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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

(4 9

Boishidengs  WIG | www.wjgnet.com

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 IBD-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.
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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 increasingm. 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™”. Purthermore, 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 requiring 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, there 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 majority of the biological functions™
Proteins, therefore, represent an obvious target for bio-
marker discovery studies. The human genome comprises
approximately 20000 protein coding genesm]. 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 proteoforrns[za], 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”. However, 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 matutre pro-
teins, they represent a promising area for IBD biomatker
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 detived 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/2’s against an 7n silico
generated database, inferred from a reference database
of protein sequences. By matching the 7 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 ¢ al”™”. The process can be performed in a quantita-
tive manner to allow for relative or absolute quantitation
of the proteins, using different strategles | 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 neatly 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 ecasily
obtained sample material, such as blood or stool 7,
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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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 al’.

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 Known common inflammatory bowel disease
biomarkers
Biomarker Specificity Usability
Serum biomarkers
ASCA 39%-79% of CD patients  14%-18% of controls tested
positive, 5%-15% UC positive, limiting the diag-
paﬁents““al 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 c
160]

toring disease state!
syndrome

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 positivemj, 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 positivel44J

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 (INF)-
alpha and IL-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®*™ N 1n 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 patientsm’soj, and
the reason for the different responses remains to be thot-
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 e7 2/™".

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 biomatkers, 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[sz]. 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, Ruminococens gnavus, and Desulfovibrio) or less
abundant (Faecalibacterinm pransnitzii, Lachnospiraceae, and
Akkermansia) in TBD", 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 lactoferrin (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 polypsm, as well
as with use of non-steroidal anti-inflammatory drugs,
increasing age™ and upper gastrointestinal disease, such
as small bowel bacterial overgrowthm.

Lactoferrin is an iron-binding glycoprotein expressed
by activated neutrophils™. 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 system™. Tt 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-
ritable 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'”*Y. 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-
proacheslé’m’m’36’3(”. 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 etiologies 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
[13]

in daily use

The first group to publish a discovery-based pro-
teomics study of the IBDs was Barcel6-Batllori ez 2/ 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 1L.-6 (TNF-
alpha was excluded as it is known to induce apoptosis
in such cells). Using proteomics, the protein profiles of
the cells wete 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 apoptosism.

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 surface-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 (LL.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. ¢/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 candidate 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 ef 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-

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 A1, 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.

TOF MS protein identification 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 LC-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 e 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 wetre 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
UC.

A year later in 2007, Shkoda e a/*” also identified
a potential association between dysfunction in the en-
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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 wete found to be differently
abundant between inflamed and non-inflamed tissue,
including proteins associated with signal transduction,
stress response and energy metabolism. Thirty-two pet-
cent of all detected differentially regulated proteins asso-
ciated with IBD were involved in energy metabolism. In
2007, Meuwis ef al™” 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 ¢/ a/"" 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 cot-
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 ¢ al" 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 ¢ 2/ 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# al*"in 2004 who
used chemical labelling of the peptides to measure the
relative abundances, Nanni ¢/ /" 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 ez 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 a/™" 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 ef 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 et at™ 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 e# 2/*” 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 ez 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 e/ al”’ 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 e# al™ 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

7571 Such arrays

the abundance of one or more antigens
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 etiology[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

84]

and complex, and thus can be challenging to detect and
25205 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 ez a/”. Common iz vivo PTMs include
phosphorylation, which is a reversible modification of
the amino acids tyrosine, serine and threonine. Phos-

characterize

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[sg’sol. 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 polatity, 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 disease™, 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™"™. In 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[w. It 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.

ACKNOWLEDGMENTS

The authors would like to thank Lau Sennels, Gunna
Christiansen and Kathrine B Christensen for inputs and
proof-reading,

(49

Boishidengs  WIG | www.wjgnet.com

REFERENCES

1 Burisch J, Jess T, Martinato M, Lakatos PL. The burden of
inflammatory bowel disease in Europe. | Crohns Colitis 2013; 7:
322-337 [PMID: 23395397 DOI: 10.1016/j.crohns.2013.01.010]

2 Xavier RJ, Podolsky DK. Unravelling the pathogenesis
of inflammatory bowel disease. Nature 2007; 448: 427-434
[PMID: 17653185 DOI: 10.1038 / nature06005]

3 Khor B, Gardet A, Xavier R]. Genetics and pathogenesis
of inflammatory bowel disease. Nature 2011; 474: 307-317
[PMID: 21677747 DOI: 10.1038 / nature10209]

4 Iskandar HN, Ciorba MA. Biomarkers in inflammatory
bowel disease: current practices and recent advances. Transl
Res 2012; 159: 313-325 [PMID: 22424434 DOI: 10.1016/
j-trs1.2012.01.001]

5  Ehrentraut SF, Colgan SP. Implications of protein post-
translational modifications in IBD. Inflamm Bowel Dis 2012;
18: 1378-1388 [PMID: 22223542 DOI: 10.1002/ibd.22859]

6 Poulsen NA, Andersen V, Mgller JC, Mgller HS, Jessen
F, Purup S, Larsen LB. Comparative analysis of inflamed
and non-inflamed colon biopsies reveals strong proteomic
inflammation profile in patients with ulcerative colitis.
BMC Gastroenterol 2012; 12: 76 [PMID: 22726388 DOI:
10.1186/1471-230X-12-76]

7  Thompson AI, Lees CW. Genetics of ulcerative colitis.
Inflamm Bowel Dis 2011; 17: 831-848 [PMID: 21319274 DOI:
10.1002/ibd.21375]

8  Lewis JD. The utility of biomarkers in the diagnosis and
therapy of inflammatory bowel disease. Gastroenterology
2011; 140: 1817-1826.e2 [PMID: 21530748 DOI: 10.1053/
j.gastro.2010.11.058]

9  Vatn MH. Natural history and complications of IBD. Curr
Gastroenterol Rep 2009; 11: 481-487 [PMID: 19903424 DOI:
10.1007/s11894-009-0073-8]

10 Meuwis MA, Fillet M, Geurts P, de Seny D, Lutteri L, Cha-
pelle JP, Bours V, Wehenkel L, Belaiche J, Malaise M, Louis E,
Merville MP. Biomarker discovery for inflammatory bowel
disease, using proteomic serum profiling. Biochem Phar-
macol 2007; 73: 1422-1433 [PMID: 17258689 DOI: 10.1016/
j.bcp.2006.12.019]

11 AllezM, Lemann M, Bonnet ], Cattan P, Jian R, Modigliani R.
Long term outcome of patients with active Crohn’s disease
exhibiting extensive and deep ulcerations at colonoscopy.
Am | Gastroenterol 2002; 97: 947-953 [PMID: 12003431 DOI:
10.1111/j.1572-0241.2002.05614.x]

12 Kevans D, Van Assche G. Is there a therapeutic window
of opportunity in early inflammatory bowel disease? Early
stage inflammatory bowel disease: the actual manage-
ment. Minerva Gastroenterol Dietol 2013; 59: 299-312 [PMID:
23867949]

13 Bruining DH, Siddiki HA, Fletcher JG, Tremaine WJ, Sand-
born W], Loftus EV. Prevalence of penetrating disease and
extraintestinal manifestations of Crohn’s disease detected
with CT enterography. Inflamm Bowel Dis 2008; 14: 1701-1706
[PMID: 18623171 DOI: 10.1002/ibd.20529]

14 Han NY, Choi W, Park JM, Kim EH, Lee H, Hahm KB.
Label-free quantification for discovering novel biomarkers
in the diagnosis and assessment of disease activity in in-
flammatory bowel disease. | Dig Dis 2013; 14: 166-174 [PMID:
23320753 DOI: 10.1111/1751-2980.12035]

15 Yau Y, Leong RW, Zeng M, Wasinger VC. Proteomics and
metabolomics in inflammatory bowel disease. | Gastroenterol
Hepatol 2013; 28: 1076-1086 [PMID: 23489082 DOI: 10.1111/
jgh.12193]

16  Berry D, Reinisch W. Intestinal microbiota: a source of nov-
el biomarkers in inflammatory bowel diseases? Best Pract
Res Clin Gastroenterol 2013; 27: 47-58 [PMID: 23768552 DOI:

March 28, 2014 | Volume 20 | Issue 12 |



17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

10.1016/j.bpg.2013.03.005]

Mendoza JL, Abreu MT. Biological markers in inflamma-
tory bowel disease: practical consideration for clinicians.
Gastroenterol Clin Biol 2009; 33 Suppl 3: S158-5173 [PMID:
20117339 DOI: 10.1016/50399-8320(09)73151-3]

Han NY, Kim EH, Choi J, Lee H, Hahm KB. Quantitative
proteomic approaches in biomarker discovery of inflam-
matory bowel disease. | Dig Dis 2012; 13: 497-503 [PMID:
22988922 DOI: 10.1111/j.1751-2980.2012.00625.x]
Biomarkers Definitions Working Group. Biomarkers and
surrogate endpoints: preferred definitions and conceptual
framework. Clin Pharmacol Ther 2001; 69: 89-95 [PMID:
11240971 DOI: 10.1067 /mcp.2001.113989]

Feng JT, Shang S, Beretta L. Proteomics for the early de-
tection and treatment of hepatocellular carcinoma. Onco-
gene 2006; 25: 3810-3817 [PMID: 16799622 DOI: 10.1038/
sj.onc.1209551]

Marko-Varga G, Omenn GS, Paik YK, Hancock WS. A first
step toward completion of a genome-wide characterization
of the human proteome. | Proteome Res 2013; 12: 1-5 [PMID:
23256439 DOI: 10.1021/pr301183a]

Satsangi J, Welsh KI, Bunce M, Julier C, Farrant JM, Bell JI,
Jewell DP. Contribution of genes of the major histocompat-
ibility complex to susceptibility and disease phenotype in
inflammatory bowel disease. Lancet 1996; 347: 1212-1217
[PMID: 8622450 DOI: 10.1016/50140-6736(96)90734-5]
Jensen ON. Modification-specific proteomics: characteriza-
tion of post-translational modifications by mass spectrom-
etry. Curr Opin Chem Biol 2004; 8: 33-41 [PMID: 15036154
DOI: 10.1016/j.cbpa.2003.12.009]

Wu L, Candille SI, Choi Y, Xie D, Jiang L, Li-Pook-Than J,
Tang H, Snyder M. Variation and genetic control of pro-
tein abundance in humans. Nature 2013; 499: 79-82 [PMID:
23676674 DOI: 10.1038/nature12223]

Mann M, Jensen ON. Proteomic analysis of post-transla-
tional modifications. Nat Biotechnol 2003; 21: 255-261 [PMID:
12610572 DOI: 10.1038/nbt0303-255]

De Ceuleneer M, Van Steendam K, Dhaenens M, Deforce
D. In vivo relevance of citrullinated proteins and the chal-
lenges in their detection. Proteomics 2012; 12: 752-760 [PMID:
22318877 DOI: 10.1002/ pmic.201100478]

Thelen JJ, Miernyk JA. The proteomic future: where mass
spectrometry should be taking us. Biochem | 2012; 444:
169-181 [PMID: 22574775 DOI: 10.1042/BJ20110363]

Hugot JP, Chamaillard M, Zouali H, Lesage S, Cézard
JP, Belaiche J, Almer S, Tysk C, O’'Morain CA, Gassull M,
Binder V, Finkel Y, Cortot A, Modigliani R, Laurent-Puig
P, Gower-Rousseau C, Macry ], Colombel JF, Sahbatou M,
Thomas G. Association of NOD2 leucine-rich repeat vari-
ants with susceptibility to Crohn’s disease. Nature 2001; 411:
599-603 [PMID: 11385576 DOI: 10.1038/35079107]

Satsangi J, Parkes M, Louis E, Hashimoto L, Kato N, Welsh
K, Terwilliger ]D, Lathrop GM, Bell JI, Jewell DP. Two stage
genome-wide search in inflammatory bowel disease pro-
vides evidence for susceptibility loci on chromosomes 3, 7
and 12. Nat Genet 1996; 14: 199-202 [PMID: 8841195 DOI:
10.1038/ng1096-199]

Weizman AV, Silverberg MS. Have genomic discover-
ies in inflammatory bowel disease translated into clinical
progress? Curr Gastroenterol Rep 2012; 14: 139-145 [PMID:
22302508 DOI: 10.1007/511894-012-0248-6]

Vaiopoulou A, Gazouli M, Theodoropoulos G, Zografos
G. Current advantages in the application of proteomics in
inflammatory bowel disease. Dig Dis Sci 2012; 57: 2755-2764
[PMID: 22740064 DOI: 10.1007/510620-012-2291-4]

Joyner MJ, Pedersen BK. Ten questions about systems biol-
ogy. ] Physiol 2011; 589: 1017-1030 [PMID: 21224238 DOI:
10.1113/jphysiol.2010.201509]

Nagaraj N, Kulak NA, Cox J, Neuhauser N, Mayr K, Hoern-

(49

A
JBaishideng®

WJG | www.wjgnet.com

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

Bennike T et a/. Biomarkers in IBD

ing O, Vorm O, Mann M. System-wide perturbation analy-
sis with nearly complete coverage of the yeast proteome by
single-shot ultra HPLC runs on a bench top Orbitrap. Mol
Cell Proteomics 2012; 11: M111.013722 [PMID: 22021278 DOI:
10.1074/mcp.M111.013722]

Steen H, Mann M. The ABC’s (and XYZ’s) of peptide se-
quencing. Nat Rev Mol Cell Biol 2004; 5: 699-711 [PMID:
15340378 DOL: 10.1038 /nrm1468]

Nagaraj N, Wisniewski JR, Geiger T, Cox ], Kircher M, Kel-
so J, Padbo S, Mann M. Deep proteome and transcriptome
mapping of a human cancer cell line. Mol Syst Biol 2011; 7:
548 [PMID: 22068331 DOI: 10.1038/msb.2011.81]

Michalski A, Cox J, Mann M. More than 100,000 detectable
peptide species elute in single shotgun proteomics runs but
the majority is inaccessible to data-dependent LC-MS/MS.
] Proteome Res 2011; 10: 1785-1793 [PMID: 21309581 DOI:
10.1021/pr101060v]

Cambridge SB, Gnad F, Nguyen C, Bermejo JL, Kriiger
M, Mann M. Systems-wide proteomic analysis in mam-
malian cells reveals conserved, functional protein turnover.
] Proteome Res 2011; 10: 5275-5284 [PMID: 22050367 DOI:
10.1021/pr101183k]

Thakur SS, Geiger T, Chatterjee B, Bandilla P, Frohlich F,
Cox J, Mann M. Deep and highly sensitive proteome cov-
erage by LC-MS/MS without prefractionation. Mol Cell
Proteomics 2011; 10: M110.003699 [PMID: 21586754 DOI:
10.1074/mcp.M110.003699]

Lopes LV, Kussmann M. Proteomics at the interface of psy-
chology, gut physiology and dysfunction: an underexploit-
ed approach that deserves expansion. Expert Rev Proteomics
2011; 8: 605-614 [PMID: 21999831 DOI: 10.1586/ epr.11.50]
Vermeire S, Van Assche G, Rutgeerts P. Laboratory mark-
ers in IBD: useful, magic, or unnecessary toys? Gut 2006; 55:
426-431 [PMID: 16474109 DOI: 10.1136/ gut.2005.069476]
Peyrin-Biroulet L, Standaert-Vitse A, Branche ], Chamail-
lard M. IBD serological panels: facts and perspectives. In-
flamm Bowel Dis 2007; 13: 1561-1566 [PMID: 17636565 DOI:
10.1002/ibd.20226]

Sandborn WJ, Loftus EV, Colombel JF, Fleming KA, Seibold
F, Homburger HA, Sendid B, Chapman RW, Tremaine W],
Kaul DK, Wallace J, Harmsen WS, Zinsmeister AR, Targan
SR. Evaluation of serologic disease markers in a population-
based cohort of patients with ulcerative colitis and Crohn’s
disease. Inflamm Bowel Dis 2001; 7: 192-201 [PMID: 11515844
DOI: 10.1097,/00054725-200108000-00003]

Reumaux D, Sendid B, Poulain D, Duthilleul P, Dewit O,
Colombel JF. Serological markers in inflammatory bowel
diseases. Best Pract Res Clin Gastroenterol 2003; 17: 19-35
[PMID: 12617880 DOI: 10.1053/bega.2002.0347]

Bernstein CN, El-Gabalawy H, Sargent M, Landers C,
Rawsthorne P, Elias B, Targan SR. Assessing inflammatory
bowel disease-associated antibodies in Caucasian and First
Nations cohorts. Can | Gastroenterol 2011; 25: 269-273 [PMID:
21647462]

Peeters M, Joossens S, Vermeire S, Vlietinck R, Bossuyt X,
Rutgeerts P. Diagnostic value of anti-Saccharomyces cerevi-
siae and antineutrophil cytoplasmic autoantibodies in inflam-
matory bowel disease. Am | Gastroenterol 2001; 96: 730-734
[PMID: 11280542 DOI: 10.1111/j.1572-0241.2001.03613.x]
Vermeire S, Van Assche G, Rutgeerts P. C-reactive protein
as a marker for inflammatory bowel disease. Inflamm Bowel
Dis 2004; 10: 661-665 [PMID: 15472532 DOI: 10.1097 /000547
25-200409000-00026]

Meuwis MA, Vernier-Massouille G, Grimaud JC, Bouhnik
Y, Laharie D, Piver E, Seidel L, Colombel JF, Louis E. Serum
calprotectin as a biomarker for Crohn’s disease. | Crohns
Colitis 2013; 7: e678-e683 [PMID: 23845231 DOI: 10.1016/
j.crohns.2013.06.008]

Saverymuttu SH, Hodgson HJ, Chadwick VS, Pepys MB.

March 28, 2014 | Volume 20 | Issue 12 |



49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

Bennike T et a/. Biomarkers in IBD

Differing acute phase responses in Crohn’s disease and ul-
cerative colitis. Gut 1986; 27: 809-813 [PMID: 3732890 DOI:
10.1136/ gut.27.7.809]

Solem CA, Loftus EV, Tremaine W], Harmsen WS, Zins-
meister AR, Sandborn WJ. Correlation of C-reactive protein
with clinical, endoscopic, histologic, and radiographic
activity in inflammatory bowel disease. Inflamm Bowel
Dis 2005; 11: 707-712 [PMID: 16043984 DOI: 10.1097/01.
MIB.0000173271.18319.53]

Burri E, Beglinger C. Faecal calprotectin in the diagnosis of
inflammatory bowel disease. Biochem Med (Zagreb) 2011; 21:
245-253 [PMID: 22420238 DOI: 10.11613/BM.2011.034]
Tamboli CP, Doman DB, Patel A. Current and future role
of biomarkers in Crohn’s disease risk assessment and
treatment. Clin Exp Gastroenterol 2011; 4: 127-140 [PMID:
21753895 DOI: 10.2147/CEG.S18187]

Tibble J, Teahon K, Thjodleifsson B, Roseth A, Sigthorsson
G, Bridger S, Foster R, Sherwood R, Fagerhol M, Bjarnason
I. A simple method for assessing intestinal inflammation
in Crohn’s disease. Gut 2000; 47: 506-513 [PMID: 10986210
DOI: 10.1136/ gut.47.4.506]

Turnbaugh PJ, Ley RE, Hamady M, Fraser-Liggett CM,
Knight R, Gordon JI. The human microbiome project. Na-
ture 2007; 449: 804-810 [PMID: 17943116 DOI: 10.1038/na-
ture06244]

Rosenstiel P. Stories of love and hate: innate immunity
and host-microbe crosstalk in the intestine. Curr Opin Gas-
troenterol 2013; 29: 125-132 [PMID: 23337934 DOI: 10.1097/
MOG.0b013e32835da2c7]

Roseth AG, Fagerhol MK, Aadland E, Schjensby H. Assess-
ment of the neutrophil dominating protein calprotectin in
feces. A methodologic study. Scand | Gastroenterol 1992; 27:
793-798 [PMID: 1411288]

Tibble JA, Sigthorsson G, Foster R, Scott D, Fagerhol MK,
Roseth A, Bjarnason I. High prevalence of NSAID enteropa-
thy as shown by a simple faecal test. Gut 1999; 45: 362-366
[PMID: 10446103]

Manz M, Burri E, Rothen C, Tchanguizi N, Niederberger C,
Rossi L, Beglinger C, Lehmann FS. Value of fecal calprotec-
tin in the evaluation of patients with abdominal discomfort:
an observational study. BMC Gastroenterol 2012; 12: 5 [PMID:
22233279 DOI: 10.1186/1471-230X-12-5]

Kane SV, Sandborn WJ, Rufo PA, Zholudev A, Boone J, Ly-
erly D, Camilleri M, Hanauer SB. Fecal lactoferrin is a sensi-
tive and specific marker in identifying intestinal inflamma-
tion. Am | Gastroenterol 2003; 98: 1309-1314 [PMID: 12818275
DOI: 10.1016/50002-9270(03)00232-6]

Angriman I, Scarpa M, D'Inca R, Basso D, Ruffolo C, Polese
L, Sturniolo GC, D’ Amico DF, Plebani M. Enzymes in feces:
useful markers of chronic inflammatory bowel disease. Clin
Chim Acta 2007; 381: 63-68 [PMID: 17368600 DOI: 10.1016/
j.cca.2007.02.025]

Schoepfer AM, 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. Inflamm Bowel Dis 2008; 14: 32-39 [PMID:
17924558 DOI: 10.1002/ibd.20275]

Langhorst J, Elsenbruch S, Koelzer J, Rueffer A, Michalsen
A, Dobos GJ. Noninvasive markers in the assessment
of intestinal inflammation in inflammatory bowel dis-
eases: performance of fecal lactoferrin, calprotectin, and
PMN-elastase, CRP, and clinical indices. Am | Gastroen-
terol 2008; 103: 162-169 [PMID: 17916108 DOI: 10.1111/
j.1572-0241.2007.01556.x]

Schoepfer AM, Trummler M, Seeholzer P, Criblez DH, Sei-
bold F. Accuracy of four fecal assays in the diagnosis of coli-
tis. Dis Colon Rectum 2007; 50: 1697-1706 [PMID: 17762964
DOI: 10.1007/s10350-007-0303-9]

Joishy M, Davies I, Ahmed M, Wassel ], Davies K, Sayers A,

(49

A
JBaishideng®

WJG | www.wjgnet.com

64

65

66

67

68

69

70

71

72

73

74

75

Jenkins H. Fecal calprotectin and lactoferrin as noninvasive
markers of pediatric inflammatory bowel disease. | Pediatr
Gastroenterol Nutr 2009; 48: 48-54 [PMID: 19172123 DOI:
10.1097 /MPG.0b013e31816533d3]

Bunn SK, Bisset WM, Main M], Gray ES, Olson S, Golden
BE. Fecal calprotectin: validation as a noninvasive measure
of bowel inflammation in childhood inflammatory bowel
disease. | Pediatr Gastroenterol Nutr 2001; 33: 14-22 [PMID:
11479402]

Plevy S, Silverberg MS, Lockton S, Stockfisch T, Croner L,
Stachelski J, Brown M, Triggs C, Chuang E, Princen F, Singh
S. Combined serological, genetic, and inflammatory mark-
ers differentiate non-IBD, Crohn’s disease, and ulcerative
colitis patients. Inflamm Bowel Dis 2013; 19: 1139-1148 [PMID:
23518807 DOI: 10.1097 /MIB.0b013e318280b19€]
Barcelé6-Batllori S, André M, Servis C, Lévy N, Takikawa O,
Michetti P, Reymond M, Felley-Bosco E. Proteomic analysis
of cytokine induced proteins in human intestinal epithelial
cells: implications for inflammatory bowel diseases. Pro-
teomics 2002; 2: 551-560 [PMID: 11987129 DOI: 10.1002/1615
-9861(200205)2:5<551:: AID-PROT551>3.0.CO;2-O]
Hardwidge PR, Rodriguez-Escudero I, Goode D, Donohoe S,
Eng ], Goodlett DR, Aebersold R, Finlay BB. Proteomic anal-
ysis of the intestinal epithelial cell response to enteropatho-
genic Escherichia coli. | Biol Chem 2004; 279: 20127-20136
[PMID: 14988394 DOI: 10.1074/jbc.M401228200]

Hsieh SY, Shih TC, Yeh CY, Lin CJ, Chou YY, Lee YS.
Comparative proteomic studies on the pathogenesis of hu-
man ulcerative colitis. Proteomics 2006; 6: 5322-5331 [PMID:
16947118 DOI: 10.1002/ pmic.200500541]

Shkoda A, Werner T, Daniel H, Gunckel M, Rogler G,
Haller D. Differential protein expression profile in the in-
testinal epithelium from patients with inflammatory bowel
disease. | Proteome Res 2007; 6: 1114-1125 [PMID: 17330946
DOI: 10.1021/ pr060433m]

Meuwis MA, Fillet M, Lutteri L, Marée R, Geurts P, de Seny
D, Malaise M, Chapelle JP, Wehenkel L, Belaiche ], Merville
MP, Louis E. Proteomics for prediction and characteriza-
tion of response to infliximab in Crohn’s disease: a pilot
study. Clin Biochem 2008; 41: 960-967 [PMID: 18489908 DOI:
10.1016/j.clinbiochem.2008.04.021]

Nanni P, Parisi D, Roda G, Casale M, Belluzzi A, Roda E,
Mayer L, Roda A. Serum protein profiling in patients with
inflammatory bowel diseases using selective solid-phase
bulk extraction, matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry and chemometric data
analysis. Rapid Commun Mass Spectrom 2007; 21: 4142-4148
[PMID: 18022963 DOI: 10.1002/rcm.3323]

Nanni P, Mezzanotte L, Roda G, Caponi A, Levander F,
James P, Roda A. Differential proteomic analysis of HT29
Cl.16E and intestinal epithelial cells by LC ESI/QTOF mass
spectrometry. ] Proteomics 2009; 72: 865-873 [PMID: 19168159
DOI: 10.1016/j.jprot.2008.12.010]

Hatsugai M, Kurokawa MS, Kouro T, Nagai K, Arito M,
Masuko K, Suematsu N, Okamoto K, Itoh F, Kato T. Protein
profiles of peripheral blood mononuclear cells are useful for
differential diagnosis of ulcerative colitis and Crohn’s dis-
ease. | Gastroenterol 2010; 45: 488-500 [PMID: 20049485 DOI:
10.1007 /500535-009-0183-y]

M’Koma AE, Seeley EH, Washington MK, Schwartz DA,
Muldoon RL, Herline AJ, Wise PE, Caprioli RM. Proteomic
profiling of mucosal and submucosal colonic tissues yields
protein signatures that differentiate the inflammatory coliti-
des. Inflamm Bowel Dis 2011; 17: 875-883 [PMID: 20806340
DOI: 10.1002/ibd.21442]

Presley LL, Ye ], Li X, Leblanc J, Zhang Z, Ruegger PM,
Allard J, McGovern D, Ippoliti A, Roth B, Cui X, Jeske DR,
Elashoff D, Goodglick L, Braun J, Borneman J. Host-microbe
relationships in inflammatory bowel disease detected

March 28, 2014 | Volume 20 | Issue 12 |



76

78

79

80

81

82

83

84

85

86

87

88

89

by bacterial and metaproteomic analysis of the mucosal-
luminal interface. Inflamm Bowel Dis 2012; 18: 409-417 [PMID:
21698720 DOI: 10.1002/ibd.21793]

Seeley EH, Washington MK, Caprioli RM, M'Koma AE. Pro-
teomic patterns of colonic mucosal tissues delineate Crohn’
s colitis and ulcerative colitis. Proteomics Clin Appl 2013; 7:
541-549 [PMID: 23382084 DOI: 10.1002/ prca.201200107]
Gazouli M, Anagnostopoulos AK, Papadopoulou A, Va-
iopoulou A, Papamichael K, Mantzaris G, Theodoro-
poulos GE, Anagnou NP, Tsangaris GT. Serum protein
profile of Crohn’s disease treated with infliximab. | Crohns
Colitis 2013; 7: e461-e470 [PMID: 23562004 DOI: 10.1016/
j.crohns.2013.02.021]

Alex P, Gucek M, Li X. Applications of proteomics in the
study of inflammatory bowel diseases: Current status
and future directions with available technologies. Inflamm
Bowel Dis 2009; 15: 616-629 [PMID: 18844215 DOI: 10.1002/
ibd.20652]

Hall DA, Ptacek ], Snyder M. Protein microarray technol-
ogy. Mech Ageing Dev 2007; 128: 161-167 [PMID: 17126887
DOI: 10.1016/j.mad.2006.11.021]

Hermansson M, Artemenko K, Ossipova E, Eriksson H,
Lengqvist J, Makrygiannakis D, Catrina Al, Nicholas AP,
Klareskog L, Savitski M, Zubarev RA, Jakobsson PJ. MS
analysis of rheumatoid arthritic synovial tissue identi-
fies specific citrullination sites on fibrinogen. Proteomics
Clin Appl 2010; 4: 511-518 [PMID: 21137068 DOI: 10.1002/
prca.200900088]

Tabushi Y, Nakanishi T, Takeuchi T, Nakajima M, Ueda
K, Kotani T, Makino S, Shimizu A, Hanafusa T, Takubo T.
Detection of citrullinated proteins in synovial fluids derived
from patients with rheumatoid arthritis by proteomics-
based analysis. Ann Clin Biochem 2008; 45: 413-417 [PMID:
18583628 DOI: 10.1258/ acb.2007.007205]

Kinloch A, Lundberg K, Wait R, Wegner N, Lim NH, Zend-
man AJ, Saxne T, Malmstrom V, Venables PJ. Synovial fluid
is a site of citrullination of autoantigens in inflammatory ar-
thritis. Arthritis Rheum 2008; 58: 2287-2295 [PMID: 18668562
DOI: 10.1002/ art.23618]

van Venrooij WJ, van Beers JJ, Pruijn GJ. Anti-CCP antibodies:
the past, the present and the future. Nat Rev Rheumatol 2011; 7:
391-398 [PMID: 21647203 DOI: 10.1038/nrrheum.2011.76]
Slade DJ, Subramanian V, Fuhrmann J, Thompson PR.
Chemical and biological methods to detect posttranslational
modifications of arginine. Biopolymers 2013; Epub ahead of
print [PMID: 23576281 DOI: 10.1002/bip.22256]
Schrattenholz A, Groebe K, Soskic V. Systems biology ap-
proaches and tools for analysis of interactomes and multi-
target drugs. Methods Mol Biol 2010; 662: 29-58 [PMID:
20824465 DOI: 10.1007/978-1-60761-800-3_2]

Seo J, Jeong J, Kim YM, Hwang N, Paek E, Lee K]. Strategy
for comprehensive identification of post-translational modi-
fications in cellular proteins, including low abundant modi-
fications: application to glyceraldehyde-3-phosphate dehy-
drogenase. | Proteome Res 2008; 7: 587-602 [PMID: 18183946
DOI: 10.1021/ pr700657y]

Arnesen T, Van Damme P, Polevoda B, Helsens K, Evjenth
R, Colaert N, Varhaug JE, Vandekerckhove J, Lillehaug JR,
Sherman F, Gevaert K. Proteomics analyses reveal the evo-
lutionary conservation and divergence of N-terminal acet-
yltransferases from yeast and humans. Proc Natl Acad Sci
USA 2009; 106: 8157-8162 [PMID: 19420222 DOI: 10.1073/
pnas.0901931106]

Gyorgy B, Toth E, Tarcsa E, Falus A, Buzas EI. Citrullina-
tion: a posttranslational modification in health and disease.
Int ] Biochem Cell Biol 2006; 38: 1662-1677 [PMID: 16730216
DOI: 10.1016/j.biocel.2006.03.008]

Curis E, Nicolis I, Moinard C, Osowska S, Zerrouk N, Bé-
nazeth S, Cynober L. Almost all about citrulline in mam-

(49

A
JBaishideng®

WJG | www.wjgnet.com

90

91

92

93

94

95

96

97

98

99

100

101

102

Bennike T et a/. Biomarkers in IBD

mals. Amino Acids 2005; 29: 177-205 [PMID: 16082501 DOI:
10.1007/500726-005-0235-4]

Ishigami A, Ohsawa T, Hiratsuka M, Taguchi H, Ko-
bayashi S, Saito Y, Murayama S, Asaga H, Toda T, Kimura
N, Maruyama N. Abnormal accumulation of citrullinated
proteins catalyzed by peptidylarginine deiminase in hip-
pocampal extracts from patients with Alzheimer’s disease.
J Neurosci Res 2005; 80: 120-128 [PMID: 15704193 DOI:
10.1002/jnr.20431]

Wegner N, Lundberg K, Kinloch A, Fisher B, Malmstrom
V, Feldmann M, Venables PJ. Autoimmunity to specific
citrullinated proteins gives the first clues to the etiology of
rheumatoid arthritis. Immunol Rev 2010; 233: 34-54 [PMID:
20192991 DOI: 10.1111/§.0105-2896.2009.00850.x]

Klareskog L, Stolt P, Lundberg K, Killberg H, Bengtsson C,
Grunewald J, Ronnelid J, Harris HE, Ulfgren AK, Rantap&a-
Dahlqvist S, Eklund A, Padyukov L, Alfredsson L. A new
model for an etiology of rheumatoid arthritis: smoking may
trigger HLA-DR (shared epitope)-restricted immune reac-
tions to autoantigens modified by citrullination. Arthritis
Rheum 2006; 54: 38-46 [PMID: 16385494 DOI: 10.1002/
art.21575]

Mahdi H, Fisher BA, Killberg H, Plant D, Malmstréom V,
Ronnelid J, Charles P, Ding B, Alfredsson L, Padyukov
L, Symmons DP, Venables PJ, Klareskog L, Lundberg K.
Specific interaction between genotype, smoking and auto-
immunity to citrullinated alpha-enolase in the etiology of
rheumatoid arthritis. Nat Genet 2009; 41: 1319-1324 [PMID:
19898480 DOI: 10.1038/ng.480]

Bang SY, Lee KH, Cho SK, Lee HS, Lee KW, Bae SC. Smok-
ing increases rheumatoid arthritis susceptibility in indi-
viduals carrying the HLA-DRBI1 shared epitope, regardless
of rheumatoid factor or anti-cyclic citrullinated peptide
antibody status. Arthritis Rheum 2010; 62: 369-377 [PMID:
20112396 DOI: 10.1002/ art.27272]

Silman AJ, Newman ], MacGregor AJ. Cigarette smoking
increases the risk of rheumatoid arthritis. Results from a na-
tionwide study of disease-discordant twins. Arthritis Rheum
1996; 39: 732-735 [PMID: 8639169]

Ernst A, Jacobsen B, Qstergaard M, Okkels H, Andersen V,
Dagiliene E, Pedersen IS, Thorsgaard N, Drewes AM, Kra-
rup HB. Mutations in CARD15 and smoking confer suscep-
tibility to Crohn’s disease in the Danish population. Scand
] Gastroenterol 2007; 42: 1445-1451 [PMID: 17852840 DOI:
10.1080/00365520701427102]

Mahid SS, Minor KS, Soto RE, Hornung CA, Galandiuk S.
Smoking and inflammatory bowel disease: a meta-analysis.
Mayo Clin Proc 2006; 81: 1462-1471 [PMID: 17120402 DOI:
10.4065/81.11.1462]

Higuchi LM, Khalili H, Chan AT, Richter JM, Bousvaros A,
Fuchs CS. A prospective study of cigarette smoking and the
risk of inflammatory bowel disease in women. Am | Gastro-
enterol 2012; 107: 1399-1406 [PMID: 22777340 DOI: 10.1038/
ajg.2012.196]

Lindberg E, Tysk C, Andersson K, Jarnerot G. Smoking and
inflammatory bowel disease. A case control study. Gut 1988;
29: 352-357 [PMID: 3356367 DOI: 10.1136/ gut.29.3.352]
Garcia Rodriguez LA, Gonzalez-Pérez A, Johansson S, Wal-
lander MA. Risk factors for inflammatory bowel disease in the
general population. Aliment Pharmacol Ther 2005; 22: 309-315
[PMID: 16097997 DOI: 10.1111/j.1365-2036.2005.02564.x]
Tutturen AE, Holm A, Jorgensen M, Stadtmiiller P, Rise F,
Fleckenstein B. A technique for the specific enrichment of
citrulline-containing peptides. Anal Biochem 2010; 403: 43-51
[PMID: 20399192 DOI: 10.1016/j.ab.2010.04.012]

De Ceuleneer M, De Wit V, Van Steendam K, Van Nieuw-
erburgh F, Tilleman K, Deforce D. Modification of citrulline
residues with 2,3-butanedione facilitates their detection by
liquid chromatography/mass spectrometry. Rapid Commun

March 28, 2014 | Volume 20 | Issue 12 |



Bennike T et a/. Biomarkers in IBD

Mass Spectrom 2011; 25: 1536-1542 [PMID: 21594927 DOI: [PMID: 19200748 DOI: 10.1016/j.jasms.2008.12.012]
10.1002/rcm.5015] 104 Bennike T, Lauridsen KB, Olesen MK, Andersen V, Birke-
103 Hao G, Wang D, Gu ], Shen Q, Gross SS, Wang Y. Neutral lund S, Stensballe A. Optimizing the Identification of Citrul-
loss of isocyanic acid in peptide CID spectra: a novel diag- linated Peptides by Mass Spectrometry: Utilizing the Inabil-
nostic marker for mass spectrometric identification of pro- ity of Trypsin to Cleave after Citrullinated Amino Acids. |
tein citrullination. ] Am Soc Mass Spectrom 2009; 20: 723-727 Proteomics Bioinform 2013; 6: 12 [DOI: 10.4172/jpb.1000293]

P- Reviewers: Iera E, Rabago L S- Editor: Gou SX L- Editor: A
E- Editor: Ma S

(49

3.,;;,&;:,.,,@ WJG | www.wjgnet.com 3244 March 28, 2014 | Volume 20 | Issue 12 |



7B
JRnishideng®

Published by Baishideng Publishing Group Co., Limited
Flat C, 23/F., Lucky Plaza,
315-321 Lockhart Road, Wan Chai, Hong Kong, China
Fax: +852-65557188
Telephone: +852-31779906
E-mail: bpgoffice@wjgnet.com
http://www.wjgnet.com

ISSN1007-9327

9%7 5

71007793204 H

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




