immune system®’. C-terminally citrullinated vimentin has previously been associated
with RA, and a recent study has found the same citrullinated peptide increased in the lung tissue of
RA patients, hypothesizing that the lungs might be the initial place of ACPA production triggering®.
The finding of this peptide in the intestinal tissue points to the systemic nature of the RA disease, as

well as underlines the involvement of citrullinated vimentin in the RA etiology.

It is possible that a study focusing exclusively on citrullination will identify more citrullinated
peptides than this present study. Highly specific methods for the enrichment of citrullinated peptides

exists'®” 7%, However, the lack of sensitive methods remain a restriction for such studies?.
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Figure 17. Turkey style boxplots of the TIC normalized intensity of the peptide citrullinated peptide
TVETRiyDGQVINETSQHHDDLE which was found in overabundance in mucosal biopsies in RA
tissue. Center lines show the medians; box limits indicate the 25th and 75th percentiles as determined
by R software; whiskers extend 1.5 times the interquartile range from the 25th and 75th percentiles;

crosses represent sample means; data points are plotted as open circles'>.
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2.3. Conclusion

We successfully collected mucosal biopsies from ten UC patients in remission, 11 well-treated
RA patients and 10 controls. Based on a histological analysis of the H&E stained FFPE colonic
biopsy, the mucosal tissue from RA patients appear indifferent from that of healthy individuals.
However, an increased density of cell nuclei was found in the mucosal of the UC patients in remission,

which likely is a neutrophil infiltration of the crypt epithelium.

The biopsies were analyzed by LC-MS, and we found a high degree of technical repeatability
of the optimized sample preparation method in terms of protein yields. A total of 5,444 proteins met
our strict quantitation criteria, and through a quantitative analysis we identified 46 proteins with a
statistically significant abundance change between the UC and control group. No proteins were found,
demonstrating a statistically significant abundance change between the RA and the control group. By
comparing the calculated protein intensities of the identified statistically changing proteins and
previously identified UC biomarkers, the superior sensitivity of the current study was demonstrated.
Most known UC biomarkers were found in the high abundance region, whereas several proteins found
to be statistically significantly changing in this study were found with low abundance. Several new
proteins previously not known to be in increased in UC were identified, and several known UC
biomarker candidates were validated. Many of the 46 proteins, e.g. lactotransferrin, myeloperoxidase,
and dual oxidase 2, are directly involved in the mucosal innate immune system response to
microorganisms. Furthermore, several of the more abundant proteins have been associated with NETs
points to an increased presence, both indicating an activated innate immune system in the UC colon
likely targeting the gut microbiota. The findings in this study thereby suggests that UC is caused by

a complex interplay between the host immune system and the gut microbiota.

Finally, using our optimized method for identifying citrullinated peptides, we identified one
citrullinated peptide from the C-terminal part of vimentin, demonstrating a statistically significant
abundance increase between the RA and the control group. The peptide has previously been identified
in lung-tissue from newly diagnosed RA patients hypothesizing the lungs to be the initial site of RA
antigen presentation and disease onset. The finding of this citrullinated vimentin peptide in the colonic
tissue of RA patients, underlines the involvement of citrullination and vimentin in the RA etiology,

as well as the systemic nature of the disease.

We successfully demonstrated the use of high throughput LC-MS technologies in the

identification of statistically significantly abundant proteins in samples as complex as human colonic
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tissue. A study including a larger cohort of patients, and restricting the analysis to e.g. the epithelial
cells, will likely identify more significantly differentiating proteins between UC and the healthy state.
The addition of CD patients in the study could also open for the possibility of identifying diagnostic
markers for early and accurate differentiation of CD and UC patients. Also, a study implementing
enrichment techniques for citrullinated peptides and proteins will likely identify more citrullination

events.
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3. Concluding Remarks & Outlook

The three peer reviewed publications and additional unpublished data included in this thesis
demonstrate how recent development in proteomic strategies have allowed the identification of
protein changes in samples as complex as human tissue. [ have demonstrated how citrullination events
can be reliably identified by including several identification criteria, including a tryptic missed
cleavage, and demonstrates a potential pitfall of using the mentioned strategy. Furthermore, the
strength of combining several complementary state of the art high throughput technologies, such as
proteomic and transcriptomic, has been demonstrated. In my opinion, such combinations are
necessary for eventually understanding systems as complex and composite as the human immune

system.

The etiology of the inflammatory diseases remains poorly understood. As UC and RA share
several genetic loci and known environmental triggers, I compared colonic biopsies from both groups
to colonic biopsies from controls. The proteomic analysis of colonic biopsies from RA and UC
patients revealed overall similarities in protein abundances between the biopsies from the RA patients
and the controls. It has been hypothesized that the initial triggering of RA is not taking place in the
joints but in the lungs. However, studies have suggested that the gut microbiota is involved in the
initial triggering of the disease. Citrullinated vimentin was found with increased abundance in the
colonic tissue of RA patients compared to the controls, which could indicate that the initial RA
triggering is not limited to one location in the body, but can take place in many locations. The
otherwise high degree of similarity found between the biopsies from the RA patients and the controls,
is in contrast to the biopsies from the UC patients, where the mucosal immune system response to
infections was found to be highly activated. Multiple proteins involved in NETs were found in higher
abundance compared to in healthy mucosal tissue. The finding thereby support the current
understanding in the literature, that IBD is caused by a complex interplay between the gut microbiota
and the immune system, where an altered gut microbiota has been found during active IBD. However,
what triggers the alteration from a commensal to pathogenic host-microbial relationship, remains to
be understood. As mentioned, there is significantly cross-communication and co-modulation of the
epithelial cells and the intestinal gut microbiota, and information on an altered composition of the gut
microbiota alone does not yield information on changed host-microbial interactions. Therefore, the
next logical step might be to investigate the host-microbial interactions in relation to IBD, which can

be accomplished through the incorporation of metabolomic, transcriptomic and proteomic data. A
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combined dataset would allow us to probe the host-microbial interactions, altered gut microbiota
functions, and differentiating pathways, and would provide new insights into the pathogenesis of the

IBD as well as other inflammatory diseases.

40



Tue Bjerg Bennike

References

10.

11.

12.

13.

14.

15.

16.

Bennike, T., Birkelund, S., Stensballe, A. & Andersen, V. Biomarkers in inflammatory bowel
diseases: Current status and proteomics identification strategies. World J Gastroenterol 20,
3231-3244 (2014).

Bennike, T. et al. Optimizing the Identification of Citrullinated Peptides by Mass
Spectrometry: Utilizing the Inability of Trypsin to Cleave after Citrullinated Amino Acids.
Journal of Proteomics & Bioinformatics 06, (2013).

Bennike, T. et al. A normative study of the synovial fluid proteome from healthy porcine knee
joints. Journal of Proteome Research (2014).

Lettre, G. & Rioux, J. D. Autoimmune diseases: insights from genome-wide association
studies. Human molecular genetics 17, R116 (2008).

Bach, J.-F. The Effect of Infections on Susceptibility to Autoimmune and Allergic Diseases.
New England Journal of Medicine 347, 911-920 (2002).

Eaton, W. W, Rose, N. R., Kalaydjian, A., Pedersen, M. G. & Mortensen, P. B. Epidemiology
of Autoimmune Diseases in Denmark. J Autoimmun 29, 1-9 (2007).

Jussila, A., Virta, L. J., Pukkala, E. & Farkkild, M. A. Mortality and causes of death in patients
with inflammatory bowel disease: A nationwide register study in Finland. Journal of Crohn’s
and Colitis (2014). doi:10.1016/j.crohns.2014.02.015

Odes, S. et al. Cost Analysis and Cost Determinants in a European Inflammatory Bowel
Disease Inception Cohort With 10 Years of Follow-up Evaluation. Gastroenterology 131, 719—
728 (2000).

Lévy, L., Fautrel, B., Barnetche, T. & Schaeverbeke, T. Incidence and risk of fatal myocardial
infarction and stroke events in rheumatoid arthritis patients. A systematic review of the
literature. Clin. Exp. Rheumatol. 26, 673—-679 (2008).

Lettre, G. & Rioux, J. D. Autoimmune diseases: insights from genome-wide association
studies. Human molecular genetics 17, R116 (2008).

Sarkar, S. & Fox, D. A. Targeting IL-17 and Th17 Cells in Rheumatoid Arthritis. Rheumatic
Disease Clinics of North America 36, 345-366 (2010).

Shen, W. & Durum, S. K. Synergy of IL-23 and Th17 Cytokines: New Light on Inflammatory
Bowel Disease. Neurochem Res 35, 940-946 (2010).

Rosenfeld, G. & Bressler, B. The truth about cigarette smoking and the risk of inflammatory
bowel disease. Am. J. Gastroenterol. 107, 1407—1408 (2012).

Wegner, N. et al. Autoimmunity to specific citrullinated proteins gives the first clues to the
etiology of rheumatoid arthritis. Immunological Reviews 233, 34-54 (2010).

Makrygiannakis, D. et al. Smoking increases peptidylarginine deiminase 2 enzyme expression
in human lungs and increases citrullination in BAL cells. Ann Rheum Dis 67, 1488—1492
(2008).

Klareskog, L., Malmstrom, V., Lundberg, K., Padyukov, L. & Alfredsson, L. Smoking,
citrullination and genetic variability in the immunopathogenesis of rheumatoid arthritis.
Seminars in Immunology 23, 92-98 (2011).

41



PhD thesis: Inflammatory Diseases — An Analysis of the Underlying Biological Triggers

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

42

Klareskog, L. et al. A new model for an etiology of rheumatoid arthritis: Smoking may trigger
HLA-DR (shared epitope)-restricted immune reactions to autoantigens modified by
citrullination. Arthritis & Rheumatism 54, 3846 (2006).

Klareskog, L., Ronnelid, J., Lundberg, K., Padyukov, L. & Alfredsson, L. Immunity to
Citrullinated Proteins in Rheumatoid Arthritis. Annual Review of Immunology 26, 651-675
(2008).

Khor, B., Gardet, A. & Xavier, R. J. Genetics and pathogenesis of inflammatory bowel disease.
Nature 474, 307-317 (2011).

Jostins, L. et al. Host-microbe interactions have shaped the genetic architecture of
inflammatory bowel disease. Nature 491, 119-124 (2012).

Xavier, R. J. & Podolsky, D. K. Unravelling the pathogenesis of inflammatory bowel disease.
Nature 448, 427-434 (2007).

Iskandar, H. N. & Ciorba, M. A. Biomarkers in Inflammatory Bowel Disease: Current Practices
and Recent Advances. Transl Res 159, 313-325 (2012).

Ehrentraut, S. F. & Colgan, S. P. Implications of protein post-translational modifications in
IBD. Inflammatory Bowel Diseases 18, 1378-1388 (2012).

Poulsen, N. et al. Comparative analysis of inflamed and non-inflamed colon biopsies reveals
strong proteomic inflammation profile in patients with ulcerative colitis. BMC
Gastroenterology 12, 76 (2012).

Thompson, A. 1. & Lees, C. W. Genetics of ulcerative colitis. Inflammatory Bowel Diseases 17,
831-848 (2011).

Burisch, J., Jess, T., Martinato, M. & Lakatos, P. L. The burden of inflammatory bowel disease
in Europe. Journal of Crohn’s and Colitis 7, 322-337 (2013).

Burisch, J., Jess, T., Martinato, M. & Lakatos, P. L. The burden of inflammatory bowel disease
in Europe. Journal of Crohn’s and Colitis 7, 322-337 (2013).

Shivananda, S. et al. Incidence of inflammatory bowel disease across Europe: is there a
difference between north and south? Results of the European Collaborative Study on
Inflammatory Bowel Disease (EC-IBD). Gut 39, 690-697 (1996).

Molodecky, N. A. et al. Increasing Incidence and Prevalence of the Inflammatory Bowel
Diseases With Time, Based on Systematic Review. Gastroenterology 142, 46-54.¢42 (2012).
Betteridge, J. D., Armbruster, S. P., Maydonovitch, C. & Veerappan, G. R. Inflammatory
Bowel Disease Prevalence by Age, Gender, Race, and Geographic Location in the U.S.
Military Health Care Population. Inflammatory Bowel Diseases June 2013 19, 1421-1427
(2013).

Molodecky, N. A. et al. Increasing Incidence and Prevalence of the Inflammatory Bowel
Diseases With Time, Based on Systematic Review. Gastroenterology 142, 46-54.¢42 (2012).
Lewis, J. D. The Utility of Biomarkers in the Diagnosis and Therapy of Inflammatory Bowel
Disease. Gastroenterology 140, 1817-1826.e2 (2011).

Vatn, M. H. Natural history and complications of IBD. Curr Gastroenterol Rep 11, 481-487
(2009).

Meuwis, M.-A. et al. Biomarker discovery for inflammatory bowel disease, using proteomic
serum profiling. Biochemical Pharmacology 73, 1422-1433 (2007).



Tue Bjerg Bennike

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47,

48.

49.

50.

51.

Han, N.-Y. et al. Label-free quantification for discovering novel biomarkers in the diagnosis
and assessment of disease activity in inflammatory bowel disease. Journal of Digestive
Diseases 14, 166—174 (2013).

Vermeire, S., Van Assche, G. & Rutgeerts, P. Laboratory markers in IBD: useful, magic, or
unnecessary toys? Gut 55, 426-431 (20006).

Yau, Y., Leong, R. W., Zeng, M. & Wasinger, V. C. Proteomics and metabolomics in
inflammatory bowel disease. Journal of Gastroenterology and Hepatology 28, 1076—-1086
(2013).

Berry, D. & Reinisch, W. Intestinal microbiota: A source of novel biomarkers in inflammatory
bowel diseases? Best Practice & Research Clinical Gastroenterology 27, 47-58 (2013).
Mendoza, J. L. & Abreu, M. T. Biological markers in inflammatory bowel disease: Practical
consideration for clinicians. Gastroentérologie Clinique et Biologique 33, Supplement 3,
S158-S173 (2009).

Han, N.-Y., Kim, E. H., Choi, J., Lee, H. & Hahm, K.-B. Quantitative proteomic approaches in
biomarker discovery of inflammatory bowel disease. Journal of Digestive Diseases 13, 497—
503 (2012).

Sandborn, W. J. et al. Evaluation of serologic disease markers in a population-based cohort of
patients with ulcerative colitis and Crohn’s disease. Inflammatory Bowel Diseases 7, 192-201
(2001).

Reumaux, D. et al. Serological markers in inflammatory bowel diseases. Best Practice &
Research Clinical Gastroenterology 17, 19-35 (2003).

Peyrin-Biroulet, L., Standaert-Vitse, A., Branche, J. & Chamaillard, M. IBD serological panels:
facts and perspectives. Inflamm. Bowel Dis. 13, 1561-1566 (2007).

Bernstein, C. N. et al. Assessing inflammatory bowel disease-associated antibodies in
Caucasian and First Nations cohorts. Can J Gastroenterol 25, 269-273 (2011).

Peeters, M. et al. Diagnostic value of anti-Saccharomyces cerevisiae and antineutrophil
cytoplasmic autoantibodies in inflammatory bowel disease. Am J Gastroenterol 96, 730-734
(2001).

Saverymuttu, S. H., Hodgson, H. J., Chadwick, V. S. & Pepys, M. B. Differing acute phase
responses in Crohn’s disease and ulcerative colitis. Gut 27, 809-813 (1986).

Solem, C. A. et al. Correlation of C-reactive protein with clinical, endoscopic, histologic, and
radiographic activity in inflammatory bowel disease. Inflammatory Bowel Diseases 11, 707—
712 (2005).

Burri, E. & Beglinger, C. Faecal calprotectin in the diagnosis of inflammatory bowel disease.
Biochemia Medica 245-253 (2011). doi:10.11613/BM.2011.034

Schoepfer, A. M., Trummler, M., Seeholzer, P., Seibold-Schmid, B. & Seibold, F.
Discriminating IBD from IBS: Comparison of the test performance of fecal markers, blood
leukocytes, CRP, and IBD antibodies. Inflammatory Bowel Diseases 14, 3239 (2008).

Van Venrooij, W. J., van Beers, J. J. B. C. & Pruijn, G. J. M. Anti-CCP antibodies: the past, the
present and the future. Nature Reviews Rheumatology 7, 391-398 (2011).

Balakrishnan, L. et al. Differential proteomic analysis of synovial fluid from rheumatoid
arthritis and osteoarthritis patients. Clinical Proteomics 11, 1 (2014).

43



PhD thesis: Inflammatory Diseases — An Analysis of the Underlying Biological Triggers

52.

53.

54.

55.

56.

57.

58.

59.

60.

ol.

62.

63.

64.

65.

66.

67.

68.

69.

44

Hui, A. Y., McCarty, W. J., Masuda, K., Firestein, G. S. & Sah, R. L. A systems biology
approach to synovial joint lubrication in health, injury, and disease. Wiley Interdisciplinary
Reviews: Systems Biology and Medicine 4, 15-37 (2012).

Symmons, D. et al. The prevalence of rheumatoid arthritis in the United Kingdom: new
estimates for a new century. Rheumatology 41, 793-800 (2002).

Widdifield, J. et al. The rising burden of rheumatoid arthritis surpasses rheumatology supply in
Ontario. Can J Public Health 104, e450—455 (2013).

Ozminkowski, R. J., Burton, W. N., Goetzel, R. Z., Maclean, R. & Wang, S. The Impact of
Rheumatoid Arthritis on Medical Expenditures, Absenteeism, and Short-Term Disability
Benefits: Journal of Occupational and Environmental Medicine 48, 135-148 (2006).
Hermansson, M. et al. MS analysis of rheumatoid arthritic synovial tissue identifies specific
citrullination sites on fibrinogen. Proteomics Clin Appl 4, 511-518 (2010).

Van Venrooij, W. J., van Beers, J. J. B. C. & Pruijn, G. J. M. Anti-CCP antibodies: the past, the
present and the future. Nature Reviews Rheumatology 7, 391-398 (2011).

Van Beers, J. J. B. C. et al. The rheumatoid arthritis synovial fluid citrullinome reveals novel
citrullinated epitopes in apolipoprotein E, myeloid nuclear differentiation antigen, and B-actin.
Arthritis & Rheumatism 65, 69-80 (2013).

Venrooij, W. J. & Zendman, A. J. W. Anti-CCP2 Antibodies: An Overview and Perspective of
the Diagnostic Abilities of this Serological Marker for Early Rheumatoid Arthritis. Clinical
Reviews in Allergy & Immunology 34, 36-39 (2007).

Vossenaar, E. Anti-CCP antibodies, a highly specific marker for (early) theumatoid arthritis.
Clinical and Applied Immunology Reviews 4, 239-262 (2004).

Scott, D. L., Wolfe, F. & Huizinga, T. W. Rheumatoid arthritis. The Lancet 376, 1094-1108
(2010).

Sande, M. G. H. van de et al. Different stages of rheumatoid arthritis: features of the synovium
in the preclinical phase. Ann Rheum Dis 70, 772-777 (2011).

Ytterberg, A. J. et al. Shared immunological targets in the lungs and joints of patients with
rheumatoid arthritis: identification and validation. Annals of the Rheumatic Diseases (2014).
doi:10.1136/annrheumdis-2013-204912

Consortium, T. E. P. An integrated encyclopedia of DNA elements in the human genome.
Nature 489, 57-74 (2012).

Feng, J. T., Shang, S. & Beretta, L. Proteomics for the early detection and treatment of
hepatocellular carcinoma. Oncogene 25, 3810-3817 (20006).

Satsangl, J. et al. Contribution of genes of the major histocompatibility complex to
susceptibility and disease phenotype in inflammatory bowel disease. The Lancet 347, 1212—
1217 (1996).

Norregaard Jensen, O. Modification-specific proteomics: characterization of post-translational
modifications by mass spectrometry. Current Opinion in Chemical Biology 8, 33—41 (2004).
Wu, L. et al. Variation and genetic control of protein abundance in humans. Nature 499, 79-82
(2013).

Mann, M. & Jensen, O. N. Proteomic analysis of post-translational modifications. Nat Biotech
21, 255-261 (2003).



Tue Bjerg Bennike

70.
71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Kim, M.-S. et al. A draft map of the human proteome. Nature 509, 575-581 (2014).

Honor¢, B., Ostergaard, M. & Vorum, H. Functional genomics studied by proteomics.
Bioessays 26, 901-915 (2004).

Hugot, J.-P. et al. Association of NOD2 leucine-rich repeat variants with susceptibility to
Crohn’s disease. Nature 411, 599-603 (2001).

Satsangi, J. et al. Two stage genome—wide search in inflammatory bowel disease provides
evidence for susceptibility loci on chromosomes 3, 7 and 12. Nat Genet 14, 199-202 (1996).
Schwanhéusser, B. et al. Global quantification of mammalian gene expression control. Nature
473,337-342 (2011).

Wasinger, V. C. et al. Progress with gene-product mapping of the Mollicutes: Mycoplasma
genitalium. Electrophoresis 16, 1090-1094 (1995).

Nagaraj, N. et al. System-wide Perturbation Analysis with Nearly Complete Coverage of the
Yeast Proteome by Single-shot Ultra HPLC Runs on a Bench Top Orbitrap. Mol Cell
Proteomics 11, (2012).

Thakur, S. S. et al. Deep and Highly Sensitive Proteome Coverage by LC-MS/MS Without
Prefractionation. Mol Cell Proteomics 10, (2011).

Steen, H. & Mann, M. The abc’s (and xyz’s) of peptide sequencing. Nat Rev Mol Cell Biol 5,
699-711 (2004).

Nagaraj, N. et al. Deep proteome and transcriptome mapping of a human cancer cell line.
Molecular Systems Biology 7, (2011).

Lescuyer, P., Bianchi, L., Hochstrasser, D., Bini, L. & Sanchez, J.-C. Translational proteomics.
Journal of Proteomics 75, 4571-4572 (2012).

Gershon, P. D. Cleaved and Missed Sites for Trypsin, Lys-C, and Lys-N Can Be Predicted with
High Confidence on the Basis of Sequence Context. Journal of Proteome Research 13, 702—
709 (2014).

Vandermarliere, E., Mueller, M. & Martens, L. Getting intimate with trypsin, the leading
protease in proteomics: TRYPSIN IN PROTEOMICS. Mass Spectrometry Reviews 000—000
(2013). doi:10.1002/mas.21376

Kaletas, B. K. et al. Sample preparation issues for tissue imaging by imaging MS. Proteomics
9,2622-2633 (2009).

Leon, I. R., Schwiammle, V., Jensen, O. N. & Sprenger, R. R. Quantitative assessment of in-
solution digestion efficiency identifies optimal protocols for unbiased protein analysis.
Molecular & Cellular Proteomics (2013). at
<http://www.mcponline.org/content/early/2013/06/21/mcp.M112.025585.abstract>

Nielsen, M. L. et al. lodoacetamide-induced artifact mimics ubiquitination in mass
spectrometry. Nat Meth 5, 459—460 (2008).

Shevchenko, A., Wilm, M., Vorm, O. & Mann, M. Mass spectrometric sequencing of proteins
silver-stained polyacrylamide gels. Anal. Chem. 68, 850-858 (1996).

Shevchenko, A., Tomas, H., Havli, J., Olsen, J. V. & Mann, M. In-gel digestion for mass
spectrometric characterization of proteins and proteomes. Nat. Protocols 1, 2856-2860 (2007).

45



PhD thesis: Inflammatory Diseases — An Analysis of the Underlying Biological Triggers

88. Zhang, N. & Li, L. Effects of common surfactants on protein digestion and matrix-assisted
laser desorption/ionization mass spectrometric analysis of the digested peptides using two-layer
sample preparation. Rapid Communications in Mass Spectrometry 18, 889—-896 (2004).

89. Rabilloud, T. et al. Power and limitations of electrophoretic separations in proteomics
strategies. Mass Spectrom. Rev. 28, 816-843 (2009).

90. Havlis, J. & Shevchenko, A. Absolute Quantification of Proteins in Solutions and in
Polyacrylamide Gels by Mass Spectrometry. Anal. Chem. 76, 3029-3036 (2004).

91. Speicher, K., Kolbas, O., Harper, S. & Speicher, D. Systematic analysis of peptide recoveries
from in-gel digestions for protein identifications in proteome studies. J Biomol Tech 11, 74-86
(2000).

92. Klammer, A. A. & MacCoss, M. J. Effects of Modified Digestion Schemes on the
Identification of Proteins from Complex Mixtures. Journal of Proteome Research 5, 695-700
(2006).

93. Manza, L. L., Stamer, S. L., Ham, A.-J. L., Codreanu, S. G. & Liebler, D. C. Sample
preparation and digestion for proteomic analyses using spin filters. Proteomics 5, 1742—1745
(2005).

94. Wisniewski, J. R., Zougman, A., Nagaraj, N. & Mann, M. Universal sample preparation
method for proteome analysis. Nat Meth 6, 359-362 (2009).

95. Masuda, T., Tomita, M. & Ishihama, Y. Phase Transfer Surfactant-Aided Trypsin Digestion for
Membrane Proteome Analysis. Journal of Proteome Research 7, 731-740 (2008).

96. Masuda, T., Tomita, M. & Ishihama, Y. Phase Transfer Surfactant-Aided Trypsin Digestion for
Membrane Proteome Analysis. Journal of Proteome Research 7, 731-740 (2008).

97. Wang, Z., Gerstein, M. & Snyder, M. RNA-Seq: a revolutionary tool for transcriptomics. Nat
Rev Genet 10, 57-63 (2009).

98. Gupta, N. & Pevzner, P. A. False Discovery Rates of Protein Identifications: A Strike against
the Two-Peptide Rule. Journal of Proteome Research 8, 4173—4181 (2009).

99. Vaudel, M., Sickmann, A. & Martens, L. Current methods for global proteome identification.
Expert Review of Proteomics 9, 519-532 (2012).

100.De Ceuleneer, M., Van Steendam, K., Dhaenens, M. & Deforce, D. In vivo relevance of
citrullinated proteins and the challenges in their detection. PROTEOMICS 12, 752760 (2012).

101.Gyorgy, B., Toth, E., Tarcsa, E., Falus, A. & Buzas, E. . Citrullination: A posttranslational
modification in health and disease. The International Journal of Biochemistry & Cell Biology
38, 1662-1677 (2006).

102.Curis, E. et al. Almost all about citrulline in mammals. Amino Acids 29, 177-205 (2005).

103.Hartline, D. K. & Colman, D. R. Rapid Conduction and the Evolution of Giant Axons and
Myelinated Fibers. Current Biology 17, R29—R35 (2007).

104.Sjostrand, F. S. The lamellated structure of the nerve myelin sheath as revealed by high
resolution electron microscopy. Experientia 9, 68—69 (1953).

105.Kim, J. K. et al. Multiple sclerosis: an important role for post-translational modifications of
myelin basic protein in pathogenesis. Mol. Cell Proteomics 2, 453462 (2003).

46



Tue Bjerg Bennike

106.Krokhin, O. V., Antonovici, M., Ens, W., Wilkins, J. A. & Standing, K. G. Deamidation of -
Asn-Gly- Sequences during Sample Preparation for Proteomics: Consequences for MALDI
and HPLC-MALDI Analysis. Anal. Chem. 78, 66456650 (2006).

107.De Ceuleneer, M., Van Steendam, K., Dhaenens, M., Elewaut, D. & Deforce, D. Quantification
of Citrullination by Means of Skewed Isotope Distribution Pattern. J. Proteome Res. 11, 5245-
5251 (2012).

108.Hao, G. et al. Neutral loss of isocyanic acid in peptide CID spectra: A novel diagnostic marker
for mass spectrometric identification of protein citrullination. J Am Soc Mass Spectrom 20,
723-727 (2009).

109.Creese, A. J., Grant, M. M., Chapple, I. L. C. & Cooper, H. J. On-line liquid chromatography
neutral loss-triggered electron transfer dissociation mass spectrometry for the targeted analysis
of citrullinated peptides. Analytical Methods 3, 259 (2011).

110.Grolund, M.-M., Lehtonen, O.-P., Eerola, E. & Kero, P. Fecal Microflora in Healthy Infants
Born by Different Methods of Delivery: Permanent Changes in Intestinal Flora After Cesarean
Delivery. Journal of Pediatric Gastroenterology 28, 19-25 (1999).

111.Qin, J. et al. A human gut microbial gene catalogue established by metagenomic sequencing.
Nature 464, 5965 (2010).

112.Manichanh, C., Borruel, N., Casellas, F. & Guarner, F. The gut microbiota in IBD. Nature
Reviews Gastroenterology and Hepatology 9, 599-608 (2012).

113.Tlaskalova-Hogenova, H. et al. Commensal bacteria (normal microflora), mucosal immunity
and chronic inflammatory and autoimmune diseases. Immunology Letters 93, 97-108 (2004).

114.Hooper, L. V. & Macpherson, A. J. Immune adaptations that maintain homeostasis with the
intestinal microbiota. Nat Rev Immunol 10, 159-169 (2010).

115.Flint, H. J., Scott, K. P., Louis, P. & Duncan, S. H. The role of the gut microbiota in nutrition
and health. Nat Rev Gastroenterol Hepatol 9, 577-589 (2012).

116.Toivanen, A. & Toivanen, P. Reactive arthritis. Current opinion in rheumatology 12, 300-305
(2000).

117.Ivanov, I. I. & Littman, D. R. Segmented filamentous bacteria take the stage. Mucosal Immunol
(2010). at <http://dx.doi.org/10.1038/mi.2010.3>

118.Arif, S. et al. Peripheral and Islet Interleukin-17 Pathway Activation Characterizes Human
Autoimmune Diabetes and Promotes Cytokine-Mediated ?-Cell Death. Diabetes 60, 2112-2119
(2011).

119.Tokura, Y., Mori, T. & Hino, R. Psoriasis and other Th17-mediated skin diseases. J. UOEH 32,
317-328 (2010).

120.Hu, Y., Shen, F., Crellin, N. K. & Ouyang, W. The IL-17 pathway as a major therapeutic target
in autoimmune diseases. Annals of the New York Academy of Sciences 1217, 60-76 (2011).

121.Wang, Y.-L. et al. Targeting pre-ligand assembly domain of TNFR1 ameliorates autoimmune
diseases — An unrevealed role in downregulation of Th17 cells. Journal of Autoimmunity 37,
160-170 (2011).

122.Gerasimidis, K. et al. Decline in Presumptively Protective Gut Bacterial Species and
Metabolites Are Paradoxically Associated with Disease Improvement in Pediatric Crohn’s

47



PhD thesis: Inflammatory Diseases — An Analysis of the Underlying Biological Triggers

Disease During Enteral Nutrition. Inflamm. Bowel Dis. (2014).
doi:10.1097/MIB.0000000000000023

123.Ivanov, L. I. et al. Specific microbiota direct the differentiation of Th17 cells in the mucosa of
the small intestine. Cell Host Microbe 4, 337-349 (2008).

124.Morgan, X. C. et al. Dysfunction of the intestinal microbiome in inflammatory bowel disease
and treatment. Genome Biol 13, R79 (2012).

125.Willing, B. P. et al. A Pyrosequencing Study in Twins Shows That Gastrointestinal Microbial
Profiles Vary With Inflammatory Bowel Disease Phenotypes. Gastroenterology 139, 1844—
1854.¢e1 (2010).

126.Gevers, D. et al. The Treatment-Naive Microbiome in New-Onset Crohn’s Disease. Cell Host
& Microbe 15, 382-392 (2014).

127.Mukhopadhya, I., Hansen, R., El-Omar, E. M. & Hold, G. L. IBD-what role do Proteobacteria
play? Nat Rev Gastroenterol Hepatol 9, 219-230 (2012).

128.Berry, D. & Reinisch, W. Intestinal microbiota: A source of novel biomarkers in inflammatory
bowel diseases? Best Practice & Research Clinical Gastroenterology 27, 47-58 (2013).

129.Kostic, A. D., Xavier, R. J. & Gevers, D. The Microbiome in Inflammatory Bowel Disease:
Current Status and the Future Ahead. Gastroenterology (2014).
doi:10.1053/j.gastro.2014.02.009

130.Fava, F. & Danese, S. Intestinal microbiota in inflammatory bowel disease: Friend of foe?
World J Gastroenterol 17, 557-566 (2011).

131.Abraham, C. & Medzhitov, R. Interactions Between the Host Innate Immune System and
Microbes in Inflammatory Bowel Disease. Gastroenterology 140, 1729—-1737 (2011).

132.Turner, J. R. Molecular Basis of Epithelial Barrier Regulation. Am J Pathol 169, 1901-1909
(2006).

133.RUSSO, J. M. et al. Distinct Temporal-Spatial Roles for Rho Kinase and Myosin Light Chain
Kinase in Epithelial Purse-String Wound Closure. Gastroenterology 128, 987-1001 (2005).

134.R, M., S, C. & J1, M. Rapid barrier restitution in an in vitro model of intestinal epithelial injury.
Lab Invest 60, 237244 (1989).

135.Artis, D. Epithelial-cell recognition of commensal bacteria and maintenance of immune
homeostasis in the gut. Nat Rev Immunol 8, 411-420 (2008).

136.Vaishnava, S., Behrendt, C. L., Ismail, A. S., Eckmann, L. & Hooper, L. V. Paneth cells
directly sense gut commensals and maintain homeostasis at the intestinal host-microbial
interface. Proc Natl Acad Sci U S A 105, 20858-20863 (2008).

137.Pastorelli, L., De Salvo, C., Mercado, J. R., Vecchi, M. & Pizarro, T. T. Central Role of the Gut
Epithelial Barrier in the Pathogenesis of Chronic Intestinal Inflammation: Lessons Learned
from Animal Models and Human Genetics. Front Immunol 4, (2013).

138.Mantovani, A., Cassatella, M. A., Costantini, C. & Jaillon, S. Neutrophils in the activation and
regulation of innate and adaptive immunity. Nat Rev Immunol 11, 519-531 (2011).

139.Brinkmann, V. et al. Neutrophil Extracellular Traps Kill Bacteria. Science 303, 1532-1535
(2004).

48



Tue Bjerg Bennike

140.Urban, C. F. et al. Neutrophil Extracellular Traps Contain Calprotectin, a Cytosolic Protein
Complex Involved in Host Defense against Candida albicans. PL0oS Pathogens 5, ¢1000639
(2009).

141.0’Donoghue, A. J. et al. Global Substrate Profiling of Proteases in Human Neutrophil
Extracellular Traps Reveals Consensus Motif Predominantly Contributed by Elastase. PL0S
ONE 8, ¢75141 (2013).

142.Atkinson, A. J. et al. Biomarkers and surrogate endpoints: Preferred definitions and conceptual
framework. Clin Pharmacol Ther 69, 89-95 (2001).

143.Leon, I. R., Schwammle, V., Jensen, O. N. & Sprenger, R. R. Quantitative assessment of in-
solution digestion efficiency identifies optimal protocols for unbiased protein analysis.
Molecular & Cellular Proteomics (2013). at
<http://www.mcponline.org/content/early/2013/06/21/mcp.M112.025585 .abstract>

144.Urbaniak, G. C. & Plous, S. Research Randomizer (Version 4.0) [Computer software]. (2013).
at <http://www.randomizer.org/>

145.Schwanhéusser, B. et al. Global quantification of mammalian gene expression control. Nature
473,337-342 (2011).

146.Tusher, V. G., Tibshirani, R. & Chu, G. Significance analysis of microarrays applied to the
ionizing radiation response. Proc Natl Acad Sci U S A 98, 5116-5121 (2001).

147.Jensen, L. J. et al. STRING 8--a global view on proteins and their functional interactions in 630
organisms. Nucleic Acids Res 37, D412-D416 (2009).

148.Bhatia, V. N., Perlman, D. H., Costello, C. E. & McComb, M. E. Software tool for researching
annotations of proteins: open-source protein annotation software with data visualization. Anal.
Chem. 81, 9819-9823 (2009).

149.Hulsen, T., de Vlieg, J. & Alkema, W. BioVenn — a web application for the comparison and
visualization of biological lists using area-proportional Venn diagrams. BMC Genomics 9, 488
(2008).

150.J. C., Oliveros. VENNY. An interactive tool for comparing lists with Venn Diagrams. (2007).
at <http://bioinfogp.cnb.csic.es/tools/venny/>

151.Urbaniak, M. D., Martin, D. M. A. & Ferguson, M. A. J. Global Quantitative SILAC
Phosphoproteomics Reveals Differential Phosphorylation Is Widespread between the Procyclic
and Bloodstream Form Lifecycle Stages of Trypanosoma brucei. J Proteome Res 12, 2233—
2244 (2013).

152.Sylvestersen, K. B., Horn, H., Jungmichel, S., Jensen, L. J. & Nielsen, M. L. Proteomic
analysis of arginine methylation sites in human cells reveals dynamic regulation during
transcriptional arrest. Molecular & Cellular Proteomics mep—O113 (2014).

153.Dastidar, E. G. et al. Comprehensive Histone Phosphorylation Analysis and Identification of
Pf14-3-3 Protein as a Histone H3 Phosphorylation Reader in Malaria Parasites. PLoS ONE 8,
e53179 (2013).

154.Lundby, A. et al. Quantitative maps of protein phosphorylation sites across 14 different rat
organs and tissues. Nat Commun 3, 876 (2012).

155.Spitzer, M., Wildenhain, J., Rappsilber, J. & Tyers, M. BoxPlotR: a web tool for generation of
box plots. Nat Meth 11, 121-122 (2014).

49



PhD thesis: Inflammatory Diseases — An Analysis of the Underlying Biological Triggers

156.Post, S. van der & Hansson, G. C. Membrane Protein Profiling of Human Colon Reveals
Distinct Regional Differences. Mol Cell Proteomics mep.M114.040204 (2014).
doi:10.1074/mcp.M114.040204

157.Khor, T. S., Fujita, H., Nagata, K., Shimizu, M. & Lauwers, G. Y. Biopsy interpretation of
colonic biopsies when inflammatory bowel disease is excluded. Journal of Gastroenterology
47,226-248 (2012).

158.Geboes, K. Histopathology of Crohn’s disease and ulcerative colitis. Inflammatory Bowel
Disease. Edinburgh, London, Melbourne: Churchill Livingstone 255-276 (2003).

159.Han, N.-Y. et al. Label-free quantification for discovering novel biomarkers in the diagnosis
and assessment of disease activity in inflammatory bowel disease. Journal of Digestive
Diseases 14, 166-174 (2013).

160.Leach, S. T. et al. Serum and mucosal S100 proteins, calprotectin (SI00A8/S100A9) and
S100A12, are elevated at diagnosis in children with inflammatory bowel disease. Scand J
Gastroenterol 42, 1321-1331 (2007).

161.Barcelo-Batllori, S. et al. Proteomic analysis of cytokine induced proteins in human intestinal
epithelial cells: Implications for inflammatory bowel diseases. PROTEOMICS 2, 551-560
(2002).

162.Hsieh, S.-Y. et al. Comparative proteomic studies on the pathogenesis of human ulcerative
colitis. PROTEOMICS 6, 53225331 (2006).

163.Barcelo-Batllori, S. et al. Proteomic analysis of cytokine induced proteins in human intestinal
epithelial cells: Implications for inflammatory bowel diseases. PROTEOMICS 2, 551-560
(2002).

164.Kane, S. V. et al. Fecal lactoferrin is a sensitive and specific marker in identifying intestinal
inflammation. The American Journal of Gastroenterology 98, 1309—1314 (2003).

165.Angriman, I. et al. Enzymes in feces: Useful markers of chronic inflammatory bowel disease.
Clinica Chimica Acta 381, 63—68 (2007).

166.Bang, H. et al. Mutation and citrullination modifies vimentin to a novel autoantigen for
rheumatoid arthritis. Arthritis & Rheumatism 56, 2503-2511 (2007).

167.Hao, G. et al. Neutral loss of isocyanic acid in peptide CID spectra: A novel diagnostic marker
for mass spectrometric identification of protein citrullination. J Am Soc Mass Spectrom 20,
723-727 (2009).

168.Tutturen, A. E. V. et al. A technique for the specific enrichment of citrulline-containing
peptides. Analytical Biochemistry 403, 43—51 (2010).

169.Marlies De Ceuleneer et al. Modification of citrulline residues with 2,3-butanedione facilitates
their detection by liquid chromatography/mass spectrometry. Rapid Communications in Mass
Spectrometry 25, 1536-1542 (2011).

170.Tutturen, A. E. V., Holm, A. & Fleckenstein, B. Specific biotinylation and sensitive enrichment
of citrullinated peptides. Anal Bioanal Chem 405, 9321-9331 (2013).

171 Knudsen, A. D., Bennike, T., Birkelund, S., Kjeldal, H., Otzen, D. E., Stensballe, A
Condenser: A statistical aggregation tool for multi-sample quantitative proteomic data from
Matrix Science Mascot Distiller™. Journal of Proteomics 103, 261-266 (2014).

50



Tue Bjerg Bennike

172.Carlsen, T. G., Bennike, T., Christiansen, G. & Birkelund, S. A role for anti-HSP60 antibodies
in arthritis: a critical. OA Arthritis 1, (2013).

173 Haslauer, C. M., Ayturk, U. M., Bennike, T., Birkelund, S., Stensballe, A., Steen, H., Warman,
M. L., Murray, M. M.,. Time-Course After ACL Injury: Proteomic Analysis of Synovial Fluid
and RNASeq Analysis of Synovium to Identify Effects on Wound Healing and Osteoarthritis
Development. In preparation (2014).

174.Bennike, T., Carlsen, T. G., Ellingsen, T. J., Bonderup, O. K., Glerup, H., Sennels, L.,
Begsted, M., Andersen, V., Birkelund, S., Stensballe, A. The intestinal mucosal proteome of
ulcerative colitis is different from healthy controls and rheumatoid arthritis. In preparation
(2014).

51



PhD thesis: Inflammatory Diseases — An Analysis of the Underlying Biological Triggers

52



Tue Bjerg Bennike

Appendices



PhD thesis: Inflammatory Diseases — An Analysis of the Underlying Biological Triggers




Tue Bjerg Bennike

A. Additional Scientific Work

Al Published Papers not Included in the PhD thesis

7l Knudsen, A. D., Bennike, T., Birkelund, S., Kjeldal, H., Otzen, D. E., Stensballe, A.
Condenser: A statistical aggregation tool for multi-sample quantitative proteomic data from Matrix

Science Mascot DistillerTM. Journal of Proteomics 103, 261-266 (2014).

172 Carlsen, T. G., Bennike, T., Christiansen, G. & Birkelund, S. A role for anti-HSP60
antibodies in arthritis: a critical. OA Arthritis 1, (2013).

173 Haslauer, C. M., Ayturk, U. M., Bennike, T., Birkelund, S., Stensballe, A., Steen, H.,
Warman, M. L., Murray, M. M., Time-Course After ACL Injury: Proteomic Analysis of Synovial
Fluid and RNASeq Analysis of Synovium to Identify Effects on Wound Healing and Osteoarthritis

Development (in preparation, 2014)

174 Bennike, T., Carlsen, T. G., Ellingsen, T. J., Bonderup, O. K., Glerup, H., Sennels, L.,
Bogsted, M., Andersen, V., Birkelund, S., Stensballe, A. The intestinal mucosal proteome of

ulcerative colitis is different from healthy controls and rheumatoid arthritis, (in preparation, 2014)

A2 Talks

2013, lecture at Harvard Medical School, Children’s Hospital Boston, USA: Citrullinated

Proteins: Disease Relevance and issues in Mass Spectrometry Identification.

2013, lecture at Aben Forskerdag, Frederecia: Analyse af Tarmbiopsier hos Patienter med

Kronisk Betendelse Lokaliseret til Tarm og Led.

2013, symposium lecture at the Danish Proteomics Society, University of Southern Denmark:

Synovial Fluid Proteome Analysis and the Origin of Synovial Proteins.

2013, lecture at Aalborg University: Inflammatory Diseases — An Analysis of the Underlying
Biological Triggers.



PhD thesis: Inflammatory Diseases — An Analysis of the Underlying Biological Triggers

A3 Posters Presented at Conferences and Symposiums

2014, European Crohn's and Colitis Organisation (ECCO), Copenhagen, Denmark:
Inflammatory joint- and bowel diseases : a clinical proteomics study seeking to identify the

underlying biological triggers.

2013, HUPO 12" Annual World Congress, Yokohama Japan: Impaired Tryptic Proteolytic
Activity at Citrullinated Amino Acids

2013, Symposium Inflammation at Interfaces, Hamburg Germany: Specific Detection of

Citrullinated Peptides on the Q Exactive MS using Neutral Loss Triggered Precursor Selection”

2012, 60™ ASMS Conference on MS, Vancouver Canada: Analytical Methodologies for

Identification and Characterisation of Melanotan II in illicit Market Samples

2012, HUPO 11" Annual World Congress, Boston USA: Specific Detection of Citrullinated

Peptides on the Q-Exactive MS using Neutral Loss Triggered Precursor Selection

A.4 Funding and External Collaborators

The PhD is financed by the pharmaceutical company Ferring Denmark, Department of
Biotechnology and Department of Health Science and Technology Aalborg University Denmark. The
project is collaboration between Aalborg University, Copenhagen University, University of Southern
Denmark, the Regional Hospitals Silkeborg and Viborg, and the pharmaceutical company Ferring.
Finally, Dr. Hanno Steen at the Proteomics core at Children’s Hospital Boston, Harvard Medical

School is an external collaborator.

The following funds have supported different aspects of the project: The doctoral school
Aalborg University, Otto Mensteds Fond, Lundbeckfonden, Knud Hgjgaards Fond, Oticon, region
midtjyllands sundhedsvidenskabelige forskningsfond, Svend Andersens fond, and inflammation at

interfaces.



Tue Bjerg Bennike

B. Papers Included in the PhD Thesis






wJ

World Journal of
Gastroenterology

Online Submissions: http:/ /www.wjgnet.com/esps/
bpgoffice@wjgnet.com
doi:10.3748/wjg.v20.i12.3231

World ] Gastroenterol 2014 March 28; 20(12): 3231-3244
ISSN 1007-9327 (print) ISSN 2219-2840 (online)

© 2014 Baishideng Publishing Group Co., Limited. All rights reserved.

TOPIC HIGHLIGHT

WJG 20" Anniversary Special Issues (3): Inflammatory bowel disease

Biomarkers in inflammatory bowel diseases: Current status
and proteomics identification strategies

Tue Bennike, Svend Birkelund, Allan Stensballe, Vibeke Andersen

Tue Bennike, Svend Birkelund, Allan Stensballe, Department
of Health Science and Technology, Aalborg University, 9220 Aal-
borg, Denmark

Vibeke Andersen, Institute of Regional Health Research, Uni-
versity of Southern Denmark, 5000 Odense C, Denmark

Vibeke Andersen, Organ Center, Hospital of Southern Jutland,
6200 Aabenraa, Denmark

Author contributions: Bennike T wrote and revised the article;
Birkelund S, Stensballe A and Andersen V helped critical review
and provided suggestions; Bennike T finalized the revision.
Correspondence to: Vibeke Andersen, MD, PhD, Organ Cen-
ter, Hospital of Southern Jutland, Kresten Philipsens Vej 15, 6200
Aabenraa, Denmark. vibeke.andersen1@rsyd.dk

Telephone: +45-2980-1078  Fax: +45-8883-4488

Received: September 27, 2013 Revised: January 13, 2014
Accepted: February 20, 2014

Published online: March 28, 2014

Abstract

Unambiguous diagnosis of the two main forms of in-
flammatory bowel diseases (IBD): Ulcerative colitis (UC)
and Crohn’s disease (CD), represents a challenge in
the early stages of the diseases. The diagnosis may be
established several years after the debut of symptoms.
Hence, protein biomarkers for early and accurate di-
agnostic could help clinicians improve treatment of the
individual patients. Moreover, the biomarkers could aid
physicians to predict disease courses and in this way,
identify patients in need of intensive treatment. Patients
with low risk of disease flares may avoid treatment
with medications with the concomitant risk of adverse
events. In addition, identification of disease and course
specific biomarker profiles can be used to identify bio-
logical pathways involved in the disease development
and treatment. Knowledge of disease mechanisms in
general can lead to improved future development of
preventive and treatment strategies. Thus, the clinical
use of a panel of biomarkers represents a diagnostic
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and prognostic tool of potentially great value. The tech-
nological development in recent years within proteomic
research (determination and quantification of the com-
plete protein content) has made the discovery of novel
biomarkers feasible. Several I1BD-associated protein
biomarkers are known, but none have been success-
fully implemented in daily use to distinguish CD and UC
patients. The intestinal tissue remains an obvious place
to search for novel biomarkers, which blood, urine or
stool later can be screened for. When considering the
protein complexity encountered in intestinal biopsy-
samples and the recent development within the field
of mass spectrometry driven quantitative proteomics,
a more thorough and accurate biomarker discovery
endeavor could today be performed than ever before.
In this review, we report the current status of the pro-
teomics IBD biomarkers and discuss various emerging
proteomic strategies for identifying and characterizing
novel biomarkers, as well as suggesting future targets
for analysis.

© 2014 Baishideng Publishing Group Co., Limited. All rights
reserved.

Key words: Inflammatory bowel disease; Biomarker;
Proteomics; Citrullination; Ulcerative colitis; Crohn’s dis-
ease; Posttranslational modification

Core tip: Establishing the correct diagnose of Crohn’s
disease and ulcerative colitis (UC) patients remains
troublesome, and correct and early medication is criti-
cal. No reliable biomarkes have been implemented in
clinical usage, to distinguish between Crohn’s disease
patients and UC patients. Considering the protein com-
plexity encountered in intestinal biopsy samples and
the recent development within the field of quantitative
proteomics, submitting the intestinal mucosa to a more
thorough analysis has the potential to reveal new bio-
markers.
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INTRODUCTION

Inflammatory bowel diseases (IBD) are chronic gastro-
intestinal disorders. The two most common forms of
IBD are Crohn’s disease (CD) and ulcerative colitis (UC).
Both disorders have great impact on the life quality of
the affected individuals and for society, measured on lost
labor and expenses to the health care system. Further-
more, new epidemiological data published in 2013 found
that the incidence and prevalence of the diseases are
still increasing!. The etiologies of CD and UC remain
unclear, but involve a complex interplay between genetic
and environmental factors””. The diagnosis can be de-
layed several years and may be difficult to make even for
trained physicians, as no biomarkers or commercial tests
capable of discriminating CD from UC patients have
been implemented in clinical use®". Furthermore, an
early and accurate diagnosis of IBD-patients is crucial, as
e.g., CD patients with extensive and deep ulcerations have
a 5-fold higher risk of requiting colectomy compared to
CD patients without extensive and deep ulcerations'"".
From 357 CD patients analyzed with computed tomog-
raphy enterography, penetrating disease was found in
21% of the patients and extraintestinal manifestations in
19%"*"! Hence, thete is a need for reliable and usable
biomarkers for the early and better diagnosis and progno-
sis of the IBD diseases™*"*",

GENOMIC, TRANSCRIPTOMIC AND
PROTEOMIC BIOMARKERS

In 2001, an NIH group defined a biomarker as “A char-
acteristic that is objectively measured and evaluated as an
indicator of normal biological processes, pathogenic pro-
cesses or pharmacologic responses to a therapeutic in-
tervention.”"”, usable for diagnostics, monitoring disease
prognosis and disease monitoring and prediction. The
human genome contains the code for the expressed gene
products, including the proteins. Proteins function as the
building blocks of the human cells and tissue, and are re-
sponsible for the majotity of the biological functions™.
Proteins, therefore, represent an obvious target for bio-
marker discovery studies. The human genome comprises
approximately 20000 protein coding genes”. During
protein synthesis, the DNA code is first transcribed into
different RNA transcripts. Each gene can give rise to
several RNA transcripts resulting in a total of roughly
100000 different RNA transcripts™ " (Figure 1), which
in turn are translated into 100000 different proteins. After
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translation, most proteins are covalently modified at least
once™, and the final mature protein products are termed
proteoforms. These so-called posttranslational modifica-
tions (PTMs) are often crucial to the correct physiological
function of the given protein, and can determine activity
state, localization, turnover and interaction with other
proteins and substrates™***". More than 200 distinct bio-
logically relevant PTMs have been identified™, so each
RNA transcript can be more than 200 different proteo-
forms. The PTMs increases the complexity and diversity
of the proteins tremendously (Figure 1). As a result, it is
estimated that the human body contains more than one
million different proteoforms™, which constitutes the
human proteome (all expressed proteins).

When searching for biomarkers, it is possible to ana-
lyze the target sample on the DNA level, the RNA tran-
script level or the protein level. Techniques for studying
an organisms DNA code (genome) or RNA transcripts
(transcriptome) have the advantage that entire genomes
and transcriptomes can be sequenced and studied with
great sensitivity, precision and coverage, and a number of
biomarkers have been found for various diseases. Using
genomic sequencing techniques, several CD and UC loci
have been known for more than a decade, and the studies
have greatly increased our knowledge of the TBDs™**,
Several cellular IBD-pathways have been identified, in-
cluding pathways involved in barrier function, epithelial
restitution, microbial defense, immune regulation, reactive
oxygen species generation, autophagy, and finally various
stress and metabolic pathways associated with cellular
homeostasis, reviewed by Khor ez al”’. Howevet, as men-
tioned no IBD biomarkes capable of differentiating CD
from UC have been implemented in daily clinical usage,
and the impact of the genomic studies on the treatment
and diagnosis of the IBDs has been questioned™ .

Proteins represent an obvious target for biomarker
discovery studies, and as PTMs dramatically increases the
diversity and in many cases function of the mature pro-
teins, they represent a promising area for IBD biomarker
studies. PTMs are introduced after translation of the
RNA transcripts (Figure 1), hence analyzing DNA and
RNA transcripts does not directly provide information
about the PTMs. A key technique capable of measuring
absolute and relative protein quantification in complex
protein mixtures in a high-throughput manner, as well as
identify several PTMs, is bottom-up mass spectrometry
(MS) based proteomics”**. Proteomics is the large-scale
identification of proteins, and can often cover the study
of all expressed proteins by an organism (the proteome).
The bottom-up MS strategy is based on measuring the
mass-to-charge ratios (m/z) of peptides derived from
proteins which have been enzymatically cleaved into mi-
nor peptides. From the measured m/z’s the molecular
weight of the intact peptides can be calculated™. In ad-
dition to calculating the intact masses, the peptides are
collided with an inert gas which fragments the peptides,
and the fragment m/z’s are measured. The proteins in
the sample are subsequently identified by searching the
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Figure 1 Major increase is encountered in the proteome complexity, from genes to RNA transcripts and finally to the mature, often posttranslational modi-

fication modified, proteins (proteoforms).

peptide masses and fragment m/z’s against an 7n silico
generated database, inferred from a reference database
of protein sequences. By matching the 7n silico calculated
peptide masses and fragment m/z’s to the measured,
the peptides and hence the proteins, are identified. For
a more thorough description, we refer to the review by
Steen ef o, The process can be performed in a quantita-
tive manner to allow for relative or absolute quantitation
of the proteins, using different strategies[w. MS can in
this way be used to identify proteins, as well as PTMs
that change the molecular weight of the protein and
can provide the amino acid position of the modifica-
tion™", Previously, proteomics has been limited mainly
by the speed and sensitivity of the mass spectrometers.
However, recent development within the field of MS
has allowed for the identification of nearly all expressed
proteins of complex organisms, such as yeast, within a
few hours of measuring time, identifying and quantify-
ing several thousand proteins”™”. When considering the
protein complexity encountered in the human intestinal
tissue, an obvious place to search for biomarkers, and
the recent development in the field of MS, a thorough
analysis of PTMs and protein abundances in healthy and
diseased state could be conducted. Biomarkers found in
the intestine could then be searched for in more easily
obtained sample material, such as blood or stool ™",
Antibodies to identified biomarkers for CD and UC
found by proteomics can be generated for development
of immunoassays and immunohistochemistry for evaluat-
ing the markers clinical use in routine tests less expensive
than sequencing genomes, transcriptomes or MS driven
proteomics.

This review reports known biomarkers for the IBDs,
but will focus on the newly identified proteomics bio-
markers and emerging proteomics strategies for identify-
ing and characterizing novel IBD biomarkers.
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3233

DIAGNOSIS OF INFLAMMATORY BOWEL
DISEASE AND KNOWN BIOMARKERS

Numerous biomarkers are known and used for the IBDs
(Table 1); however, no single biomarker is able to diag-
nose IBD or to distinguish CD from UC patients with a
high specificity and sensitivity™'*'. CD is characterized
by chronic inflammation in any part of the gastrointes-
tinal tract. Most commonly the terminal ileum or the
perianal region are inflamed, and in a non-continuous
manner. Histologically, CD shows thickened submucosa,
transmural inflammation, fissuring ulceration and non-ca-
seating granulomas. UC, on the other hand, is character-
ized by inflammation limited to the colon, spreading con-
tinuously from the rectum and various distance proximal,
and histology shows superficial inflammatory changes
limited to the mucosa and submucosa with inflamma-
tion of crypts (cryptitis) and crypt abscesses’. There is
currently no single “gold standard” diagnostic test or ex-
amination to differentiate CD and UC. Instead, diagnosis
is based on a combination of symptoms, clinical exami-
nations, laboratory findings, radiology, and endoscopy
with histology, which also is used to assess severity and
to predict the outcome of disease. Even when the tests
are performed by expert clinicians they can result in diag-
nostic uncertainty ">, This section will report some
of the biomarkers commonly used to diagnose IBD. For
a review of additional IBD biomarkers we refer to the
work of Iskandar ez a/".

Antibodies and serum biomarkers
The two best-studied serological markers in IBD patients
are anti-Saccharomyces cerevisiae antibodies (ASCA) and anti-
neutrophil cytoplasmic antibody (ANCA)*!.

ASCA is an antibody with affinity for antigens in the
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Table 1
biomarkers

Known common inflammatory bowel disease

Biomarker Specificity Usability

Serum biomarkers

ASCA 39%-79% of CD patients  14%-18% of controls tested
positive, 5%-15% UC positive, limiting the diag-
pah'entsm“] nostic value'™!
PANCA 20%-85% of UC patients  32% of controls tested posi-
positive, 2%-28% of the tive, limiting the diagnostic
CD patients*"***! value™
CRP Marker for acute Cannot differentiate CD from
inflammation UC. However, usable for

monitoring disease state!**”

Fecal biomarkers

Calprotectin Sensitive marker for ~ Cannot differentiate CD from
intestinal UC. Used to monitor disease
inflammation®"*" state!"”!
Lactoferrin Can distinguish active ~ Unspecific for CD and UC.

IBD from inactive IBD  However, usable for moni-

and irritable bowel toring disease state'™’

syndrome[m]

ASCA: Anti-Saccharomyces cerevisiae antibodies; ANCA: Anti-neutrophil
cytoplasmic antibody; IBD: Inflammatory bowel diseases; UC: Ulcerative
colitis; CD: Crohn’s disease; CRP: C-reactive protein.

cell wall of the yeast Saccharomyces cerevisiae. In comparison
to UC patients, CD patients are often positive for ASCA
(Table 1)*™*. However, a substantial amount of healthy
controls are also positive for ASCA positive™, indicating
that specificity and sensitivity for CD patients are rela-
tively low; limiting the diagnostic value of the marker in
differentiating CD from UC.

ANCAs are antibodies with affinity for neutrophil
granules. The antibodies have been found in a variety of
immune conditions, including Wegener’s granulomato-
sis and rheumatoid arthritis (RA)™. When staining for
ANCA, different patterns have been observed for UC and
CD patients using immunofluorescence microscopy (Table
1), and mainly UC patients display perinuclear ANCA
(PANCA) staining compared to CD patients™***¥. None-
theless, like the case of ASCA, a substantial amount of
healthy controls are pANCA positive,

Lastly, C-reactive protein (CRP) is one of several pro-
teins that increase in serum upon acute phase IBD. CRP
is almost exclusively produced in the liver, upon stimula-
tion by interleukin (IL)-6, tumor necrosis factor (TNF)-
alpha and I1.-1-beta produced at the site of inflammation.
As such, an increased CRP-level is a marker for inflam-
mation, but is not specific for CD or UC******l In some
cases, but far from always, CD is associated with a strong
CRP serum increase, whereas UC usually only results in
a modest response. However, the difference insufficient
to differentiate CD patients from UC patients™ ™, and
the reason for the different responses remains to be thor-
oughly accounted for.

Other serum biomarkers used include white blood cell
count, platelets, and albumin, which are all non-specific
for IBD and can be seen in inflammatory diseases and
cell stress™. More CD serologic markers are described in
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the review by Tamboli e a/*".

Fecal biomarkers

Stools are in direct contact with the inflamed intestinal
area and site for the gut microbiome, both from which
potential biomarkers are likely to originate. This is in
contrast to serum biomarkers, which could increase on
account of a variety of conditions, making stools an ob-
vious place to search for biomarkers™. Fecal markers are
especially useful for the diagnosis of CD patients, where
the inflammation is patchy, may affect any part of the
gastrointestinal tract, and therefore might be missed by
colonoscopy™. The host-microbe interactions have been
recognized as central for understanding human physi-
ological diversity, and the human microbiome project
has been launched to unravel the medical significance of
the human microbiome®™. Several studies have identified
certain bacterial groups which are more abundant (Ex-
terobacteriaceae, Ruminococcus gnavus, and Desulfovibrio) or less
abundant (Faecalibacterinm pransnitzii, Lachnospiraceae, and
Akkermansia) in IBD'", implicating that the host-microbe
interaction might be involved, reviewed by Rosenstiel™.
Novel biomarkers with high sensitivity and specificity
may, therefore, be identified from stools.

The two most commonly used fecal markers for IBD
screening are calprotectin and lactofertin (Table 1), Cal-
protectin is a calcium- and zinc-binding protein occurring
in large amounts in neutrophil granulocytes, where it ac-
counts for 5% of the proteins. It is a very stable marker
and is resistant to colonic bacterial degradation, and can
be stored at room temperature for more than a week™.
The concentration of fecal calprotectin is proportional to
the neutrophil cell infiltrate in the bowel mucosa, and it is
a very sensitive marker for intestinal inflammation™"™*,
However, calprotectin is not a specific marker for CD or
UC, and increased levels can also be found with neopla-
sia, other forms of IBD, infections, and pol}psm, as well
as with use of non-steroidal anti-inflammatory drugs,
increasing agelsq and upper gastrointestinal disease, such
as small bowel bacterial overgrowth®.

Lactoferrin is an iron-binding glycoprotein expressed
by activated neutrophils[SS]. During inflammation, lacto-
ferrin is released by the injured tissue and has been found
to modulate inflammation and act in the defense against
infections as a part of the innate immune systemm. It is
resistant to degradation and proteolysis, and unaffected
by freeze thaw cycles, making it a useful biomarker!"”.
As such, it is an ideal marker for intestinal inflammation.
However, like calprotein it is unspecific for CD and UC,
but can distinguish active IBD from inactive IBD and ir-
titable bowel syndrome”. Several studies report similar
performance of calprotectin and lactoferrin tests™* !,
and neither can be used to differentiate CD from UC
with a high sensitivity and specificity.

To sum up, no reliable biomarkers exist usable as a
single “gold standard”. Therefore, to establish a diagno-
sis, histological examination of biopsies from the termi-
nal ileum and colon is typically used in combination with
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patient disease history and one or more of the above
mentioned markers'”*. Hence, much effort is invested
in analyzing the IBDs using various strategies, to identify
usable biomarkers and explain the disease etiologies.

KNOWN PROTEOMICS BIOMARKERS
FOR INFLAMMATORY BOWEL DISEASE

Proteomics studies can be performed in a discovery-
based manner, where relative protein abundance levels
between two or more samples are detected, and PTMs
can be identified. Recent development of proteomics
platforms has brought the technology to the point where
several thousand proteins can be identified and (relatively)
quantified in a single analysis or a subset by targeted ap-
proaches® " As inflammation takes place in the in-
testine, the gut-tissue represents an obvious place to look
for novel biomarkers, which afterwards may be searched
for in for example feces and blood and used as a disease
marker. Several proteomic studies have successfully been
aimed at identifying IBD biomarkers to investigate dis-
ease ctiologies and aid in establishing the correct diagnose
of UC and CD patients (Table 2). However, until now

none of the identified biomarkers have been implemented
115]

in daily use

The first group to publish a discovery-based pro-
teomics study of the IBDs was Barcel6-Batlloti ez a/*” in
2002. The aim of the study was to identify potential cy-
tokine regulated proteins in colon epithelial cells isolated
from IBD patients, which might be involved in the patho-
genesis of IBDs. Human adenocarcinoma cells were
in vitro exposed to known cytokines expressed in IBD,
namely interferon-gamma, IL-1-beta and IL-6 (TNF-
alpha was excluded as it is known to induce apoptosis
in such cells). Using proteomics, the protein profiles of
the cells were analyzed before and after exposure to the
cytokines. All proteins from the cells were first separated
using two-dimensional polyacrylamide gel electrophoresis
(2D-PAGE). By staining all protein in the gels, differ-
ent samples (gels) can be compared in terms of protein
abundance based on the staining intensities, and differen-
tiating protein spots can be visually identified. Spots of
interest were cut from the gel with a knife and the pro-
teins were enzymatically digested to specific peptides us-
ing the protease trypsin (in-gel digestion). The digestion
of proteins is an essential step for protein identification,
as no MS technique currently exist that can identify thou-
sands of intact proteins in a complex sample in a high
throughput manner. This is only possible when using
digested proteins (peptides). The proteins were identified
based on the peptides using MS, with the technique called
matrix-assisted laser desorption/ionization-time of flight
(MALDI-TOF) MS (Figure 2A). MALDI-TOF MS is a
sensitive technique, but it involves placing a few drops of
the sample on a plate which is left to dry prior to analysis.
During analysis a laser is used to evaporate small spots
from the dried droplet and ions in the produced gas are
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analyzed by MS. In the study, several cytokine regulated
proteins were identified. Subsequently, human epithelial
cells were isolated from UC patients and CD patients.
Based on the findings, the samples were analyzed for the
enzyme indoleamine-2,3-dioxygene using antibodies by
western blotting, The group found an overabundance of
the enzyme indoleamine-2,3-dioxygene in CD and UC
compared to normal mucosa, hypothesizing an involve-
ment of the Kynurenine pathway of tryptophan metabo-
lism in the IBDs. Indoleamine-2,3-dioxygene activity has
furthermore been found to be essential in dendritic cells
to induce co-cultured T cell apoptosis'®.

When analyzing protein spots cut from gels the
MALDI-TOF MS method is applicable, but the analysis
of an entire 2D-PAGE gel is unfeasible, due to the com-
monly several thousand detectable spots. The technique
is therefore less suitable for high-throughput identifica-
tion of many thousand proteins. Therefore, when analyz-
ing digested 2D-PAGE gels one usually only investigates
changing protein spots and omits any information re-
garding non-changing protein spots. Information regard-
ing non-changing proteins might prove equally important
as changing proteins for studies seeking to describe
disease etiologies. However, for biomarker studies 2D-
PAGE strategies represent a feasible and proven way of
identifying biomarker candidates. MALDI-TOF MS can
also be conducted using intact proteins without prior
enzymatic protein digestion. A variant of MALDI-TOF
MS is to spot the protein mixture on a modified surface,
to which the intact proteins bind and subsequently the in-
tact masses of the proteins can be obtained by MS. This
technique is called sutface-enhanced laser desorption/
ionization time of flight mass spectrometry (SELDI-TOF
MS) (Figure 2A). However, when studying intact proteins
using MALDI-TOF MS or SELDI-TOF MS, one usually
does not obtain identification of the detected signals.

Electrospray ionization (ESI) remains the only MS
technique for identifying and quantifying several thou-
sands of proteins in a high-throughput manner (Figure
2B). ESI involves spraying the digested proteins directly
into the MS. By incorporating liquid chromatography (1.C)
with columns prior to the ESI process, the peptides can
be separated and sequentially eluted over several hours.
This gives the MS systems enough time to analyze a large
proportion of the eluted peptides which subsequently
can be identified. In this way, large-scale proteomic stud-
ies can be performed in a high-throughput manner using
ESI LC-MS. These studies yield (relative) quantitative in-
formation of thousands of identified proteins in a single
experiment, and thus might provide better information
for explaining disease etiologies. In 2004, Hardwidge
et al”” published such a study, which was the first large
scale proteomic analysis of a human cellular response
to a pathogen. Discovery-based proteomics was applied
to investigate the protein profiles (cellular response) of
human Caco-2 intestinal epithelia cells before and after
infection with E. co/i. The group did not work directly
with IBD, but the results are applicable to the diseases,
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Table 2 Proteomics biomarker can

ate studies and main findings

Ref.

Sample

Analysis

Findings and perspectives

Barcelo-Batllori et al®!,

2002

Hardwidge et al'””, 2004

Hsieh et al'®, 2006

Shkoda et al™, 2007

Meuwis et al, 2007

Nanni et al”", 2007

Meuwis et al™, 2008

Nanni et al™, 2009

Hatsugai et al™ 2010

M’Koma et al”™, 2011

Presley et al”, 2012

Han et al™, 2013

Seeley et al, 2013

Gazouli et al”, 2013

In vitro colon epithelial
cells and purified
epithelial cells from UC
and CD patients

Human Caco-2 intestinal
epithelia cells before and
after infection with E. coli

Colonic biopsies

from UC, nonspecific
infectious colitis patients
and controls

Intestinal tissue cells
purified from patients
suffering from CD, UC,
and colon cancer

Serum from UC and CD
patients

Serum from UC, CD
patients and healthy
controls

Serum from responding
and non-responding CD
patients to infliximab

Intestinal epithelial cells
from CD patients and
healthy controls

Peripheral blood
mononuclear cells from
UC and CD patients, and
healthy controls

Mucosal and submucosal
layers of samples
originating from CC and
UC patients

Microbes and human
proteins at the intestinal
mucosal-luminal
interface from CD and
UC patients, and healthy
controls

Colonic tissue biopsies of
Korean IBD patients

Histological tissue layers
from UC and CC patients

Serum samples from
responding and non-
responding CD patients
to infliximab treatment

2D-PAGE protein
quantitation, and in-gel
digestion and MALDI-TOF
MS and Western blot protein
identification

ESI LC-MS protein
identification and
quantitation, Western blot
verification

2D-PAGE protein
quantitation, and in-gel
digestion and MALDI-TOF
MS protein identification
2D-PAGE protein
quantitation, and in-gel
digestion and MALDI-
TOF MS and Western blot
identification

SELDI-TOF MS m/z signal
profiling, MALDI-TOF MS
and Western blot protein
identification

Solid-phase bulk protein
extraction, MALDI-TOF MS
signal profiling
SELDI-TOF MS signal
profiling, MALDI-TOF MS,
Western blot and ELISA
protein identification
1D-PAGE and in-gel
digestion, ESI LC-MS
protein identification and
quantitation

2D-PAGE quantitation, and
in-gel digestion and MALDI-
TOF MS protein identification

MALDI-TOF MS m/z signal
characterization, no protein
identification

Oligonucleotide ribosomal
RNA fingerprinting, SELDI-
TOF MS and MALDI-TOF
MS identification

ESI LC-MS protein
identification with label-free
quantitation

MALDI-TOF MS m/z signal
characterization, no protein
identification

2D-PAGE quantitation, and
in-gel digestion and MALDI-
TOF MS protein identification

The enzyme indoleamine-2,3-dioxygene was more abundant in cells
from CD and UC patients compared to normal mucosa. Tryptophan
and arginine metabolism may play a role in the IBDs

125 proteins more abundant and 139 proteins less abundant after
infection, some related to innate immune responses. These proteins
might be relevant to look for in future biomarker studies

6 proteins were found to be more abundant in UC and 13 less
abundant. The result indicates that mitochondrial dysfunction might
be involved in UC the etiology. Four biomarker candidates were
identified, however, they require validation

Proteins associated with signal transduction, stress response and
energy metabolism were differently abundant in inflamed and non-
inflamed tissue. 32% of the differentially regulated proteins were
involved in energy metabolism

Successful in differentiating CD from UC patients with a sensitivity
of 85% and a specificity of 95% from several m/z signals. Four
biomarker candidates were identified, all known acute inflammatory
markers, limiting the diagnostic value. However, the feasibility of
serum biomarker studies was demonstrated

Able to separate the three groups with 97% prediction results. The
signals were not identified, but the feasibility of serum biomarker
studies was demonstrated

Able to predict responders with a sensitivity of 79% and a specificity
of 80%. Increased amount of PF4 was associated with non-response
to infliximab with MS but not ELISA, so usability of PF4 as a
biomarker seems limited

Proteins more abundant in CD patients include several proteins
involved in inflammation processes, and less abundant include
Annexin Al, involved in the anti-inflammatory action. Follow-

up research is required to assess the feasibility of the biomarker
candidates

Successfully discriminated UC from CD based on seven differently
present proteins, all associated with inflammation oxidation/
reduction, the cytoskeleton, endocytotic trafficking and transcription.
The biomarker candidates require validation using a larger number
of patients, but seems promising

Five m/z signals were detected in the submucosal layer, which could
separate the two groups with an accuracy of 75 percent. The signals
needs to be identified, however, the disease groups can be separated
on basis of the mucosal and submucosal profiles

35% of the detected bacterial phylotypes were present in different
amounts in the diseases, indicating the involvement of host-microbe
interactions in IBD. The microbiome might prove useful as a target
for therapy

27 potential biomarkers were identified for UC, 37 biomarkers

for CD and 11 proteins commonly associated with IBD. Three

novel biomarkers were identified for active CD: Bone marrow
proteoglycan, L-plastin and proteasome activator subunit 1. The
biomarker candidates require validation, but might prove feasible as
new diagnostic and therapeutic targets

114 different m/z signals were found to be different between the two
groups. The signals remain unidentified

15 differently abundant proteins between responders and non-
responders to infliximab were identified.
The biomarker candidates require further validation

IBD: Inflammatory bowel diseases; UC: Ulcerative colitis; CD: Crohn’s disease; MALDI-TOF MS: Matrix-assisted laser desorption-ionization time-of-flight
mass spectrometry; 2D-PAGE: Two-dimensional polyacrylamide gel electrophoresis; ESI: Electrospray ionization; SELDI-TOF MS: Surface-enhanced laser

desorption/ionization time of flight mass spectrometry; LC: Liquid chromatography.
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Figure 2 Two commonly used mass spectrometry techniques. A: Matrix-assisted laser desorption/surface-enhanced laser desorption/ionizatio time of flight mass
spectrometry (MS), where the peptide or protein sample is dried on a target plate. Subsequently, a laser is used to evaporate the dried sample, and the generated gas
phase ions are analyzed by the mass spectrometer; B: Liquid chromatography (LC)-electrospray ionization (ESI) MS, where the liquid peptide (or protein) sample is
separated on a LC column, and sequentially eluted often over several hours. The eluted peptides are injected directly into the mass spectrometer by ESI and analyzed.

as the involvement of host-microbe interactions in the
IBDs have been suggested®™. The cells were lysed, and
the lysates were chemically modified using chemical la-
bels to allow for a relative comparison between the pro-
tein abundances measured by MS. Using ESI LLC-MS, the
group recorded 10921 peptide fragments mass spectra,
from which they were able to identify 2000 proteins. Two
hundred and sixty four proteins had a known biological
function and were found to have at least a 2-fold abun-
dance difference between infected and non-infected,
roughly half were more abundant post infection. Some
of the MS-findings were verified with western blots, and
significant changes were found in amount of actin-related
proteins before and after infection.

Even though ESI LC-MS has advantages in terms of
high-throughput, many biomarker studies have success-
fully employed MALDI-TOF MS protein identification
in IBDs. In 2006, Hsich ez a/* applied discovery based
proteomics using such a platform. The group analyzed
the etiology and pathogenesis of UC using colonic bi-
opsies to detect any significant difference in the protein
profiles. The biopsies were obtained from four UC pa-
tients, three patients with nonspecific infectious colitis
and five individuals with no obvious colonic disease.
The proteins were separated by 2D-PAGE and a total of
1000 protein spots were compared visually between the
diseased »s normal colon mucosa tissues. Forty protein-
spots were found to be consistently different in intensity.
Spots of interest were cut from the gel, tryptic digestion
was performed and 19 proteins were identified using
MALDI-TOF MS. Hereof, 13 identified proteins were
less abundant in the UC-group and six proteins were
more abundant. Eight of the less abundant proteins
were identified as being mitochondrial proteins, suggest-
ing that mitochondrial dysfunction might be involved in
ucC.

A vear later in 2007, Shkoda ez a/*" also identified
a potential association between dysfunction in the en-

(49

TR
Raishideng®

WJG | www.wjgnet.com

ergy metabolism and IBDs. The group applied a similar
strategy and platform to investigate the loss of intestinal
cell function, a critical component in the initiation and
perturbation of chronic intestinal inflammation, and was
the first to compare inflamed and non-inflamed tissue
from the same patient. Intestinal cells were purified from
intestinal tissue obtained from patients suffering from
CD, UC, and colon cancer. The proteins were separated
by 2D-PAGE and analyzed by MALDI-TOF MS and
western blotting, 41 proteins were found to be differently
abundant between inflamed and non-inflamed tissue,
including proteins associated with signal transduction,
stress response and energy metabolism. Thirty-two per-
cent of all detected differentially regulated proteins asso-
ciated with IBD were involved in energy metabolism. In
2007, Meuwis ¢ a/'”™ published the first proteomic serum
profiling study using SELDI-TOF MS in IBD, a variation
of MALDI-TOF MS. The study included 30 patients
with CD, 30 patients with UC, 30 inflammatory controls
and 30 healthy controls. By characterizing the serum
only by the m/z signals and not identified proteins with
SELDI-TOF MS, the group was able to differentiate CD
from UC with sensitivity of 85% (51/60) and specificity
of 95% (57/60). Several of the unidentified signals were
subsequently identified by MALDI-TOF MS, western
blotting, and ELISA assay. Four biomarker candidates
were identified: platelet aggregation factor 4 (PF4), my-
eloid related protein 8, fibrinopeptide A and haptoglobin
alpha-2 subunit. All four proteins are known acute in-
flammatory markers to be expected in the IBDs, but the
study succeeded in demonstrating that the separation of
CD and UC patients based on serum markers is possible,
highlighting the potential of serum profiling;

A year later, Meuwis ¢ /™ used the same platform
and strategy to analyze if serum from 20 CD patients
could be used to predict response to infliximab treatment.
Infliximab is a monoclonal antibody against TNF-alpha,
and was the first anti-TNF-alpha agent accepted for
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IBD treatment. The protein profiles were characterized
in serum prior to and post treatment with SELDI-TOF
MS. The group verified the four previous biomarkers,
and especially increased amount of PF4 was associated
with non-response to infliximab. However, the associa-
tion could not be confirmed by ELISA, and did not cor-
relate significantly with other disease markers. Even so,
the study was able to predict responders with a sensitivity
of 79% (55/70) and a specificity of 80% (56/70). Even
though the study did not succeed in identifying a usable
biomarker for the prediction of responders, the study
highlighted the potential in proteomic studies and re-
sponse marker discovery.

In 2007, Nanni ef a/™" optimized the methodological
approach used to evaluate serum with MALDI-TOF MS.
Using a solid-phase bulk protein extraction protocol fol-
lowed by MALDI-TOF MS, they analyzed serum from
15 CD, 26 UC and 22 healthy individuals and were able
to separate the three groups with 97% prediction results.
Two years later, Nanni ¢z a/™” conducted a study using
high-throughput ESI LC-MS to investigate protein varia-
tions in the intestinal epithelial cells from CD patients.
However, in contrast to Hardwidge e# /”” in 2004 who
used chemical labelling of the peptides to measure the
relative abundances, Nanni ¢ o/ employed a label-
free strategy, and relied on the accurate detection of the
peptide masses. In this way, significant savings can be
achieved for large studies and the sample preparation
protocols simplified. Intestinal epithelial cells were iso-
lated from samples originating from two CD patients and
two control patients. The cells were lysed and the pro-
teins were separated by 1D-PAGE, where the proteins
are separated only in one dimension in contrast to 2D-
PAGE, which allowed the entire visualized gel lane to be
cut into pieces and digested with trypsin. The resulting
peptides were analyzed by ESI LC-MS and by compar-
ing the peptide intensities, relative protein abundances
could be calculated. Proteins which were found to be
more abundant in the epithelial cells from CD patients
include heat shock protein 70, tryptase alpha-1 precursor
as well as several proteins involved in inflammation pro-
cesses. The nuclear protein Annexin Al, involved in the
anti-inflammatory action, and the malate dehydrogenase
enzyme was found to be less abundant. The feasibility of
the biomarker candidates remains to be validated. How-
ever, of great importance is the demonstration of the
utility of label-free ESI LC-MS analysis for the identifica-
tion of differences in protein abundances for IBD.

In 2010, Hatsugai ¢z a/™ performed the first study
which successfully discriminated UC from CD complete-
ly. The group analyzed peripheral blood mononuclear
cells from 17 UC patients, 13 CD patients and 17 healthy
controls. The proteins were separated by 2D-PAGE and
more than 1000 protein spots were detected in each gel.
Five hundred and forty-seven protein spots were selected
for the quantitative analysis, and 34 protein spots were
significantly different between the UC and CD groups.
Using 58 protein spots, the UC and CD patients could
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be differentiated. The 58 protein spots were furthermore
subjected to in-gel tryptic digestion followed by MALDI-
TOF MS protein identification. Eleven of the proteins
were successfully identified, and were found to be func-
tionally related to inflammation, oxidation/reduction, the
cytoskeleton, endocytotic trafficking and transcription.
The profiles could, furthermore, predict disease severity
and the UC patients’ responses to treatment.

In 2011, M’Koma e al™ analyzed mucosal and sub-
mucosal layers of samples originating from Crohn’s coli-
tis (CC) and UC, using MALDI-TOF MS. Five unknown
m/z MS signals were detected, which could separate the
two groups. The study did not identify the origin of the
signals, but highlighted the possibility of finding bio-
markers in the intestinal tissue.

As mentioned earlier, even though we are far from
having a complete picture of the intestinal micro-biome,
changes in the bacterial composition have been detected
in IBD. In 2012, Presley es al™ investigated the host-
microbe interaction at the intestinal mucosal-luminal
interface of 14 CD patients, 21 UC, and 16 healthy con-
trols. The mucosa prevents microorganisms from enter-
ing the host tissue. Using a novel saline-lavage technique,
saline was injected during colonscopy and extracted again
to avoid interference from the intestinal layer contents
resulting from a biopsy sample. The bacterial ribosomal
RNA genes were analyzed by oligonucleotide fingerprint-
ing and the proteins were analyzed by SELDI-TOF MS
and MALDI-TOF MS. A combined proteome was con-
structed, constituting the proteomes from all detected
organisms. Of the 3374 detected bacterial phylotypes,
35% significantly differentiated the diseases, indicating
that host-microbe interactions might be involved in IBD,
presenting new possibilities for diagnosis and therapy.

In 2013, Han of /™ analyzed colonic tissue of Ko-
rean IBD patients in a high-throughput manner using
ESI LC-MS and label-free quantitation. The study in-
cluded four UC patients, three CD patients and two with
inflammatory related polyps related to UC. The biopsies
were homogenized and digested with trypsin without
prior prefractionation and on average 324 proteins were
identified for each group. Even though the number of
identified proteins is relatively low considering the 2000
proteins Hardwidge ez /" identified in 2004, 27 potential
biomarkers were identified for UC, 37 biomarkers for CD
and finally 11 proteins that were commonly associated
with IBD. Three novel proteins, bone marrow proteogly-
can, L-plastin and proteasome activator subunit 1 were
identified as potential biomarkers for active CD. These
biomarkes need validation, however, the feasibility of
conducting high-throughput proteomics with label-free
strategies in biomarker discovery was demonstrated.

A study published in 2013 by Seeley ¢ al’ investigat-
ed histological layers of 62 confirmed UC and CC tissues
by MALDI-TOF MS. A total of 114 m/z MS signals
were found to be statistically different between the two
groups, however the signals have yet to be identified.

Finally, in 2013, Gazouli ez a/”" published a study
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where the response of 18 CD patients to infliximab
treatment was correlated with known serum biomark-
ers. Serum samples were analyzed using 2D-PAGE, and
240 protein spot were selected for in-gel digestion and
subsequent MALDI-TOF MS protein identification. The
group was successful in identifying 15 proteins which
were differentially present in the serum of CD patients
depending on the response to infliximab. The proteins
apolipoprotein A-I, apolipoprotein E, basic complement
C4, plasminogen, serotransferrin, beta-2-glycoprotein 1,
and clusterin were found to be more abundant in the pa-
tient groups with clinical and serological non-responders
and responders, than in the group of patients with clini-
cal and serological remission. Additionally, leucine-rich al-
pha-2-glycoprotein, vitamin D-binding protein, alpha-1B-
glycoprotein and complement Clr subcomponent were
found to be more abundant in the serum of the group of
patients with remission. Interestingly, the group was un-
able to confirm the findings by Meuwis ¢ a/"", that PF4
could be a biomarker for infliximab response, emphasiz-
ing that the biomarker candidates need further validation.
Nonetheless, the study was successful in demonstrating
the feasibility of identifying biomarkers in the serum us-
able to predict treatment outcome.

As apparent, many studies have successfully applied
proteomic strategies to identify biomarkers, investigate
IBD pathogenesis and identify prognostic markers in
serum, stools, and tissue. Several biomarkers have been
found (Table 2), most related to unspecific inflammation,
and all biomarker candidates identified so far lacks fol-
low-up validation studies. However, even though many of
the identified biomarkers are related to inflammation, the
studies have demonstrated the feasibility and potential of
the proteomics platform in IBD, and given clues to the
mechanisms of the IBDs. A few studies have successfully
differentiated CD patients from UC patients. However,
only based on unidentified m/z signals and not using
identified protein or peptide biomarkers, from which the
disease etiologies might be better explained. Nonetheless,
these studies demonstrate the presence of usable bio-
markers yet to be identified. Identified biomarkers hold
the potential for designing diagnostic ELISA tests and
protein array chips, where antibodies are used to detect
the abundance of one or more antigens™". Such arrays
could constitute new clinical tools for diagnosis, progno-
sis and identify novel targets for therapy.

The studies have demonstrated the presence of bio-
markers, in serum, in the intestinal tissue and in stools.
Many studies have aimed at performing global discovery-
based proteomics in the intestinal tissue, and it has been
demonstrated that high-throughput techniques such as
ESI LC-MS, employing labelling or label-free quantitation
are feasible ways to identify biomarkers in highly com-
plex samples. The advantage of high-throughput protein
identification and quantification strategies are especially
apparent when disease etiologies are to be examined.

Furthermore, few studies have investigated the pos-
sible association between various PTMs and the IBD dis-
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ease etiologies. Such an association is known from other
inflammatory diseases; an example being the inflammato-
ry joint-disease rheumatoid arthritis (RA) where the PTM
citrullination is known to be involved in the etjology[mw.

POSTTRANSLATIONAL MODIFICATIONS
AS BIOMARKERS

Today, more than 200 distinct PTM’s are known
The PTMs are, to a large extend, important for the
physiological function of the protein and the half-life
of PTMs range from milliseconds to years™. Unfortu-
nately, they are also often low abundance, highly diverse
and complex, and thus can be challenging to detect and
characterize™?*. Hence, PTMs represent promising
targets for biomarker discovery studies. For a review on
protein regulation by PTMs in the IBDs, we refer to the
work by Ehrentraut e# /. Common in vivo PTMs include
phosphorylation, which is a reversible modification of
the amino acids tyrosine, serine and threonine. Phos-
phorylation is known to be involved in activation and
inactivation of enzyme activity, modulation of molecular
interactions and cell signaling through specific domains.
Acetylation can target any N-terminal, and it is believed
that 84% of all human proteins undergo this modifica-
tion™. The PTM affects the protein stability, and histone
acetylation is known to play a role in gene regulation.
Glycosylation is another central PTM. It is reversible and
known to be involved in cell-cell recognition and signal-
ing, and regulation of proteins. Disulfide bond formation
between two cysteines is a key element in the stabilization
of proteins and protein complexes, such as, antibodies by
forming intra- and intermolecular crosslinks. Deamida-
tion of asparginine or glutamine is a possible regulator
of protein-ligand and protein-protein interactions, and
ubiquitination is a marker for protein recycling/destruc-
tion™. Several PTMs are known to be involved in the
inflammatory responses, and PTMs could be involved
in the IBD disease etiologies. Lastly, citrullination is the
irreversible deimination of arginine into citrulline, iz vivo
catalyzed by the peptidylarginine deiminases, a calcium
binding family of enzymes™®\. The exact role of the
modification remains largely unknown, but the modifica-
tion is believed to alter the fold of the proteins, change
the protein polarity, and/or lead to denaturation in order
to render the protein more prone to enzymatic degrada-
tion™**¥, Citrullination has been associated with several
diseases, including Alzheimer’s discase”™, and RA where
an anti-citrullinated protein antibody was identified®”*.
Smoking has been associated with increased citrullina-
tion, and smoking is the best known environmental fac-
tor for the development of RA”. Several studies have,
furthermore, associated smoking with an increased risk
of developing CD and UC™'™, Tn RA, it is believed that
citrullination of proteins results in the generation of new
antigens being presented to the immune system, which
in turn triggers an autoimmune response®. Tt therefore
seems plausible that citrullination may have a similar role
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in the IBDs as well as other inflammatory diseases. How-
ever, as with many PTMs the MS-driven detection of
citrullinated proteins in a high-throughput manner is not
straight forward™'""". Nonetheless, if disease-specific
citrullinated proteins could be identified, these could be
utilized in ELISA or protein array chips for prognostics
and/or diagnostics. An example of the utilization of a
similar biomarker is the diagnosis of RA patients, where
the presence of anti-citrullinated protein antibodies in
the serum is used to detect the disease with a sensitivity
of 71% and specificity of 95%"**

CONCLUSION

The diagnosis of UC and CD patients remains difficult,
especially in the early stages of the diseases, and early
and accurate diagnosis of IBD-patients is crucial. Several
studies have successfully identified promising biomarkers
in stools, serum and tissue, demonstrating the presence
of IBD biomarkers. However, none of the identified bio-
markers have been implemented in clinical daily use, and
the diagnosis is based on a combination of disease his-
tory, colonscopy inflammation biomarkers and histologi-
cal evaluation.

Few studies have aimed at investigating the global
proteome of intestinal tissue using high-throughput
techniques such as ESI LC-MS, and the potential of
such analysis seems immense. The recent development
within the field of high-throughput protein identifica-
tion using MS, now allows for identifying and quantifying
several thousand proteins in a few hours of analysis time.
Besides protein abundances, PTMs represent promis-
ing targets for biomarker discovery studies. An analysis
of tissue, serum or stools therefore seems promising to
identify novel biomarkers. Such information could be
used to make accurate diagnostic and prognostic tools
to differentiate patient groups and predict treatment
responses. Antibodies against one or more identified di-
agnostic targets could be used in ELISA or protein array
chips, which in turn can be used to detect the abundance
of the given antigen. Besides aiding physicians in making
a correct diagnosis and treatment strategy, knowledge of
disease specific proteins and PTMs might identify disease
pathways and new targets for therapeutic agents, leading
to improved pharmaceutical drugs.

Conclusively, protein identification and quantification
using mass spectrometry holds great promise for the iden-
tification of novel diagnostic and prognostic biomarkers
for the IBDs, and might help explain the disease etiolo-
gies, ultimately leading to improved treatment strategies.
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Abstract

Citrullinated proteins have been associated with several diseases and citrullination can most likely function as a
target for novel diagnostic agents and unravel disease etiologies. The correct identification of citrullinated proteins
is therefore of most importance. Mass spectrometry (MS) driven proteomics can with bottom up strategies analyze
protein profiles and PTMs in complex samples. However, the site-specific characterization of citrullination using MS
remains problematic, especially in complex samples where no sensitive chemical modification technique exists. A
tryptic missed cleavage after citrulline is therefore often used as a marker for citrullination post processing. However,
C-terminal tryptic citrullinated peptides have also been reported. In this study, we therefore aimed at optimizing the
identification of citrullinated peptides in complex samples.

To assess the cleavage properties of trypsin, digestion was performed on synthetic peptide sets containing
either arginine or citrulline. The peptide sequences originated from disease-associated in vivo citrullinated proteins;
some reported as being C-terminal tryptic citrullinated peptides. Furthermore, the proteolytic activity was verified
using digested synovial fluid samples from a rheumatoid arthritis patient. The samples were analyzed using liquid
chromatography/tandem MS with electrospray ionization.

Our in vivo and in vitro studies clearly demonstrate the inability of trypsin to cleave after citrulline residues.
Based on our findings, we present a strategy for verifying citrullinated sites in complex samples post processing,
in proteomics shotgun experiments. By requiring a missed cleavage for the identification of citrullinated peptides,
we demonstrate that 64% of false-positively annotated citrullination sites could be removed. We furthermore
demonstrated likely pitfalls of applying the strategy.

In conclusion, manual annotation of citrullinated peptide spectra remains essential to ensure correct annotation.
Implementing a missed cleavage requirement significantly reduces the number of spectra needing manual verification
with minimal loss. This method may help future proteomics studies identify citrullinated proteins in complex samples.

Keywords: Citrulline; Citrullination; Missed cleavage; Mass

spectrometry; Trypsin; Digestion; Synovial fluid

Abbreviations: Aa: Amino Acid; Anti-CCP2: Second Generation
Test for Anti-Citrullinated Protein Antibodies; Arg: Arginine; Cit:
Citrulline; ESI: Electrospray Ionization; FA: Formic Acid; FDR:
False Discovery Rate; LC: Liquid Chromatography; m/z: Mass-to-
Charge; MALDI: Matrix-Assisted Laser Desorption/Ionization;
MS: Mass Spectrometry; PAD: Peptidylarginine Deiminases;
PTM: Posttranslational Modification; RA: Rheumatoid Arthritis;
RT: Retention Time; SP: Synthetic Peptide; XIC: Extracted Ion
Chromatogram

Introduction

The modification of proteins is a common biological process.
After translation of the messenger RNA into protein, most proteins
are covalently modified at least once [1]. These posttranslational
modifications (PTMs) are often crucial to ensure the correct
physiological function of the given protein. More than 200 distinct
PTMs have been identified [2]. Furthermore, the PTMs can determine
the activity state, localization, turnover, and interaction with other
proteins and substrates [1,3-5]. In this study, we optimized the mass
spectrometry (MS) driven identification of the PTM citrullination.
Citrullinated proteins and auto-antibodies against these have been
associated with several diseases including: rheumatoid arthritis (RA),

Alzheimer’s disease, and cancer [6-8]. MS remains the only method
for identifying the exact site of citrullination, however, the correct
identification of citrullinated peptides from MS data by automated
search engines remains troublesome [4,9].

The posttranslational modification citrullination

Citrullination is the deimination of the amino acid (aa) arginine.
In the reaction, one of the side-chain nitrogen atoms of arginine is
hydrolyzed, yielding the non-standard amino acid citrulline (Figure
1) along with ammonia as a side product. The reaction was first
described by Fearon [10] in 1939, and citrullination can take place in

*Corresponding author: Tue Bennike, Department of Health Science and
Technology, Aalborg University, Fredrik Bajers Vej 3B, 9220 Aalborg, Denmark,
Tel: +45 2613 9003; Fax: +45 9814 1818; E-mail: the@hst.aau.dk

Received October 27, 2013; Accepted December 11, 2013; Published December
15, 2013

Citation: Bennike T, Lauridsen KB, Olesen MK, Andersen V, Birkelund S, et al.
(2013) Optimizing the Identification of Citrullinated Peptides by Mass Spectrometry:
Utilizing the Inability of Trypsin to Cleave after Citrullinated Amino Acids. J
Proteomics Bioinform 6: 288-295. doi:10.4172/jpb.1000293

Copyright: © 2013 Bennike T, et al. This is an open-access article distributed under
the terms of the Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original author and
source are credited.

J Proteomics Bioinform
ISSN: 0974-276X JPB, an open access journal

Volume 6(12) 288-295 (2013) - 288



Citation: Bennike T, Lauridsen KB, Olesen MK, Andersen V, Birkelund S, et al. (2013) Optimizing the Identification of Citrullinated Peptides by Mass
Spectrometry: Utilizing the Inability of Trypsin to Cleave after Citrullinated Amino Acids. J Proteomics Bioinform 6: 288-295. doi:10.4172/

jpb.1000293
Arginine Citrulline
I!_.N'Y?\‘-I!_. OYNJI_.
NH . P’“fD ] NH
Citrullination
HO+ D Y F NH
Ca*
R~ N R~ N
* ~ : 1 ~
o H R, :‘] H R,
0 0

Figure 1: Citrullination of Arginine, in vivo catalyzed by the PAD enzyme family.

alkaline solutions at ambient temperature. Protein citrullination is in
vivo catalyzed by a family of calcium-binding enzymes, namely the
peptidylarginine deiminases (PADs). At physiological pH, arginine has
a +1 charge due to the guanidine group, whereas citrulline is neutral.
Thus, each citrullination event lowers the overall charge of the protein
[5,11]. Essentially, the PTM leads to the loss of one positive charge and
a monoisotopic mass difference of +0.984016 [4]. The loss of positive
charge influences the overall charge of the protein. This in turn affects
the charge distribution, isoelectric point, and hydrogen bond forming
abilities of the protein [5]. The exact role of the modification remains
largely unknown, but it is believed to alter the protein fold, change
the protein polarity, or lead to denaturation in order to render the
protein more prone to enzymatic degradation [5,11,12]. An example
of a citrullinated protein is myelin basic protein, which accounts for
up to 35% of the total myelin protein. Myelin is a major part of the
central nervous system, where it functions as a non-conducting isolator
between the nerve fibers [13,14]. Myelin exists in different charge
isomers that differ by the degree of citrullination [11,15]. Finally,
citrullination is known to play a role in the disease etiology of the
joint disease rheumatoid arthritis (RA), and citrullinated proteins and
peptides have previously been identified in the synovial fluid from these
patients [12,16,17]. Moreover, RA is today diagnosed by detecting the
presence of anti-citrullinated protein antibodies in the serum, with a
sensitivity of 71% and a specificity of 95% [16]. The second generation
test for anti-citrullinated protein antibodies (anti-CCP2) is regarded
as the golden standard in diagnosing RA, however, the identification
of novel disease associated citrullinated peptides may improve the
anti-CCP2 test and allow for identifying clinically distinct RA patient
subgroups [16]. Based on what is known about citrullinated proteins
and RA, disease associated citrullinated proteins may be relevant for
other inflammatory diseases as well. The knowledge of such specific
citrullinated proteins will allow for analyzing disease pathways, unravel
disease etiologies, and function as targets for novel diagnostic and
therapeutic agents.

Detection of citrullinated peptides by mass spectrometry

In bottom up proteomic strategies, proteins are typically
enzymatically digested by the protease trypsin prior to mass
spectrometric analysis. Trypsin cleaves the C-terminal side of the
basic aa arginine or lysine, unless either is succeeded by a proline
[18]. As citrulline does not have the positive charge of arginine, the
general assumption is that citrullination will result in a missed cleavage
by trypsin [19-22]. This correlates well with the kinetic function
of trypsin, and observations of trypsin cleavage properties [18,23].
However, tryptic peptides without a missed cleavage after citrulline
have also been reported [4,24]. This could likely be due to over cleavage

by trypsin or incorrect annotations made by the automated search
engines. Therefore, as stated by De Ceuleneer et al. [4] in 2012, caution
has to be taken when interpreting a missed cleavage as an indication of
a citrullinated peptide.

In the present study, we decided to analyze the end product of
tryptic digested peptides citrulline containing peptides and proteins
using liquid chromatography (LC)-tandem MS sequencing. The
sequences were chosen from identified disease relevant citrullinated
proteins found in literature. We, furthermore, analyzed synovial
fluid from a RA patient to make a similar assessment on an in vivo
sample. This also allowed us to assess the number of citrullinated
proteins found in the synovial fluid. Finally, we assessed the quality
of automated citrullination annotation in the Mascot search engine,
common to most proteome laboratories.

Materials and Methods
Digestion of peptides

A total of 24 synthetic peptide sets containing either arginine or
citrulline (Table 1) were designed and purchased with carbamoylmethyl
modified cysteine residues (JPT Peptide Technologies GmbH, Berlin,
Germany). The aa sequences originated from reported citrullinated
tryptic peptides added to 0.05 pg from in vivo modified proteins, and
some sites were reported as C-terminal citrullinated. The peptide
sequences were selected to ensure that nearly all peptides had at least
one lysine or arginine to confirm the successful digestion. The freeze-
dried peptides were resuspended according to the manufacturer’s
instructions, and the masses were verified by matrix assisted laser
desorption/ionization (MALDI) MS (data not shown). Tryptic digestion
was performed in 5% acetonitrile (ACN) and 50 mM ammonium
bicarbonate. 0.5 pg crudepeptide was added to 0.05 sequencing
grade trypsin (Promega, Fitchburg, USA). The samples were digested
overnight at 37°C and acidified with formic acid (FA) to a concentration
of 5% followed by nanoLC-MS/MS analysis. The undigested samples
were treated identically, but the addition of trypsin was omitted. The
peptides were LC-MS analyzed one sample at a time, except in one case
where two samples were injected simultaneously to verify the observed
change in retention time (RT). All mass-calculations were performed
in GPMAW 9.02 (Lighthouse Data, Odense, Denmark).

Synovial fluid sample preparation

Synovial fluid was obtained from a 69 year old female RA patient,
who was tested positive for anti-cyclic citrullinated peptide antibodies
and rheumatoid factor. The digestion of synovial fluid prior to MS
analysis was performed using the filter aided sample preparation
Protein Digestion Kit (Expedeon, San Diego, USA) according to
manufacturer’s instructions using 30 kDa cutoff spin filters. 90 pg
total SF protein was digested using two pg sequencing grade modified
trypsin (Promega), and the samples were digested overnight at 37°C.
After trypsin digestion, the samples were acidified with trifluoroacetic
acid (TFA), desalted with TAGRA C18 columns (Nest Group,
Southborough, USA), and finally resuspended in 2% acetonitrile
(ACN)1% FA.

Mass spectrometry

The synthetic peptide samples were analyzed by automated LC-
electrospray ionization (ESI) MS/MS using a 1200 series Agilent
nanoflow HPLC (Agilent Technologies, Santa Clara, USA) system
coupled online by a nanospray ion source (Proxeon, Odense, Denmark)
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SP# |Protein Name Protein ID Sequence Ref. % RT shift
1 a-enolase P06733.2 13-DS R/Cit GNPTVEVDLFTSKGLFR-32 [20] 2.4
2 - P06733.2 266-DPS R/Cit YISPDQLADLYKSFIK-285 [20] |3.0
3 - P06733.2 415-EELGSKAKFAG R/Cit NF R/Cit NPLAK-434 [20] |1.6
4 Vimentin AAH66956 31-VTTSTRTYSLGSAL R/Cit PSTSR-50 [21] 1.4
5 - AAH66956 136-EQLKGQGKS R/Cit LGDLYEEEMR-155 [21] |2.6
6 - AAH66956 371-NMKEEMARHL R/Cit EYQDLLNVK-390 [21] 1.4
7 - AAH66956 371-NMKEEMA R/Cit HLREYQDLLNVK-390 [21] |2.0
8 protein-arginine deiminase type-4 NP_036519.2 201-LHVA R/Cit SEMDKYV R/Cit VFQAT R/Cit GK-220 [30] (3.6
9 - NP_036519 375-GLKEFPIK R/Cit VMGPDFGYVTR-394 [30] 3.4
10 - NP_036519 480-PAPDRKGFRLLLASP R/Cit SCYK-499 [30] |2.0
11 C-X-C motif chemokine 10 P02778.2 24-LS R/Cit TVRCTCISISNQPVNPR-43 [31] 1.6
12 tubulin polymerization promoting protein p25 a ACB10579 72-EMHGKNWSKLC R/Cit DCQVIDGR-91 [22] 1.6
13 - ACB10579 154-SGVTKAISSPTVS R/Cit LTDTTK-173 [22] 1.4
14 Fibrinogen a-chain P02671 29-AEGGGV R/Cit GPRVVE R/Cit HQSACK-48 [32] |0
15 - P02671 562-SHHPGIAEFPS R/Cit GKSSSYSK-581 [32] 0.4
16 P02671 583-FTSSTSYN R/Cit GDSTFESKSYK-602 [32] |1.0
17 Myelin basic protein P02686.3 158-A R/Cit HGFLP R/Cit HRDTGILDSIGR-177 [33] |2.6
18 P02686.3 245-L SRFSWGAEGQ R/Cit PGFGYGGR-264 [33] 2.0
19 P02686.3 257-PGFGYGG R/Cit ASDYKSAHKGFK-276 [33] |0.6
20 P02686.3 284-LSKIFKLGG R/Cit DSRSGSPMAR-303 [33] |0.6
21 Fibrinogen B-chain P02675 266-Y R/Cit VYCDMNTENGGWTVIQNR-285 [24] 0
22 - P02675 254-MYLIQPDSSVKPY R/Cit VYCDMR-273 [24] 3.4
23 - P02675 55-EAPSL R/Cit PAPPPISGGGYRAR-74 [24] 2.0
24 Fibrinogen y-chain P02679.3 132-SI R/Cit YLQEIYNSNNQKIVNLK-151 [24] 3.0

Table 1: The complete list of synthetic peptides (SP) derived from human proteins, along with protein accession number, amino acid position, the reference to the
citrullinated protein, and the observed RT shift between the citrulline and arginine version of the peptide. Bold letters indicates expected tryptic cleavage sites, and Cit

indicates citrulline.

to a hybrid microQTOF mass spectrometer (Bruker, Bremen,
Germany). One pmol sample was loaded on an in-house packed 10 cm
reversed phase C18 column using a single column system (Dr. Maisch,
Germany; Reprosil-pur C18-AQ). The sample was eluted with a linear
gradient of 98% solvent A (0.1% FA, 0.005% heptafluorobutyric acid)
and 2% solvent B (90% ACN, 0.1% FA, 0.005% heptafluorobutyric acid),
which was increased to 40% solvent B on a 30 minutes ramp gradient at
a constant flow rate of 200 nL/min. The mass spectrometer was used in
data dependent mode to automatically switch between MS and MS/MS
acquisition, selecting the three most abundant ions. The resulting raw
files were analyzed using Bruker Daltonics Data Analysis v 3.4 (Build
192), and extracted ion chromatograms (XIC) were constructed with
all predicted tryptic peptides + m/z 0.01, under the assumption that
trypsin cleaves after arginine, lysine, and citrulline.

The synovial fluid sample was analyzed on an automated LC-ESIMS/
MS setup using an UltiMate™ 3000 UPLC system upgraded with a RSLC
nanopump module. The system was coupled online with an emitter for
nanospray ionization (New objective 360-20-10) to a Q Exactive mass
spectrometer (Thermo Scientific, Waltham, USA). Five ug sample were
loaded onto a C18 reversed phase column (Dionex Acclaim PepMap
RSLC C18,2 um, 100 A, 75 umx50 cm) and eluted with a linear gradient
of 96% solvent A (0.1% FA, 0.005% heptafluorobutyric acid) and 4%
solvent B (90% ACN, 0.1% FA, 0.005% heptafluorobutyric acid), which
was increased to 35% solvent B on a 120 minutes ramp gradient at a
constant flow rate of 300 nL/min. The mass spectrometer was used in
a data dependent mode, selecting the 12 ions with the highest intensity
for HCD fragmenting. Fragmented ions were dynamically excluded for
30 sec. The resulting raw files were analyzed using Thermo Proteome
Discoverer v 1.4 (build 288) connected to a Mascot server with a local
Homo sapiens Uniprot database. The raw files were searched against
the database using the following parameters: maximum three missed

cleavages, 10 ppm precursor mass tolerance, 30 mmu fragment mass
tolerance, variable modifications: Citrullination (R), Deamidation
(NQ), Oxidation (M), static modifications: carboxymethyl (C), and
percolator with 1% false discovery rate (FDR). All peptides annotated
as citrullinated or deamidated were subsequently manually assessed.
For a successful annotation of citrullination, the PTM should either be
visible on the fragment ion, or by the subsequent fragment ion series.
Raw files were inspected in Qual Browser Thermo Xcalibur v 2.2 (build
42).

Results and Discussion
Tryptic cleavage of citrulline containing peptides

To demonstrate the overall effectiveness of the protease trypsin
to cleave at modified residues, we investigated a total of 24 peptide
pairs (Table 1). In the first set of experiments, the theoretical outcome
by in situ digestion were examined and compared to the empirical
data. Protein-arginine deiminase type-4 can be citrullinated at
position 495, . A synthetic peptide pair SP 10 and SP 10, with
arginine or citrulline respectively were made with the aa sequence
480-PAPDRKGFRLLLASPR/CitSCYK-499 (Table 1). The digestion
experiment demonstrated that trypsin cleaves after arginine, but
not citrulline (Figure 2). For SP 10, prior to digestion, only the
synthetic peptide was detected in the XIC. After digestion, peptides
corresponding to PAPDR, LLLASPR and SCYK were detected,
corresponding to a complete cleavage after 495, ~(Figure 3). This
was not the case for the citrullinated peptide, SP 10, where peptides
corresponding to PAPDR and LLLASPCitSCYK were detected after
digestion. All investigated peptides demonstrated this behavior, and
tryptic cleavage after a citrulline residue was never observed.

Commonly, in solution trypsin digestion protocols, a trypsin-
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to-protein ratio of 1:50 to 1:100 is employed and a digestion time
varying from a few hours to overnight digestion [18]. To ensure a
complete tryptic digestion, we employed a significantly higher trypsin
concentration in the performed tryptic digestions (1:10) combined
with 12 h incubation at 37°C [25]. However, cleavage after citrulline
could not be detected for any of the investigated peptides, whereas the
arginine and lysine cleavage sites were fully cleaved. Our study thereby
demonstrates that tryptic cleavage after citrulline is not occurring to a
detectable extent under standard digestion conditions.

Citrullination and retention time shift

Citrullination results in an increased hydrophobicity of the
modified peptide, and as an outcome citrullinated peptides will have a
longer RT on a reversed phase high-performance LC column [26]. The
XIC of the coinjection of SP 3 and SP3 _ (Figure 4) demonstrates that
the RT shift between these two peptides on this system and gradient is
3.0%. The RT shifts for the peptide sets were extracted across different
LC runs (Table 1). For 22 of the 24 peptide sets, the RT shift was greater
than 0.4% (7 s on the 30 min gradient), which in this experiment was
enough to ensure baseline separation. The results demonstrate that
coelusion for most peptides will not occur, which confirms the findings
by Raijmakers et al. [26]. This becomes important when considering
the +0.984016 Da mass shift caused by citrullination (and deamidation)
which is close to that of a single neutron +1.008665 Da. As a result, if
a citrulline and an arginine containing peptide are coeluting, the m/z
signal from the citrullinated peptide will fall within the isotopic cluster
of the non-citrullinated peptide. This will cause an apparent change in
the isotopic cluster [27]. Due to the typical isolation window used on
mass spectrometers (m/z 1 to 3), both the modified and unmodified
peptide would in this scenario be selected for fragmentation, which
most likely would hinder a successful identification of the PTM [4].
An alternative solution to dealing with coelusion would be to run the

samples on a MS with ion-mobility, as this would likely separate the
citrullinated peptides from the non-citrullinated peptides regardless of
LC separation.

In a tryptic digest containing citrullinated proteins and non-
citrullinated proteins, a likely scenario in in vivo samples, the site of
citrullination will in the non-modified peptide be a tryptic cleavage site.
The mass of the citrullinated peptide will, therefore, in most cases not
overlap with the mass of the non-citrullinated peptide. However, when
using other proteases such as LysC the RT shift becomes important
for the successful identification of both peptides [4]. This is relevant
when assessing the ratio of citrullinated peptides, as e.g. LysC will result
in two comparable peptides. De Ceuleneer et al. [27] demonstrated in
2012 that the degree of skewed isotope pattern can be used to quantify
the amount of citrullinated peptide, by designing gradients where
the two peptides do coelute. However, in order to have an overlap of
elusion, the LC gradient must be designed accordingly as at least 22 of
our 24 peptide sets did not fulfill this requirement on our setup. This
might limit the feasibility of the approach for complex samples.

Tryptic missed cleavage as a citrullination verification strategy

The identical mass shift of deamidation of asparginine or glutamine
causes it to be mistaken for citrullination and vice versa by automated
protein identification search engines, such as Mascot (Matrix Science,
Boston, USA). This is especially pronounced if only one of the
modifications is allowed as a variable modification in the search (data
not shown). Resultantly, a manual verification of citrullinated peptide
candidate tandem mass spectra remains necessary for unambiguous
site specific identification. However, our findings support that a missed
cleavage can be used to significantly reduce the number of reported
citrullinated peptide spectra, which needs to be manually verified, since
a deamidation of asparagine or glutamine will not lead to a tryptic
missed cleavage. Combining the correct mass increment with the MS/
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+/- m/z 0.01 demonstrating the RT shift caused by citrullination. The RT shift is calculated to be 3.0% (0.9 min)

MS information, RT shift (if the non-citrullinated peptide is available)
and hindered cleavage by trypsin seems to be a valid approach for a
reliable identification of citrullinated peptides. It should be noted
that in vivo samples may contain tryptic peptides with a citrullinated
C-terminal, if the C-terminal of the original protein ends on a modified
arginine. Using the above described identification parameters these
peptides will be dismissed as false positives.

To verify the in vitro findings, synovial fluid from a RA patient
was analyzed. The data was processed using Proteome Discoverer with
Mascot as search engine, and a total of 364 proteins were identified
at 1% FDR. All peptides annotated as being deamidated (NQ) or
citrullinated (R) and contained at least one arginine were inspected.

Ten peptides were annotated as being deamidated (and not
citrullinated), and contained at least one arginine. Of these, one was
found to actually be citrullinated.

A total of 58 peptides were annotated as being citrullinated. 37 of
these 58 peptides (64%) could be annotated directly and unambiguously
from the fragment mass, and 7 of the 58 peptides (12%) by the masses
of flanking fragments. However, 14 of the 58 peptides (24%) were
found not to be citrullinated (Figure 5A).

When investigating non-citrulline peptides that were incorrectly
annotated in greater detail, 10 of the 14 peptides (64%) were marked
as having a citrullinated arginine on the C-terminal (Figure 5B). The
remaining 4 of the 14 peptides (36%) contained an internal arginine

residue. The detected mass shift was a result of the secondary isotope
peak having been selected for MS/MS fragmentation, and not the
monoisotopic peak. This was also the case for some of the peptides
being incorrectly annotated as C-terminal citrullinated. The secondary
isotope leads to a +1.008665 Da mass shift, which can be mistaken for
a citrullination or a deamidation, especially in low resolution fragment
spectra.

One of the 44 correctly annotated citrullinated peptides (2%)
contained a citrullination on the C-terminal. Upon further analysis,
the peptide was identified as the Complement C3f fragment (PMID
P01024). The citrullination was found to be on position 1320, the
C-terminal aa of the C3f fragment. C3f is a peptide that is released
in vivo when C3b is converted to C3ib by the serine protease Factor I
during complement activation [28,29]. Therefore, it seems likely that
this is an example of the citrullinations that might be missed when
implementing the no C-terminal citrullination limitation. Thus, such
peptides will be lost in the data analysis when searching for citrullinated
peptides and not allowing C-terminal citrullinations.

Finally, 30 of the 37 citrullinated peptides that could be
unambiguously annotated, belonged to proteins previously identified
as being citrullinated in synovial fluid by Van Beers et al. [17] (Table 2).
Seven of the synovial fluid proteins have to the best of our knowledge
not prior been identified as being citrullinated.

C-terminal peptides such as C3f are present; however, as
demonstrated, by far the majority of the C-terminal citrullinated

J Proteomics Bioinform
ISSN: 0974-276X JPB, an open access journal

Volume 6(12) 288-295 (2013) - 292



Citation: Bennike T, Lauridsen KB, Olesen MK, Andersen V, Birkelund S, et al. (2013) Optimizing the Identification of Citrullinated Peptides by Mass
Spectrometry: Utilizing the Inability of Trypsin to Cleave after Citrullinated Amino Acids. J Proteomics Bioinform 6: 288-295. doi:10.4172/

jpb.1000293

peptides identified were incorrectly annotated. It therefore seems
plausible that many peptides assigned as being C-terminal citrullinated
in literature are due to deamidations being mistaken for citrullinations
or that the secondary isotope peak of the peptide was selected for

fragmentation. Hence, a manual verification of the fragment spectra
seems necessary if a C-terminal citrulline is to be confidently annotated.
Another means of unambiguously identifying a citrullination, is to
use a chemical modification, as described by De Ceuleneer et al. [30].

A 1o0%

50%

0%

Figure 5: A: Distribution result of the manual PTM analysis of the peptides, annotated as being citrullinated by Mascot. B: Distribution of cause for incorrect

citrullination annotation by Mascot.

Protein name Protein ID Sequence Mod.Res.
Actin, cytoplasmic 1 P60709 85-IWHHTFYNEL Cit VAPEEHPVLLTEAPLNPK-113 96
a-1-antitrypsin P01009 218-WE Cit PFEVKDTEEEDFHVDQVTTVK-241 220
a-2-macroglobulin P01023 704-VGFYESDVMG Cit GHAR-719 715
Apolipoprotein A-l P02647 231-AKPALEDL Cit QGLLPVLESFK-250 239
Apolipoprotein A-1V P06727 276-GNL Cit GNTEGLQK-287 279
Apolipoprotein C-llI P02656 45-DALSSVQESQVAQQA Cit GWVTDGFSSLK-71 60
Apolipoprotein E P02649 186-EGAE Cit GLSAIR-198 190
Apolipoprotein L1 014791 321-VNEPSILEMS Cit GVK-334 331
Complement C1lr subcomponent P00736 472-MGNFPWQVFTNIHG Cit GGGALLGDR-494 484
Complement C3 P01024 1285-DAPDHQELNLDVSLQLPS Cit-1303 1303
Complement C4-A POCOL4 1350-Ql Cit GLEEELQFSLGSK-1365 1352
Fibrinogen a-chain P02671 582-QFTSSTSYN Cit GDSTFESK-599 591
Fibrinogen a-chain P02671 481-EVVTSEDGSDCPEAMDLGTLSGIGTLDGF Cit HR-512 510
Fibrinogen a-chain P02671 259-MELERPGGNEIT Cit GGSTSYGTGSETESPR-287 272
Fibrinogen a-chain P02671 115-GDFSSANN Cit DNTYNR-129 123
Fibrinogen B-chain P02675 53-Cit EEAPSLRPAPPPISGGGYR-72 53
Fibronectin P02751 253-GNLLQCICTGNG Cit GEWK-269 265
Fibronectin P02751 2335-RPGGEPSPEGTTGQSYNQYSQ Cit YHQR-2360 2354
Haptoglobin P00738 117-L Cit TEGDGVYTLNNEK-131 118
Ig k-chain V-lIl region GOL P04206 46-LLMYGASS Cit ATGIPDRFSGSGSGTDFTLTISR-78 55
Inter-a-trypsin inhi-bitor heavy chain H2 P19823 136-TVG Cit ALYAQAR-146 139
Inter-a-trypsin inhi-bitor heavy chain H4 Q14624 658-MNF Cit PGVLSSR-669 661
Plasminogen P00747 88-M Cit DVVLFEK-96 89
Protein AMBP P02760 294-GPC Cit AFIQLWAFDAVK-309 297
Proteoglycan 4 Q92954 187-NSAAN Cit ELQK-196 191
Proteoglycan 4 Q92954 1307-AIGPSQTHTI Cit IQYSPARLAYQDK-1330 1317
Proteoglycan 4 Q92954 1285-RPALNYPVYGETTQV Cit R-1301 1300
Prothrombin P00734 453-YNW Cit ENLD Cit DIALMK-467 456,461
Prothrombin P00734 434-YE Cit NIEK-440 436
Serum albumin P02768 97-LCTVATL Cit ETYGEMADCCAK-117 105

Table 2: The complete list of proteins where citrulline has been annotated directly and unambiguously on the fragment. Bold protein name indicates newly identified
citrullinated RA synovial fluid proteins. All other proteins have been found by van Beers JJ et al. [17] to contain citrulline.
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The citrulline residue is modified by the addition of an imidazolone
derivative, which results in a mass shift of +50 Da. This method has
the advantage of being highly specific for citrulline residues however,
as noted in the article the method requires a high concentration of the
citrullinated peptide(s) and the method is not suitable for complex
protein samples. The missed cleavage strategy is applied post acquisition
and search hence no chemical modification is required and the method
is compatible with standard shotgun proteomics on complex samples.

Conclusion

Citrullination has been associated with several diseases, and auto-
antibodies against citrullinated proteins are today used as an important
clinical diagnostic biomarker for characterizing rheumatoid arthritis.
The exact physiological role of citrullination in relation to diseases is
incomplete, and specific analyses are needed to expand upon current
knowledge. However, the essential MS driven verification of the exact
site of modification remains problematic.

Using 24 sets of synthetic peptides containing citrulline and
arginine, with sequences from previously identified citrullinated
proteins reported in the literature, we have demonstrated the inability
of trypsin to cleave after a citrulline residue. Furthermore, our
study confirms that the RT shift between a citrullinated and a non-
citrullinated peptide on a short reversed phase (C18) column and a
30 minutes gradient in most cases is enough to ensure that the two
peptides will not coelute. C-terminal citrullinated tryptic peptides can,
therefore, only occur if a given protein or protein fragment ends on
a citrullinated arginine residue, which is the case for the citrullinated
protein fragment C3f. Deamidation of asparagine or glutamine will not
lead to a missed cleavage. Therefore, a missed cleavage can be used as a
marker to reduce the number of reported citrullinated peptide spectra
which needs to be manually validated. In an in vivo synovial fluid sample
from a RA patient, 64% of the false positively reported citrullinations
could be readily dismissed using this strategy. In addition, 7 proteins,
not previously reported as being citrullinated, have been identified in
the RA synovial fluid.
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ABSTRACT: Synovial fluid in an articulating joint contains
proteins derived from the blood plasma and proteins that are
produced by cells within the joint tissues, such as synovium,
cartilage, ligament, and meniscus. The proteome composition
of healthy synovial fluid and the cellular origins of many
synovial fluid components are not fully understood. Here, we
present a normative proteomics study using porcine synovial
fluid. Using our optimized method, we identified 267 proteins
with high confidence in healthy synovial fluid. We also
evaluated mRNA expression data from tissues that can
contribute to the synovial fluid proteome, including synovium,
cartilage, blood, and liver, to better estimate the relative
contributions from these sources to specific synovial fluid
components. We identified 113 proteins in healthy synovial
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fluid that appear to be primarily derived from plasma transudates, 37 proteins primarily derived from synovium, and 11 proteins
primarily derived from cartilage. Finally, we compared the identified synovial fluid proteome to the proteome of human plasma,
and we found that the two body fluids share many similarities, underlining the detected plasma derived nature of many synovial
fluid components. Knowing the synovial fluid proteome of a healthy joint will help to identify mechanisms that cause joint

disease and pathways involved in disease progression.

KEYWORDS: Synovial fluid, synovium, plasma, porcine, human, proteomics, transcriptomics, origin, PTM, method optimization

H INTRODUCTION

Synovial fluid is present in all joint cavities, where it protects
the articular cartilage surfaces, in part by reducing friction.
Synovial fluid, furthermore, facilitates the transport of nutrients
and waste products including proteins and metabolites between
the vascularized synovium and the avascular cartilage.' > Many
components of synovial fluid are derived from blood plasma,
and these two body fluids share many similarities in terms of
protein composition.”® However, synovial fluid also contains
proteins secreted from the surrounding tissue, including the
articular cartilage and synovium.® The protein concentration in
synovial fluid from healthy knee joints is approximately 25 mg/
mL, i.e, ~'/; of the concentration found in blood plasma, and
albumin constitutes approximately 12 mg/mL.">"~*°

Joint diseases, in particular osteoarthritis (OA) and
rheumatoid arthritis (RA), are the leading cause of disability
in people over S5 years. 6 It has been estimated that, as of 2005,
27 million adults in the United States have clinical OA, and in
2009, OA was the fourth most common cause of hospital-

< ACS Publications — © xxxx American Chemical Society

ization.'"*? Furthermore, joint injuries, such as anterior cruciate
tear, that predispose to precocious joint failure have become
epidemic in young athletes."*'* Although changes in the
composition of synovial fluid have been described in patients
with joint disease, there do not exist reliable biomarkers for
early disease diagnosis or biomarkers that accurately depict
response to therapy.l'ls_17 Asa consequence, OA is often not
diagnosed before irreversible damage has occurred.">"®? Since
synovial fluid is in direct contact with the joint tissues, it
provides an attractive source of biomarkers candidates for
monitoring joint health and for furthering the understanding of
the disease mechanisms.>'® Previous studies of synovial fluid
have mainly been focused on various diseased states. However,
the protein concentration, content, and volume of synovial fluid
is known to change dramatically during active joint diseases,
and few studies have been focused on synovial fluid in healthy
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state or the likely origins of the synovial fluid proteins.>'”
Balakrishnan et al** compared the human synovial fluid
proteome from OA and RA patients. Synovial fluid was
immune-depleted of the most abundant proteins, followed by
liquid chromatography—tandem mass spectrometry (LC-MS/
MS) analysis, which led to the identification of 575 proteins, of
which 135 demonstrated a greater than 3-fold abundance
change between the two groups. In a similar study, Mateos et
al.' identified a total of 136 different proteins using two-
dimensional polyacrylamide gel electrophoresis (2D-PAGE)
protein separation, followed by in-gel trypsin digestion and
protein identification by LC—matrix-assisted laser desorption/
ionization time-of-flight (MALDI TOF/TOF) MS. When
assessing the total number of different proteins to be expected
in synovial fluid, analyzing 2D-PAGE images seems to be a
valid approach. Chen et al.'® analyzed synovial fluid from
patients with joint swelling using several precipitation strategies
and detected 456 protein spots on 2D-PAGE images. Smith et
al?' detected 1000 protein spots on 2D-PAGE images of
synovial fluid from RA patients, which was estimated to
represent 300 individual proteins. However, neither of the two
latter studies identified the proteins within the protein spots.
2D-PAGE in-gel digestion strategies, while highly informative,
are not suitable for high-throughput proteome analyses.
Therefore, we investigated the use of in-solution proteomics
strategies with the aim to increase high-throughput protein
identification and quantitation. In this normative proteomics
study of synovial fluid from healthy porcine knee joints, we
report results from applying our optimized method, using
porcine synovial fluid. Domesticated or minipigs are a highly
relevant anatomically large animal model organism to study
several human diseases, including acute joint injury, OA, and
other inflammatory disease.”>">° The homology between the
porcine genome and the human genome is conserved to a
much greater extent than that between human and mouse or
other rodents.”” Furthermore, the porcine model has previously
been used to study anterior cruciate ligament injury and
surgical and tissue engineering approaches for healing.?'gf30 We
also report mRNA sequence data from healthy porcine
synovium that we used to estimate the contribution to the
synovial fluid proteome from this tissue, and we compare this
to the relative contribution from plasma (e.g. proteins secreted
into plasma by the liver or by blood cells) and articular
cartilage.

B EXPERIMENTAL PROCEDURES

Collection of Synovium and Synovial Fluid Samples

Six adolescent Yucatan minipigs (Coyote CCI, Douglas, MA),
aged 12—15 months, were obtained for use in this study. All
minipigs were housed and monitored by the Animal Resources
at Boston Children’s Hospital (ARCH) and handled according
to approved Institutional Animal Care and Use Committee
(IACUC) protocols. Minipigs were acclimated to the ARCH
environment for a minimum of 3 days prior to experimental
handling.

Nonbloody synovial fluid was obtained from the joints by
aspiration using a 21 gauge needle. Samples were centrifuged at
3000g at room temperature for 10 min to pellet and remove
cells and cellular debris. In some cases, 3 mL of sterile saline
was injected into the knee joint to facilitate fluid extraction;
after saline injection the knee was bent 10 times to ensure
homogeneous fluid distribution and mixing. The saline/

synovial fluid mix was then processed as above. Following
centrifugation, the supernatants were stored at —80 °C.
Furthermore, a human synovial fluid sample was obtained
from a RA patient according to an approved IRB protocol
(IRB-P00006443) to evaluate the integrity of the UniProt Sus
scrofa protein database.

Euthanasia of the animals was induced by intramuscular
injection of atropine (0.04 mg/kg), Telazol (4.4 mg/kg), and
xylazine (2.2 mg/kg) and finalized by intravenous injection of
Fatal Plus (86 mg/kg). At the time of euthanasia, synovia from
the knee joints of the hind limbs were harvested. Care was
taken to sample only the synovial membrane without any
subintimal structures, such as fat or blood vessels. Each tissue
specimen was snap frozen in liquid nitrogen and stored at —80
°C.

Protein Concentration

Total protein concentration for each sample (diluted 1:30 in
water) was determined for normalization of sample material
using a colorimetric (Bradford) protein assay kit (Bio-Rad,
Hercules, CA) according to the manufacturer’s instructions,
with bovine serum albumin used as the standard.

SDS-PAGE

Thirty micrograms of total synovial fluid protein was prepared
for sodium dodecyl sulfate (SDS)-PAGE in Laemmli sample
buffer (Bio-Rad, Hercules, CA) according to the manufacturer’s
instructions. SeeBlue Plus2 pre-stained standard (Invitrogen,
Carlsbad, CA) was used as the protein molecular weight
standard. The sample was fractionated using NuPAGE 4—12%
Bis-Tris minigels (Invitrogen) at 150 V for 65 min in MOPS
SDS-running buffer (Invitrogen). The gel was stained using
Coomassie blue, SimplyBlue SafeStain (Invitrogen), according
to manufacturer’s instructions.

Synovial Fluid Protein Digestion

Three trypsin digest protocols were evaluated:

(1). Filter-Aided Sample Preparation (FASP) Digestion.
Performed using the FASP protein digestion kit (Protein
Discovery, San Diego, CA) according to manufacturer’s
instructions using 30 kDa cutoft spin filters. Ninety micrograms
of total synovial fluid protein was digested overnight at 37 °C
with 2 ug of sequencing grade modified trypsin (Promega,
Fitchburg, MA). To assess the need of glycan removal when
working with synovial fluid, S00 U peptide-N4-(N-acetyl-beta-
glucosaminyl)-asparagine amidase (PNGase F) (New England
BioLabs, Ipswich, MA) was added to these samples prior to the
trypsin digestion step, and samples were incubated overnight at
37 °C, after which the normal FASP protocol was continued.
After trypsin digestion, the samples were desalted with TARGA
C18 columns (Nest Group, Southborough, MA) and
resuspended in 5% acetonitrile (ACN) and $% formic acid
(FA) prior to analysis.

(2). Urea In-Solution Digestion. Performed according to
Gallien et al.*' Ninety micrograms of total synovial fluid protein
was diluted with 8 M urea in 100 mM ammonium bicarbonate
to a final volume of 25 uL. The sample was reduced with
dithiothreitol at a final concentration of 12 mM for 30 min at
37 °C and alkylated with iodoacetamide at a final concentration
of 40 mM for 1 h at room temperature in the dark. The samples
were diluted with 100 mM ammonium bicarbonate to a total
volume of 100 uL, 2 pug of trypsin was added, and the sample
was digested overnight at 37 °C. The samples were desalted
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with TARGA C18 columns (Nest Group) and resuspended in
5% ACN, 5% FA prior to analysis.

(3). In-Gel Digestion. Three gel-lanes, each loaded with
150 ug total synovial fluid protein, were divided into 10
sections each and subjected to standard in-gel tryptic digestion
as previously described,*™** followed by analysis.

Human Plasma Protein Digestion

Human plasma was acquired as part of an ongoing method
optimization study using a deidentified, discarded cord plasma
sample and thus are not considered research of human subjects.
One hundred micrograms of plasma protein was digested using
the FASP protein digestion kit (Protein Discovery, San Diego,
CA) with a modification to the recommended protocol. This
modification involved the use of a 10 kDa MWCO filter instead
of the stock 30 MWCO filters. A trypsin/LysC mix (Promega,
Madison, WI) was added to the FASP filter at 1:25 ratio for
digestion. The samples were then incubated at 37 °C overnight,
and the resulting peptides were recovered as recommended by
the manufacturer’s protocol. The peptides were desalted using
Oasis HLB columns (Waters, Milford, MA) and resuspended in
2% ACN in 0.1% FA prior to analysis.

LC—MS/MS Measurement and Proteomics Data Analysis

Two different high-resolution/high-accuracy mass spectrometer
systems were used for the shotgun proteomic analysis: (1) For
post-translational modification (PTM) analysis and method
optimization, synovial fluid samples were analyzed on a
TripleTOF 5600 (AB Sciex, Framingham, MA) connected
online with a nanoflow UPLC and a NanoFlex system
(Eksigent/AB Sciex). The samples were loaded onto a 15 cm
reversed-phase C18 200 um chip with 2 xL/min in 100%
solvent A (0.1% FA). The samples were then separated using a
15 cm reversed-phase C18 75 um chip and eluted with a linear
gradient of 2% solvent B (0.1% FA in ACN), which was raised
to 35% solvent B over 120 min (60 min for in-gel digested
samples) at a constant flow rate of SO0 nL/min. (2) The six
FASP digested synovial fluid samples used to determine the
synovial fluid protein list and abundances as well as the trypsin-
digested human plasma samples were analyzed on a Q Exactive
(Thermo Scientific, Waltham, MA) connected online to an
EASY-nUPLC 1000 (Thermo Scientific). The samples were
loaded onto a 10.5 cm reversed-phase C18 PicoChip with a
flow rate of approximately 1 L/min in 98% solvent A and 2%
solvent B and were eluted with eluent B using a linear gradient
that was raised to 35% over 120 min at a constant flow rate of
300 nL/min.

The AB Sciex.wiff data files were analyzed using ProteinPilot
4.5 (rev. 1656, Paragon Algorithm 4.5.0.0). To identify the
most commonly single observed PTMs, data files were searched
in thorough mode with a focus on biological modifications in
ProteinPilot to include more than 300 different PTMs.

The .raw data files from synovial fluid and human plasma
analyzed on the Q Exactive were searched using MaxQuant
1.4.12.3° All standard settings were employed with carbami-
domethyl (C) as a static modification and deamidation (NQR),
oxidation (M), and protein N-terminal acetylation included as
variable modifications. Label-free quantitation of all proteins
was performed in MaxQuant based on integrated precursor
intensities. Protein abundances are represented as protein
intensity-based absolute quantitation values (iBAQ) and are
reported for all proteins having at least two quantifiable unique
peptides in at least three LC—MS runs.

The human plasma sample was searched against the UniProt
Homo sapiens reference proteome database with isoforms
(downloaded 7/18/2014, containing 89 032 entries). The
porcine synovial fluid data was searched against the UniProt
S. scrofa reference proteome database (downloaded 11/09/
2013, containing 26 070 entries). The human RA synovial fluid,
used to evaluate the UniProt S. scrofa database, was searched
against all reviewed H. sapiens UniProt proteins (downloaded
08/10/2013, containing 20277 entries). All proteins and
peptides are reported below a 1% false discovery rate (FDR)
cutoff, and protein posterior error probability (PEP, equivalent
to expectancy) was investigated to ensure only confident
protein identifications.>® For the PTM analysis, the search
results were analyzed using ProteinPilot Descriptive Statistics
Template, version 3.001, and for the protein abundance
analysis, the iBAQ_values were analyzed using Perseus, version
1.4.1.3, and IBM SPSS Statistics (version 21). Venn diagrams
were created with BioVenn®” and Venny.*®

Assignment of Formerly Glycosylated Asparagine Residues

Four criteria were required to assign N-glycosylation sites: I a
1% FDR cutoff to all peptide spectral matches (PSMs); (II) all
site assignments required the presence of a consensus site (Cs)
for N-glycosylation, i.e., NX(S/T), where X may be any amino
acid except proline; (III) once CS status was established for all
peptide assignments, an asparagine deamidation at the
asparagine within the CS was required; and (IV), finally, all
true site assignments were required to come from sample
preparations that were treated with PNGase F. The FDR of site
assignment was estimated by evaluation of the random rate of
site assignment among control samples that were not treated
with PNGase F. In this way, the rate of PSMs leading to the
identification of a deglycosylated peptide may be compared.

RNA Extraction

Total RNA was extracted from frozen synovium tissue using the
PureLink RNA mini kit (Ambion, Austin, TX), treated with
PureLink DNase I (Life Technologies, Grand Island, NY)
according to the manufacturer’s protocol, and quantified.
Briefly, frozen tissue samples were placed in tubes containing
S metal lysing beads (Metal Bead Lysing Matrix, MP
Biomedicals, Solon, OH) and 1 mL of TRIzol (Life
Technologies). Tissue was homogenized using a FastPrep24
(MP Biomedicals, Solon, OH) at 6 m/s for 40 s. This was
repeated two additional times, with samples briefly placed in
liquid nitrogen between homogenization runs. Following total
RNA extraction and quantitation via spectrophotometry using a
Nanodrop 1000 (Thermo Scientific, Wilmington, DE), samples
were submitted for quality analysis on a Bioanalyzer model
2100 (Agilent Technologies, Santa Clara, CA). Each RNA
sample had an RIN > 7.20, indicating that they were of
sufficient quality for sequencing.®

Library Preparation

A mRNA library for each tissue sample was prepared as
previously described using the TruSeq RNA sample preparation
kit, v2 (Illumina, San Diego, CA).% Briefly, mRNA was
enriched from total RNA, chemically fragmented, reverse-
transcribed using random hexamers, and ligated to barcoded
adapters per the manufacturer’s instructions. The cDNA
fragments were amplified via PCR, and the libraries were
washed with AMPure XP beads (Beckman Coulter Inc.,
Danvers, MA) to remove primer dimers. One microliter
aliquots from each library were run on a 4—20% TBE gel (Life
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Technologies, Grand Island, NY) for verification. Equal
amounts of DNA from separately barcoded cDNA libraries
were pooled (n = 12 per lane) and sent for S0 base pair paired-
end sequencing on an HiSeq 2000 (Illumina).

RNA-Seq Data Analysis

Reads were mapped to the pig genome (Susscr3) using RUM.*'
Known genes were annotated with an R script based on data
available from ENSEMBL. Expression level of each gene was
quantified by the reads per kilobase of exon per million mapped
reads (RPKM). The repeatability of the RNA-seq data was
measured by comparing libraries generated from the right and
left knees of the same animal and calculating the Pearson
correlation coefficient (R?) with respect to the genome-wide
RPKM values. The calculated RPKM values were averaged
across 12 samples for each gene, and these mean values were
used in ranking the genes with respect to their expression levels.

In order to estimate the likely source of proteins detected in
the synovial fluid, we additionally reviewed mouse liver,*
mouse blood,** and human articular cartilage (authors’
unpublished data) RNA-seq data. On the basis of homology
information retrieved from the ENSEMBL database, we
matched average RPKM values for each transcript with the
proteins detected in the synovial fluid, and we identified the
proteins for which all four mRNA expression values were
available. We then determined the subset of proteins with a
signal peptide. Among these proteins, we identified those with
at least 2-fold higher mRNA levels in the synovium compared
to all of the other individual tissues, and we then performed the
same calculations for liver, cartilage, and blood.

Bl RESULTS AND DISCUSSION

Optimizing Preparation and Digestion Methods for
Synovial Fluid

Initially, we determined whether precipitating the synovial fluid
proteins increased the diversity of the detectable protein bands
by Coomassie-stained SDS-PAGE. However, similar to Chen et
al,'® we found that precipitation appeared to reduce
polypeptide diversity rather than increase it (data not
shown); thus, we chose not to use precipitated samples for
our subsequent analyses. Likewise, because albumin can
function as a protein carrier for a wide range of proteins, we
chose not to deplete albumin or other abundant proteins from
our samples to avoid changing protein abundance profiles and
removing important proteins that might bind the depletion
targets." ™% Zhou et al.*® reported that removing albumin
led to the depletion of many proteins in human serum,
including clinically useful biomarkers.

We compared urea in-solution digestion to FASP to find the
most efficient digestion method without prior prefractionation
for synovial fluid and used the robust and proven in-gel
digestion as a reference. Urea in-solution digestion yielded the
lowest number of 127 identified proteins. In contrast, FASP
and in-gel-based digestion each yielded 227 protein identi-
fications, indicating similar performance of the two digestion
techniques. However, 170 of the 227 identified proteins were
found in at least two of the three synovial fluid samples when
using the FASP protocol in contrast to only 145 of the 227
proteins in the case of the in-gel digestion protocol (Figure 1).
Furthermore, despite substantial overlap among the data sets,
roughly 26% of proteins found in at least two of the three
synovial fluid samples with FASP were missed by in-gel
digestion, and 12% of the in-gel digestion proteins were missed

In-Gel 3

Urea
23 In-Sol

Figure 1. Digestion method evaluation. Number of proteins uniquely
identified in at least two of the three synovial fluid samples, using
FASP digestion, urea in-solution digestion, and in-gel digestion.

with FASP. Additionally, 17% of the proteins unique to the in-
gel digestion were keratins, supporting the notion that in-gel
digestion protocols can be prone to keratin contamination.
Besides this difference, no other bias was found with regard to
which groups of proteins were identified uniquely with the
different digestion methods. This indicates that the FASP
protocol gives more consistent data than the in-gel digestion
protocol. It is possible that depletion strategies can increase the
number of identified proteins further; however, this was not
investigated in this study.

The UniProt S. scrofa reference proteome is not as well
annotated as the human proteome. Therefore, in order to
determine whether our proteomic method is as sensitive for
detecting pig synovial fluid proteins as it would be for human
synovial fluid proteins, we performed the same FASP digestion
protocol on a synovial fluid sample from a RA patient. In the
four technical replicates, we identified, on average, 173 different
proteins in the human sample, which seems to be comparable
to the 179 different proteins found, on average, in the individual
porcine synovial fluid FASP LC—MS runs. The protein
composition of synovial fluid is known to be altered during
active joint diseases, so the protein overlap was not
investigated.‘%'17 Nonetheless, the similar number of identified
proteins with the two databases indicates that the UniProt S.
scrofa reference proteome is adequate for the analysis of the
porcine synovial fluid.

Importance of Accounting for Post-Translational
Modification in Protein Identification

Many PTMs occur in vivo or are introduced during sample
preparation prior to MS analysis in vitro.*” 7% Therefore, to
identify which PTMs should be considered for the database
search of MS data from FASP-digested synovial fluid samples,
we analyzed the identified peptides from this method in
ProteinPilot Descriptive Statistics Template (Table 1). Several
PTMs were identified, and all were likely artifacts from the
sample preparation. Chloroacetamide can be used as an
alternative alkylating agent to ijodoacetamide to reduce the
number of alkylation related artifacts.”’” However, due to the
low number of detected peptides with these artificial
modifications, this was not investigated further.

Synovial fluid is known to be rich in glycoproteins, which
prompted us to evaluate the effect of removing N-linked
glycans on the number of identifiable peptides and proteins.”
We compared two synovial fluid samples using the FASP
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Table 1. Most Commonly Observed PTMs of the FASP-
Digested Synovial Fluid Samples Based on the Most
Frequent Single Features

modified

modification and position sites of

(N-terminal; C-terminal; modification  no. MS/ possible
rank acceptor amino acid) mass (Da)  MS events (%)
1 Carbamidomethyl (C) §7.0215 13201 100.0
2 Deamidated (N) 0.9840 1024 8.7
3 Acetyl at N-term 42.0106 563 29
4 Carbamidomethyl at §7.0218 535 2.7

N-term

S Glu = pyro-Glu at N-term  —18.0106 522 24.1
6 Deamidated (Q) 0.9840 440 29
7 Carbamyl (K) 43.0058 434 2.0
8  Carbamidomethyl (K) §7.0218 420 1.9
9  Carbamyl at N-term 43.0058 416 21

protocol, with and without deglycosylation by PNGase F ().
As expected, PSMs resulting in identification of deglycosylated
peptides considered to be previously N-glycosylated was
increased ~40-fold in the PNGase F-treated samples in
comparison to that of the untreated samples (Table 2).

Table 2. Summary of Overall Numbers of PSMs in the
Deglycosylation Experiments

PSM identifying deglycosylated
total no. deglycosylated peptide PSMs/all
sample of PSMs peptides PSMs (%)
+ PNGase F 1 4827 91 19
+ PNGase F 2 4878 86 18
— PNGase F 1 4068 3 0.07
— PNGase F 2 4372 2 0.05

Twenty-eight and 34 unique deglycosylated peptides in the
biological repeats were identified using the four criteria
described in the Experimental Procedures section, compared
to only two peptides in each of the untreated samples
(Supporting Information Table 1). However, all deglycosylated
peptides belonged to proteins that had already been identified
from other peptides and thus resulted in no new protein
identifications. Twenty-eight and 34 unique deglycosylated
peptides are relatively low numbers for an analysis of a
biological fluid known to be rich in glycoproteins, which may
be due to a number of factors: First, the proteome of synovial
fluid may not be particularly complex. This hypothesis is
consistent with the proteomics data we observed in this study
and with previously reported 2D-PAGE analyses.”'*" Second,
N-glycosylation, which is the only glycosylation amenable to
PNGase F treatment protocols, may not be highly prevalent in
synovial fluid. Synovial fluid contains significant amounts of
glycosaminoglycans, possibly lessening the biologic necessity
for N-glycosylation.“’52 Third, the finite dynamic range of the
MS analysis might cause abundant peptides to hinder the
detection of less abundant ones. A study that exclusively focuses
on O-glycosylation in synovial fluid and combines data from
depleted and nondepleted samples will likely identify more
extensive glycosylation than that reported here.

Identifying the Transcriptome of Healthy Pig Synovium

In order to identify synovial fluid proteins that are secreted by
the synovium cells, i.e., transcribed and translated, we generated
sequencing data of mRNA as active transcripts for pig

synovium. We prepared and sequenced knee synovium from
the right and left legs of 6 pigs. On average, we obtained 12.4
million sequencing reads per library, of which 90% mapped to
the pig genome and 81% aligned uniquely. We then calculated
RPKM values for individual genes and compared their
expression level within each individual animal’s left and right
knee (Figure 2a). Intra-animal Pearson correlation coefficients
exceeded 0.85, indicative of reproducible data (Figure 2d). The
top 20 abundant protein-coding mRNAs that did not originate
from the ribosome or mitochondria exhibited minimal variation
in abundance, as they ranked in the top 1% of all sample-
specific RNA-seq data sets that we analyzed (Figure 2c).

Focusing on transcripts encoding proteins containing signal
peptides, which are most likely secreted or targeted to cell
surfaces, we observed high expression of known connective
tissue proteins such as decorin (DCN), fibronectin (FN1),
collagen type III (COL3AL1), and clusterin (CLU) (Figure 2b).
Importantly, the principal lubricating protein in synovial fluid,
lubricin (PRG4) made by type B synoviocytes, was also highly
expressed. From these data, we produced a pig synovium
transcriptome database (Supporting Information Table 2),
which is composed of transcripts encoding known and
predicted proteins.

Identifying the Proteome of Healthy Pig Synovial Fluid

We opted for the FASP digestion strategy for the detailed
triplicate proteomic analysis of synovial fluid from 6 healthy
pigs. This choice was based on the number of identified
proteins, sample amount requirement, processing time, and
instrument time. We identified 374 different proteins in total
using the UniProt S. scrofa database and the synovium
transcriptome database, and 42 proteins were identified solely
in the transcriptome database. This seemed to be a large
fraction assuming an adequate performance of the UniProt pig
database, so all identified proteins were sorted by PEP
(equivalent to expectancy35), with a high PEP value indicating
a lower confidence in the identification (Figure 3a). Proteins
unique to the transcriptome database displayed high PEP
values, indicating that the number of identified proteins is too
low for the global FDR calculation. To address this issue, all
proteins with PEP > 1 X 10~ were removed from further
analysis, which came to 92 identified proteins, of which 36 were
unique to the transcriptome database. Furthermore, we
manually assessed the fragment spectra for proteins identified
based on a single peptide and removed poor spectra with many
unassigned high-intensity signals, which resulted in one
additional protein being removed. After these two filtering
steps, 267 proteins remained, of which 6 were unique to the
transcriptome database (Figure 3b). Five of the 6 unique
proteins were immunoglobulin lambda like proteins (UPID:
IGLV-7 to IGLV-11), and the identified peptides originate from
a variable region of the lambda chain, which is not annotated in
the UniProt database. The remaining protein, ribonuclease 4
(UPID: I3LDZ2_PIG), was present in the UniProt database,
but it had not been identified. We included several keratins (10,
14, 3, and 75) in the synovial fluid proteome because keratin-
coding mRNA was detected in the articular cartilage. However,
we cannot preclude some of the keratins being contaminants
from sample preparation.

Of the identified 267 different proteins in synovial fluid
(Supporting Information Table 2), 194 proteins (73%) were
identified in all pigs, indicating similar protein expression
patterns between the pigs and a high method robustness. The
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Figure 2. RNA-seq of pig synovium is repeatable and indicates high expression of several transcripts encoding secreted proteins. (a) Table indicating
the total number of reads and percentages of successfully mapped reads. More than 90% of reads on average are mapped to the pig genome
(Susscr3), and more than 80% of reads are mapped uniquely. (b) Top 20 protein coding genes (based on expression level measured with RPKM)
that do not originate from the mitochondria or the ribosome. (c) Box plot indicating the variation in the expression-based rank order of genes listed
in (b) in all 12 libraries analyzed. The highest variation is in the rank of PRG4; however, it remains within the top 1% of genes in all libraries. (d)
Scatterplots indicating high similarity (R* > 0.85) between the synovial transcriptomes of paired left and right legs of all pigs. Data indicate RPKM,
and each dot represents a single gene. Transcripts for the secreted proteins decorin (DCN) and lubricin (PRG4), red blood cell-derived beta
hemoglobin (HBB), an adipocyte-derived transcription factor (PPARG), and secreted protein leptin (LEPT) are indicated with red colored symbols
and closely follow the y = « line (solid red line) in each plot. Importantly, transcripts for matrix-degrading enzymes and inflammatory cytokines are

not abundant, clustering in the bottom left corner of the panels.

difference in identified proteins between the pigs likely
originates from biological diversity, which is to be expected,
and the finite dynamic range of the MS analysis.53 To
investigate the relative protein abundances in synovial fluid,
we investigated individual synovial fluid protein abundance by
calculating iBAQ_ values.>® The protein abundance in synovial
fluid, as estimated by the 203 iBAQ_quantifiable proteins, spans
S orders of magnitude (Figure 4). As expected, albumin was the
most abundant protein, and no apparent bias could be found
regarding the abundances of serum-derived proteins (RPKM <

5) compared to proteins expressed by the synovium in the joint
(RPKM > 5) (see below).

Estimating the Relative Contributions of Plasma,
Synovium, and Cartilage to the Synovial Fluid Proteome

Synovial fluid is a transudate of blood that has additional
components added by the surrounding joint tissue including
synovium, cartilage, and, in the knee, ligaments and menisci. To
determine whether a likely tissue source for a synovial fluid
protein can be predicted, we compared protein expression with
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Figure 4. Protein abundance distribution in synovial fluid. Frequency
histogram of the calculated iBAQ values for all proteomics quantifiable
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abundances were less than or greater than S RPKM in the synovial
membrane transcriptome are colored blue and yellow, respectively.

the pig synovium transcriptome, a human articular cartilage
transcriptome we 4g)reviously generated, and published mouse
liver*” and blood® transcriptomes (Supporting Information
Table 2). As expected, albumin in synovial fluid solely derives
from blood, as its transcript is highly expressed only in liver
(Figure S).

When we compared the proteins detected in the synovial
fluid with the mRNA expression levels in four possible sources,
we found that the majority of proteins corresponded to highly
expressed transcripts regardless of the source and that liver and
synovium likely made the greatest contribution (Figure Sa).
Further analysis of our data revealed that 171 proteins detected
in the synovial fluid had a signal peptide and that liver, blood,
and articular cartilage mRNA expression data were available for
149 proteins (Supporting Information Table 2). Of these 149
common proteins in the synovial fluid proteome, 113 most
likely derive from plasma transudate since their transcript
abundance is 2-fold or higher in liver or blood than that in
synovium or cartilage. In contrast, 37 synovial fluid proteins
have transcripts whose expression in synovium is at least 2-fold
higher than that in other tissues, while 11 proteins have at least
2-fold or higher transcript expression in articular cartilage.
Several proteins serve as positive controls in validation of our
estimations. For example, aggrecan, type II collagen, cartilage
oligomeric matrix protein, and cartilage intermediate layer
protein 2 are detected in the synovial fluid, and the

corresponding transcripts are expressed at greater levels in
articular cartilage than in other tissues. Similarly, proteins
involved in post-translational modification of type I collagen
(such as procollagen C-endopeptidase enhancer) and con-
nective tissue markers (such as fibronectin 1 and clusterin)
were expressed at higher levels in synovium than in other
tissues. Thus, the putative origins of a substantial number of
synovial proteome constituents can be predicted from the RNA
sequencing data. For those 17 proteins whose mRNAs are
expressed by multiple tissues, tissue-specific changes in mRNA
abundance will need to be correlated with changes in synovial
protein abundance to reliably determine their most likely tissue
of origin.

We have additionally detected several proteins without a
signal peptide, which are likely residual fragments that remained
in the synovial fluid following apoptosis. Some examples of
these are hemoglobin (HBA and HBB), which are expressed at
extremely higher levels in blood than the remaining tissues, and
beta-actin, a ubiquitously expressed protein whose mRNA was
detected at high levels (RPKM > 180) in all four tissues. Also of
interest are proteins not found in healthy pig synovial fluid and
expressed at low levels in healthy synovium. Increased amounts
of matrix metalloproteinases, including MMP13 and
ADAMTS4, have been reported in synovial fluid from humans
with OA, while proteins involved in the inflammatory/immune
response, including complement activation, were found in
patients with RA." These proteins were neither detected in
healthy pig synovial fluid nor were their transcripts abundant in
healthy synovium. Therefore, in addition to monitoring
changes in protein abundance for the healthy synovial fluid
proteome, it will be of interest to compare proteomes and
transcriptomes of healthy and diseased joints to identify
pathways that may be integral to disease processes or
mechanisms. Previous comparisons of synovial fluid obtained
from patients with RA and OA identified 135 proteins at least
3-fold differentially abundant between the two groups.>

Comparison of Synovial Fluid and Plasma

Finally, to identify similarities between synovial fluid and blood
plasma, from which many of the synovial fluid components
were found to originate, we characterized the human plasma
proteome (Supporting Information Table 3) and identified and
quantified a total of 168 human plasma proteins. The detected
iBAQ_ values of the human plasma proteins span 5 orders of
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Table 3. Top Ten Most Abundant Proteins in Human Plasma and Porcine Synovial Fluid Ranked from the Most Abundant®

rank human plasma human UPID
1 Serum albumin P02768
2 Ig gamma-1 chain C region P01857
3 Ig kappa chain C region P01834
4 Apolipoprotein A-I P02647
N Ig lambda-2 chain C regions POCGOS
6 Ig gamma-2 chain C region P01859
7 Serotransferrin P02787
8 Alpha-1-antitrypsin P01009
9 Apolipoprotein A-II 02652
10 Alpha-2-macroglobulin P01023

“As determined by iBAQ_values.

porcine synovial fluid human UPID
Serum albumin P02768
Hemoglobin subunit alpha P69905
Ig lambda chain C region POCG04
Hemoglobin subunit beta P68871
Serotransferrin P02787
Immunoglobulin lambda variable 8-61 QSNV62
Immunoglobulin kappa variable 6—21 P01834
Apolipoprotein A-I P02647
Hemopexin P02790
Alpha-2-HS-glycoprotein P02765

magnitude, similar to what was found for the synovial fluid,
demonstrating the large degree of protein abundance variation
encountered in the two body fluids. However, the actual range
of protein abundances in plasma and synovial fluid is expected
to be several orders of magnitude larger, due to the limited
dynamic range of the MS analysis.>* Probing the top 10 most
abundant proteins in both fluids, the most abundant protein is
serum albumin, as expected (Table 3). Other shared high-
abundance proteins include serotransferrin, apolipoprotein A,
and several immunoglobulins. Serotransferrin and apoliopopro-
tein A are binding and transporting proteins of iron and lipids,
respectively.”>*® The high abundance of the transporter
proteins and immunoglobulins points to the shared functions
of the two body fluids as a transport media of cellular products.
The main difference between the high-abundance proteins in
the plasma and synovial fluid proteomes is the high abundance
of hemoglobin in the synovial fluid, which is detected with a
lower abundance in plasma (rank 25). In both fluids, the
protein is a likely contaminant from red blood cells prior to

fluid centrifugation. Fibrinogens, involved in blood clotting,
were identified with high abundance in plasma in contrast to
that in synovial fluid, as expected.

Our findings demonstrate the high degree of similarity shared
by the synovial fluid proteome and the plasma proteome as well
as the serum-derived nature of many synovial fluid components.
The expected high degree of similarity found between human
plasma and porcine synovial fluid, furthermore, indicates that
porcine model systems of synovial J‘oints are suitable for studies
focusing on human joint diseases.””

B CONCLUSIONS

We evaluated different proteomic strategies for analyzing
healthy synovial fluid. We utilized porcine synovial fluid
because this animal is used to model human joint disease. In
this study, we developed a FASP-based analysis pipeline that
consumes only 0.1% of the starting sample material and 10% of
the MS instrument time used by, e.g,, Balakrishnan;*° thus, our
method lends itself to clinical proteomics studies on larger
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cohorts. Applying this fast and efficient workflow, we
completed a normative proteomics study of synovial fluid
from healthy knee joints and identified more than 250 proteins
using very stringent identification criteria. Preprocessing with
PNGase F to remove N-glycosylation was not found to be
essential for the proteomic analysis of synovial fluid. Through
an analysis of high-occurrence peptide PTMs, we found that
proteomics projects using the FASP protocol for synovial fluid
analysis, and possibly for other biological samples as well,
should include peptide N-terminal acetylation, deamidation of
asparginine and glutamine, and peptide N-terminal pyro-
glutamic acid in the data analysis for comprehensive peptide
identification.

Going beyond the conventional LC—MS-based proteome
mapping, we also classified and predicted the likely tissue
origins for the majority of the detected proteins in healthy
synovial fluid by cross-referencing the proteome with the RNA
transcriptomes from synovium, cartilage, blood, and liver.
Although many proteins derive from plasma transudate, as
expected, an important subfraction appears to be solely
expressed by synovium or cartilage. Changes in the abundance
of these latter proteins in synovial fluid or in blood may be
useful biomarkers of disease onset or progression. For synovial
fluid proteins whose transcripts are expressed in multiple
tissues, it will be necessary to correlate tissue-specific changes in
mRNA expression with changing synovial fluid protein
abundance in order to determine these proteins’ principal
tissues of origin. Finally, as many proteins were found to likely
originate from plasma, we compared the identified porcine
synovial fluid proteome to the proteome of human plasma. We
found that the two body fluids share many similarities in terms
of protein functions and localizations, underlining the detected
plasma derived nature of many synovial fluid components.

Our methods and the resulting proteome and transcriptome
data sets will be useful when comparing porcine synovial fluid
in healthy and diseased states. Importantly, the high homology
between pigs and humans should make these methods and data
sets valuable for human studies.

H ASSOCIATED CONTENT
© Supporting Information

Table 1 contains all identified glycosylated peptides. Table 2
contains all identified proteins, iBAQ and RPKM values (when
available), sequence coverage, and imported transcriptome
information from associated mouse tissues. Table 3 contains all
identified human plasma proteins. Table 4 contains additional
information for all proteins identified from a single peptide.
This material is available free of charge via the Internet at
http://pubs.acs.org. The MS proteomics data have been
deposited to the ProteomeXchange Consortium via the
PRIDE partner repository”> ®' with the data set identifier
PXD000935.
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