Clin Chem Lab Med 2020; 58(6): 968-979

DE GRUYTER

Daniela Basso*, Andrea Padoan, Renata D’Inca, Giorgio Arrigoni, Maria Luisa Scapellato,
Nicole Contran, Cinzia Franchin, Greta Lorenzon, Claudia Mescoli, Stefania Moz,
Dania Bozzato, Massimo Rugge and Mario Plebani

Peptidomic and proteomic analysis of stool
for diagnosing IBD and deciphering disease

pathogenesis

https://doi.org/10.1515/cclm-2019-1125
Received October 30, 2019; accepted March 2, 2020; previously
published online March 26, 2020

Abstract

Background: The sensitivities and specificities of
C-reactive protein (CRP) and faecal calprotectin (fCal),
as recommended for inflammatory bowel diseases (IBD)
diagnosis and monitoring, are low. Our aim was to dis-
cover new stool protein/peptide biomarkers for diagnos-
ing IBD.

Methods: For peptides, MALDI-TOF/MS (m/z 1000-4000)
was performed using stools from an exploratory (34 con-
trols; 72 Crohn’s disease [CD], 56 ulcerative colitis [UC])
and a validation (28 controls, 27 CD, 15 UC) cohort. For
proteins, LTQ-Orbitrap XL MS analysis (6 controls, 5 CD,
5 UC) was performed.

Results: MALDI-TOF/MS spectra of IBD patients had
numerous features, unlike controls. Overall, 426 fea-
tures (67 control-associated, 359 IBD-associated) were
identified. Spectra were classified as control or IBD
(absence or presence of IBD-associated features). In
the exploratory cohort, the sensitivity and specificity of
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this classification algorithm were 81% and 97%, respec-
tively. Blind analysis of the validation cohort confirmed
97% specificity, with a lower sensitivity (55%) parallel-
ing active disease frequency. Following binary logistic
regression analysis, IBD was independently correlated
with MALDI-TOF/MS spectra (p <0.0001), outperform-
ing fCal measurements (p=0.029). The IBD-correlated
m/z 1810.8 feature was a fragment of APC2, homologous
with APC, over-expressed by infiltrating cells lining
the surface in UC or the muscularis-mucosae in CD
(assessed by immunohistochemistry). IBD-associated
over-expressed proteins included immunoglobulins and
neutrophil proteins, while those under-expressed com-
prised proteins of the nucleic acid assembly or those
(OLFM4, ENPP7?) related to cancer risk.

Conclusions: Our study provides evidence for the clini-
cal utility of a novel proteomic method for diagnos-
ing IBD and insight on the pathogenic role of APC.
Moreover, the newly described IBD-associated proteins
might become tools for cancer risk assessment in IBD
patients.

Keywords: faecal calprotectin; MALDI-TOF; Orbitrap;
proteomics; stool.

Introduction

The incidence of inflammatory bowel diseases (IBD) is
increasing worldwide [1-3]. At onset, the symptoms of
the two main clinical IBD subtypes, Crohn’s disease (CD)
and ulcerative colitis (UC), are often common to func-
tional disorders such as irritable bowel syndrome (IBS),
thus causing delay in diagnosis. Intestinal inflammation
with flares and remissions is a hallmark of IBD, with
different pro-inflammatory cells that release inflam-
matory cytokines and chemokines abundantly present
within the intestinal mucosa [4-6]. The sensitivities and
specificities of blood inflammatory biomarkers, mainly
C-reactive protein (CRP), erythrocyte sedimentation rate
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(ESR), white blood cells and platelet counts are very
limited [7]. Faecal inflammatory biomarkers, mainly
calprotectin (fCal), are more reliable indices of the intes-
tinal inflammation typical of IBD [8-11]. fCal is currently
recommended for distinguishing between IBD from IBS
and also for IBD monitoring [12-16]. However, neither
the sensitivity nor specificity of fCal exceed 80% for IBD
diagnosis [17], with further reductions in reliability in
the presence of mild forms of the disease [18]. Moreover,
none of the blood and faecal inflammatory biomark-
ers studied so far allow CD to be distinguished from
UC. In this setting, ASCA and pANCA determinations
in blood have sensitivities that do not exceed 65% and
specificities of only around 80% [19].

The approaches reported in the literature in the
search for new biomarkers for IBD diagnosis include
microRNA expression profiling of circulating blood
mononuclear cells, metabolomic profiling, microbiota
characterisation as well as proteomic studies focus-
ing on the search for differentially expressed proteins
in tissue samples [20-22]. Among the novel biomark-
ers proposed, however, none has proven to outperform
the established inflammatory indices in distinguishing
between IBD and IBS nor in distinguishing between CD
and UC [23].

A complex inflammatory condition, such as IBD, is
expected to be associated with an increased mucosal
accumulation and release of inflammatory biomarkers
into the faecal stream. This includes, but is not limited
to, fCal. In agreement with this, Lehmann et al. demon-
strated that the most significant alterations of the human
faecal proteome between IBD patients and healthy indi-
viduals included not only inflammatory proteins but
also immunoglobulins, antimicrobial and cell integrity
proteins [24]. Proteases are also involved in the inflam-
matory process, and, in line with this, increased matrix
metalloproteases, such as MMPY9, have been found in
IBD diseased mucosa and in stool [25, 26]. Therefore,
in IBD it might be expected that an increased mucosal
accumulation of inflammatory proteins and proteases
that enhance protein fragmentation occurs, with a con-
sequent accumulation of peptides in stool. An integrated
approach aimed to evaluate both peptides and proteins
in stool might enhance the chance to discover not only
new biomarkers for IBD diagnosis but also to identify
new molecular pathways involved in disease pathogen-
esis and outcome. Therefore, the aim of the present pro-
spective study was to analyse the faecal peptidome and
proteome in IBD patients, comparing them with values
in healthy subjects by using high throughput techniques,
namely, MALDI-TOF/MS and LTQ-Orbitrap XL MS.
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Materials and methods

Study population

This prospective study was approved by the local Ethics Committee
(Prot. 3756/A0/16), and fully informed consent was obtained in writ-
ing from all cases and controls. A total of 175 IBD patients (74 F, 101 M;
age range 17-83 years) and 62 healthy controls (23 F, 39 M; age range
30-63 years) were consecutively enrolled from September 2016 to Feb-
ruary 2019. No statistically significant differences between patients
and controls were found for sex and age (Table 1). Patients with
histologically confirmed IBD were recruited during outpatient moni-
toring visits. None of the subjects in the control group, which com-
prised University-Hospital of Padova employees already included in
the standard occupational program, had intestinal symptoms or a his-
tory of intestinal disease. The demographic, clinical and biochemical
characteristics of patients and controls are reported in Table 1. Blood
indices were classified as follows: (1) white blood cells count (WBC):
normal if comprised within the reference range, reduced if below
the lower (4.4x10°/L) and increased if above the upper (11.0 x 10°/L)
limits of the reference range; (2) haemoglobin (Hb): normal if within
and reduced if below the lower reference range limit (123-153 g/L for
women and 140-175 g/L for men); (3) serum CRP: normal if within
and increased if above the upper reference range limit (0-6 mg/L);
(4) plasma alanine aminotransferase (ALT): normal if within and
increased if above the upper reference range limit (735 U/L for women
and 10-50 U/L for men); (5) faecal occult blood test (FOBT): negative
or positive if below or above 100 ng/mL, respectively; (6) fCal: negative
or positive if below/equal to or above 50 g/g, respectively. The char-
acterisation of IBD patients is detailed in Table 2. Disease location was
classified according to the Montreal Classification [27]. Disease activ-
ity was evaluated on the basis of the disease activity indices (Harvey-
Bradshow index [HBI] for CD and partial Mayo score [PMS] for UC),
the inflammatory markers CRP and fCal and endoscopic and histologi-
cal findings. Complete remission (CR) was defined by HBI <3 points in
CD and PMS <2 points in UC. Deep remission (DR) was defined on the
basis of the association of CR with endoscopic remission and/or fCal
<70 ug/g and CRP levels of <6 mg/L [28].

Biochemical markers analyses

Blood, plasma, serum and faecal (FOBT and fCal) biochemical data
were analysed by the routine procedures of the Department of Labo-
ratory Medicine, University-Hospital of Padova, which has obtained
the ISO 9001 certification in 1997, the ISO 15189:2012 and the CPA-
UK accreditations in 2016 and 1995, respectively. They are detailed in
Supplementary Materials and Methods.

Faecal MALDI-TOF/MS peptidomic analyses

Faecal samples from the first bowel movement of the day, obtained
from all cases and controls at enrolment, were refrigerated for up to
4 h before delivery to the laboratory. Following arrival in the labora-
tory, a total of 100 mg of each faecal sample was resuspended in
100 uL of ultrapure water (100% w/v), vigorously mixed for 5 min
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Table 1: Descriptive statistics of controls and IBD patients.
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Controls Crohn’s disease Ulcerative colitis Unclassified Statistics®

Cases number (exploratory/validation cohort) 62 (34/28) 99 (72/27) 71(56/15) 5(5/0)
Sex, females/males 23/39 40/59 31/40 3/2 p=0.712
Age years, mean+SD 4918 47 +£15 50+15 48+27 F=0.70,p=0.5555
Family history of Crohn’s disease, positive 1/62(2) 11/99(11) 3/71(4) 0/5(0) p=0.153
cases/total, %
Family history of ulcerative colitis, positive 1/62(2) 8/99 (8) 8/71(11) 0/5(0) p=0.152
cases/total, %
Smoking habits, positive cases/total, % 5/51(10) 19/95 (20) 12/66 (18) 0/5(0) p=0.356
Alcohol consumption, positive cases/total, % 13/51 (25) 14/95 (15) 9/66 (14) 0/5(0) p=0.267
WBC, positive cases/total, %

<4.4x10%/L 6/61(10) 6/85 (7) 2/60 (3) 0/5(0) p=0.671

4.4-11.0x10%/L 54/61 (89) 75/85 (88) 57/60 (95) 5/5(100)

>11.0x103/L 1/61 (1) 4/85 (5) 1/60(2) 0/5 (0)
Haemoglobin <123 g/L for females and 4/61 (7) 25/92(27) 16/66 (24) 3/5(60) p=0.001
140 g/L for males, positive cases/total, %
CRP >6 g/L, positive cases/total, % 0/62 (0) 9/86 (10) 11/63(17) 0/2(0) p=0.002
ALT >35 U/L for females and 50 U/L for 4/58(7) 4/65 (6) 2/47 (4) 0/3(0) p=0.933
males, positive cases/total, %
FOBT, positive cases/total, % 1/60(2) 20/96 (21) 19/68 (28) 1/5(20) p<0.0001
Faecal calprotectin g/g, mean+SEM 77+19 410+ 62° 527+81° 672+£389* F=7.88,p=0.0001
Faecal calprotectin >50 ug/sg, 27/60 (45%) 75/99 (76%) 58/71 (82%) 4/5(80%) p<0.0001

positive cases/total, %

aFisher’s exact test and one-way ANOVA; "Bonferroni’s test for pairwise comparisons: p <0.001 with respect to controls.

Table 2: Clinical characteristic of IBD patients with Crohn’s disease or ulcerative colitis.

Crohn’s disease (n=99)

Ulcerative colitis (n=71)

Statistical analysis

HBI and PMS HBI 0=57
HBI1=17
HBI2=11

HBI3=2
HBl 4=4

HBI>4=8
Disease location L1=25(25%)

L2=29 (29%)

L3=45 (46%)

Disease duration, years (mean+SE)  13+0.9

Previous surgery Yes=37 (37%)
No=62 (63%)
Remission DR=22 (22%)

CR=51(52%)
Active=26 (26%)
Therapy AZA/6MP =14 (14%)
Mesalazine=73 (74%)
MTX=2 (2%)
Steroids =4 (4%)

Biological agents=41/99 (41%)
Infliximab=24/41 (59%)

Golimumab=0/41 (0)

Adalimumab=17/41 (41%)

PMS 0=41
PMS 1=9
PMS 2=6
PMS 3=4
PMS 4=5
PMS >4=6
E1=14(20%)
E2=10(14%)
E3=47 (66%)

14+1.3

Yes=3 (4%)

No=68 (96%)

DR=14 (20%)

CR=26 (37%)
Active=31 (44%)
AZA/6MP=11 (15%)
Mesalazine=57 (80%)
MTX=1 (1%)
Steroids=6 (8%)

Infliximab=10/18 (56%)
Golimumab=3/18 (17%)

Adalimumab=5/18 (27%)

t=-0.5612, p=0.575
Fisher’s exact test: p<0.001

Fisher’s exact test: p=0.053

Fisher’s exact test: p=0.829
Fisher’s exact test: p=0.363
Fisher’s exact test: p=0.999
Fisher’s exact test: p=0.323

Biological agents=18/71(25%) Fisher’s exact test: p=0.001

L1, ileal; L2, colonic; L3, ileocolonic; E1, ulcerative proctitis; E2, left sided UC (distal UC); E3, extensive UC (pancolitis); CR, complete
remission; DR, deep remission; AZA, azathioprine; 6MP, 6-mercaptopurine; MTX, methotrexate.
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and then centrifuged for 30 min at 15,000 g. Supernatants contain-
ing peptide extracts were immediately frozen at —-80 °C and stored
for no more than 3 months until MALDI-TOF/MS analyses, performed
by means of the patented method (Italian Economic Development
Ministry Number 102018000005689, 24 May 2018; WO 2019/224663
Al, 28 November 2019) as detailed in Supplementary Materials and
Methods. Within laboratory reproducibility and repeatability of
MALDI-TOF/MS were evaluated prior to stool sample analyses of IBD
patients and controls. Two stool samples were analysed in batch
four times for repeatability, one representative result being shown
in Supplementary Figure 1. Within laboratory reproducibility was
evaluated by replicating the assays of two samples in three consecu-
tive days (representative results in Supplementary Figure 1).

MS-Tag bioinformatic analyses

MALDI-TOF/MS-MS spectra were analysed by the MS-Tag data-
base search program of ProteinProspector (http://prospector.ucsf.
edu/prospector/mshome.htm). Searches were performed against
SwissProt.2016.9.6 human database using the following parameters:
no enzyme, methionine oxidation, instrument MALDI-TOF-TOF and
variable modifications.

SDS-PAGE electrophoresis

SDS-PAGE electrophoresis was performed by loading a total of 8 g
of protein for each sample onto a precast gel (NuPAGE, 4%-12%
Bis-Tris, Life Technologies, Monza, Italy), as detailed in Supplemen-
tary Materials and Methods.

Faecal LTQ-Orbitrap proteomic analyses

Three pools of faecal samples were prepared. The first pool was
made of six healthy control faecal samples (final protein concentra-
tion: 5 ug/uL). The second and third pools were made of five UC and
five CD faecal samples (final protein concentration: 4.4 ug/uL and
4.6 ug/uL, respectively). LTQ-Orbitrap XL mass spectrometry was
performed as detailed in Supplementary Materials and Methods.

Immunohistochemistry

We tested the anti-APC antibody in formalin fixed, paraffin
embedded tissue samples obtained from colonic wall of patients
having undergone surgical procedures for IBD (CD and UC),
diverticulitis or colorectal cancer. From each paraffin embedded
specimen, one histological section (2 um thick) was obtained. All
histological slides were automatically stained with anti-APC (rab-
bit antibody; working dilution 1:50, Sigma-Aldrich) using a LEICA
Bond III immunostainer.

Statistical analyses

Descriptive statistics were used to explore data by using mean and
standard deviation or median and interquartile range (IRQ), where
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appropriate. Fishers’ exact and chi square tests were used with
categorical data. One way analysis of variance (ANOVA) was used
with continuous data to evaluate differences among groups. Logis-
tic regression analyses were performed for predicting the diagnosis
condition by different independent variables. Stata v13.1 (Statacorp,
LakeWay Drive, TX, USA) was used for the analyses.

Results

The clinical characteristics of patients and controls are
detailed in Tables 1 and 2. IBD patients comprised 99 CD,
71 UC and five patients with unclassified IBD. The explora-
tory cohort comprised patients and controls enrolled from
September 2016 to September 2017 (34 controls, 72 CD,
56 UC and 5 unclassified IBD). The validation cohort com-
prised patients enrolled from October 2017 to February
2019 (28 controls, 27 CD and 15 UC). Exploratory cohort
MALDI-TOF/MS analysis of faecal peptidomic profiles in
the m/z range 1000-4000 identified a total of 438 fea-
tures. Some features were common to patients and con-
trols, while others were almost exclusively measured in
either patients or controls (Supplementary Table 1). The
spectra of control subjects were devoid of features (flat
spectra) in 13/34 (38%) cases, a representative result being
shown in Figure 1A. Similar flat spectra were found in a
lower percentage (17/133, 13%) of patient samples (Pearson
X?=11.904, p=0.001). In 21/34 control samples, MALDI-
TOF/MS spectra were characterised by the presence of one
or more features (representative example in Figure 1B), that
belonged to the 79 control features or shared features list
reported in Supplementary Table 1. The spectra of patient
samples appeared much more numerous in features (rep-
resentative examples in Figure 1C—F). On the basis of the
high enrichment in features found in stool samples from
IBD patients, we verified whether parallel variations could
be observed in stool proteins by performing SDS-PAGE
electrophoresis in a subset of 109 IBD patients (65 males,
44 females; mean age + DS=49 +16 years) and 81 controls
(48 males, 33 females; mean age + SD =50 + 8 years). Sup-
plementary Figure 2 shows the results of a representative
SDS-PAGE experiment.

The MALDI-TOF/MS features collected from the
exploratory cohort included 67/438 (15.3%) features
shared between IBD patients and controls (shared fea-
tures listed in Supplementary Table 1) and 359/438
(81.9%) disease-associated features (IBD features listed
in Supplementary Table 1). Twelve out of 438 features
(2.8%) were found only in control samples (control
features listed in Supplementary Table 1). MALDI-TOF/
MS spectra were evaluated and classified as control or
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Figure 1: Faecal peptidomic profiling.
Representative MALDI-TOF/MS spectra in the m/z1000-4000 range. Control spectra without features (A) or with control-associated and
shared features (B). (C and D) Crohn’s disease spectra. (E and F) Ulcerative colitis spectra.

IBD spectra

on the basis of the following criteria: (1)

control spectra if flat or showing only control or shared

features; (2)

IBD spectra if showing at least one IBD

associated feature. The same criteria were then adopted
to classify in blind MALDI-TOF/MS spectra obtained

from sample

s of the validation cohort. Table 3 reports

ai.

9000

6000

3000

DE GRUYTER

0 a
1000 2000 2500

m/z

1500 3000

ali.

180,000
150,000
120,000
90,000
60,000
owﬂ‘uhm“;... J _.

1000 1500 2000 2500
m/z

3000

ali.

12,000 -

16398448

9000 -

6000 -

3000 +

1000 1500 2000

2500
m/z

3000

3500 4000

3500 4000

2HCCA A »

F

3500 4000

sensitivity, specificity and positive and negative pre-
dictive values of the above described MALDI-TOF/MS
spectra classification in distinguishing controls from
IBD patients in the exploratory and in the validation
cohorts. For comparison fCal results at 50 ug/g cutoff
are reported in the two cohorts. IBD MALDI-TOF/MS
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Table 3: Sensitivity, specificity and positive (PPV) and negative (NPV) predictive values of MALDI-TOF/MS spectra classification obtained in

the exploratory and validation cohorts.

C(n=34) CD(n=72) UC(n=56) Un-IBD(n=5) Sensitivity% Specificity % PPV % NPV %
(95% CI) (95% CI) (95% CI) (95% Cl)

Exploratory cohort
Control/IBD 33/1 13/59 12/44 0/5 81.20 97.06 99.08 56.90
spectra, cases nr. (73.52-87.45) (84.67-99.93) (93.99-99.87) (47.99-65.38)
Negative/positive 22/12 16/56 12/44 1/4 78.20 64.71 89.66 43.14
fCal, cases, no. (70.21-84.88) (46.49-80.25) (84.50-93.24) (33.57-53.25)
C(n=28) CD(n=27) UC(n=15) Un-IBD(n=0) Sensitivity% Specificity % PPV % NPV %
(95% CI) (95% C1) (95% CI) (95% CI)

Validation cohort

Control/IBD 27/1 13/14 6/9 0/0 54.76 96.43 95.83 58.70
spectra, cases nr. (38.67-70.15) (81.65-99.91) (76.70-99.38) (50.28-66.63)
Negative/positive 12/16 8/19 1/14 0/0 78.57 42.86 67.35 57.14

fCal, cases, no.

(63.19-89.70) (24.46-62.82) (59.06-74.68) (39.36-73.26)

For comparative purposes, faecal calprotectin (fCal) results obtained in the same cohorts are reported. fCal findings were considered
positive if above 50 ug/g. C, controls; CD, Crohn’s disease; UC, ulcerative colitis, Un-IBD, unclassified IBD; Cl, confidence interval.

spectra were correlated with the absence of SDS-PAGE
protein bands at a MW higher than 45 kDa, and with the
presence of protein bands at a MW lower than 43 kDa
(Supplementary Table 2).

IBD spectra were compared with clinical and bio-
chemical parameters considering all patients and controls
of the exploratory and validation cohorts. IBD spectra
were correlated with positive fCal (>50 ug/g) when con-
sidering patient and control samples overall (Pearson
X?=16.527, p<0.0001) but not when controls (Fisher’s
exact test, p=0.407), CD (Fisher’s exact test, p=0.791) or
UC (Fisher’s exact test, p=0.079) patients were consid-
ered singly. Neither in CD nor UC were IBD spectra and
fCal correlated with clinical score (HBI or PMS), disease
location, previous surgery or therapy. IBD spectra corre-
lated with disease activity both in CD (Fisher’s exact test,
p<0.0001) and UC (Fisher’s exact test, p=0.010). Posi-
tive fCal results were also correlated with disease activity

Table 4: Binary logistic regression analysis.

(Fisher’s exact test, p<0.0001 for CD and UC), but this
finding was expected since fCal was included in the
classification of DR.

Binary logistic regression analysis was performed
to ascertain which of the parameters associated with
the presence of IBD is more effective in making a diag-
nosis. The results, shown in Table 4, demonstrate that
IBD spectra were independently and highly significantly
correlated with IBD. Of the 359 IBD-associated features,
34 were almost exclusively observed in CD, while 25 were
almost exclusively observed in UC stool samples. With the
aim of ascertaining whether these features might aid the
classification of disease type, IBD spectra were classified
as IBD-CD or IBD-UC when only CD or only UC associated
features were found. IBD-CD spectra were significantly
correlated with CD in the exploratory (Fisher’s exact,
p<0.0001) and the validation cohorts (Fisher’s exact,
p=0.028), as IBD-UC spectra were correlated with UC in

Coefficient SE z p-Value 95% Cl
IBD spectra 4.132194 0.7528157 5.49 0.000 2.656702 5.607685
fCal 0.9724741 0.4449761 2.19 0.029 0.1003369 1.844611
Hb 1.253761 0.6734565 1.86 0.063 -0.0661896 2.573711
FOBT 1.713719 1.162158 1.47 0.140 -0.5640698 3.991507
Age 0.0033127 0.0191778 0.17 0.863 -0.034275 0.0409005
Sex -0.2414579 0.4408126 -0.55 0.584 -1.105435 0.622519
Constant -1.144366 1.11641 -1.03 0.305 -3.332489 1.043757

The outcome variable was presence or absence of IBD. Predictor variables were IBD MALDI-TOF/MS spectra (IBD spectra), faecal calprotectin
(fCal), blood haemoglobin (Hb), faecal occult blood (FOBT), age and sex.
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the exploratory (Fisher’s exact, p<0.0001) and validation
cohorts (Fisher’s exact, p=0.008).

MALDI-TOF/MS stool features were further char-
acterised by MALDI-TOF/MS-MS, and fragmentation
results were evaluated using the MS-Tag bioinformat-
ics tool of ProteinProspector v 5.22.1 (available at http://
prospector.ucsf.edu/prospector/mshome.htm) in the
attempt to identify the candidate proteins (full mole-
cule). A significant pattern was obtained for 14 features
(Supplementary Table 3). We focused on the feature at
m/z 1810.8, the most frequently present in IBD patients’
stool, that matched with the adenomatous polyposis coli
gene 2, a homologue of the adenomatous polyposis coli
(APC) tumour suppressor. In no cases was the entire APC
protein detected in stool samples when western blot anal-
yses were performed (data not shown). On the contrary,
positive staining was obtained at immunohistochemistry
of tissue samples. Figure 2 shows representative results
obtained at immunohistochemistry, performed using
intestinal tissue samples from CD and UC patients and
from the healthy mucosa of one patient with colorec-
tal cancer. In colorectal cancer, a few sparse interstitial
cells were positively stained; in UC and CD an increasing
number of infiltrating positive cells were observed in the
colon mucosa, these cells being polarised towards the
lumen in UC or towards the muscularis mucosae in CD. In
CD patients, a diffuse infiltrate of APC positive cells was
also detected in the ileum mucosa.

To detect new IBD diagnostic protein biomarkers, we
analysed three stool samples pools, made up of six control,
five CD and five UC samples. After SDS-PAGE electropho-
resis, proteins were gel extracted and analysed by LC-MS
using an Orbitrap mass analyser. A total of 193 proteins
were identified. Proteins were considered differentially
expressed between patients and controls when the ratio
between absolute intensity of the quantification values
were above 2.0 (over-expressed proteins in patients, T) or
below 0.5 (under-expressed proteins in patients, {). This
left 161 differentially expressed proteins that are reported
in Supplementary Table 4. A comprehensive analysis
was made of the differentially expressed proteins using
David software. GO terms for biological processes were
significant (Benjamini and Hochberg adjustment for mul-
tiple comparisons, p < 0.05) in the following comparisons:
(1) increased in IBD with respect to controls, with no dif-
ference between CD and UC; (2) increased in IBD with
respect to controls, with higher levels in UC than in CD;
(3) reduced in IBD with respect to controls. Supplemen-
tary Table 5 reports the complete list of the significant
GO terms for proteins found to be increased in faeces of
IBD patients with respect to controls. Figure 3 shows the

DE GRUYTER

significant GO biological processes associated with over-
represented and under-represented stool proteins in IBD
patients with respect to controls.

Discussion

Serum and faecal inflammatory biomarkers supporting a
diagnosis of IBD have poor sensitivities and specificities
[7-11, 13, 17, 18, 29]. The need to discover new biomarkers
for diagnosing IBD and stratifying risk for tailored indi-
vidualised treatment has yet to be met. Stool was chosen
as the sample material because it is likely to contain
more intestinal biomarkers than blood. Further, we also
analysed MALDI-TOF low molecular weight features and
proteins on the premise that they might directly reflect
disease-associated cellular dysfunction [30]. The MALDI-
TOF/MS analysis of stool from the exploratory cohort
revealed very few, or no, features in healthy subjects,
while stool of IBD patients were highly enriched in fea-
tures. This finding, suggesting that IBD is associated with
increased proteolysis, is in line with data in the literature
reporting an increased expression of proteases in the dis-
eased IBD mucosa, including MMP9, which was confirmed
to be over-represented in IBD patients’ stool (see Supple-
mentary Table 4) [26]. A higher frequency of proteolysis
in IBD than in control samples was further supported by
the SDS-PAGE findings exploring faecal proteins in a MW
ranging from 200 to 3 kDa, with a MW higher than 45 kDa
observed less frequently in IBD than in controls. The
overall number of features commonly detected in both
controls and patients was limited, while IBD-associated
features were very numerous (>350), and each was vari-
ably associated with the other features in a very complex
manner. In order to decipher and interpret the MALDI-
TOF/MS results, each spectrum was classified as control
spectrum if flat (no features) or with features (one or more
than one) found in controls; MALDI-TOF/MS spectra were
classified as IBD spectra if they presented one (or more
than one) features found in IBD stool samples only. On
applying this classification to the exploratory cohort, 58
control spectra and 109 IBD spectra were defined, this
classification allowing a distinction between IBD patients
and controls with a sensitivity of 81% and a specific-
ity of 97%. This showed an improvement on fCal, which
had a specificity of only 65%. To empower our findings,
MALDI-TOF/MS blind analyses and spectra classification
were performed using samples from a validation cohort.
The obtained results confirmed that the specificity of
MALDI-TOF/MS is high (97%), the sensitivity being 55%.
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Figure 2: Adenomatous polyposis coli (APC) immunohistochemistry.

In the left side the colon mucosa of a patient with colorectal cancer (A), a patient with UC (C) and a patient with CD (E) are shown. In the

right side of the figure the ileum mucosa of CD patients are shown. In CD, APC positively stained cells (in brown) are highly represented

in the stroma of the inflamed ileum (B, D and F), but also in the non-inflamed colon (C), and they are preferentially localised towards the
muscolaris mucosae. In UC the same APC positive cells are mainly localised towards the surface epithelium.

In this validation cohort, fCal specificity was even lower than in the exploratory cohort, it is important to bear in
(42%) than in the exploratory cohort. To explain why in mind that, in general, validation of new biomarkers in
the validation cohort IBD spectra had a lower sensitivity —patient cohorts different from those initially studied is
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Figure 3: Significant GO terms for biological processes.
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The pie chart shows the relative fold enrichment of GO terms found to be significant for stool proteins increased in IBD patients with respect
to controls. The sorted slices show the GO terms for proteins with increased expression in IBD patients with respect to controls, with higher
levels in UC than in CD. In the bottom, fold enrichment of significant GO terms for proteins with a reduced expression in IBD patients with

respect to controls.

almost always associated with reduction in clinical perfor-
mance. More specifically, a different frequency of active
IBD between the two cohorts (37% in the exploratory
and 24% in the validation) might have had impact on the
results, in view of the fact that positive IBD spectra were
correlated with disease activity.

The numerous IBD associated features found
prompted investigation of their parent proteins. Peptides

were fragmented and analysed by MALDI-TOF/MS-MS,
which was successful for 14 features. This small number
of identified peptides with respect to the whole IDB asso-
ciated features is a limitation that depends on the follow-
ing: (1) MALDI-TOF/MS-MS can be performed on isolated
features; (2) for a successful analysis, the features should
have a high signal-to-noise ratio; and (3) an uncomplete
and unpredictable feature fragmentation prevents the
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analysis. However, despite these limitations, our results
indicated accumulation of immunoglobulins in IBD
patients’ stool with respect to controls. This supports
the relevance of the adaptive immune response in these
inflammatory diseases, in agreement with Lehmann et al.
[24], who found increased IgG and decreased IgA in IBD
stool samples with respect to healthy controls. Path-
ways involved in the regulation of gene transcription, in
the control of cell cycle and differentiation, and the Wnt
pathway also emerged, confirming their involvement in
IBD [31, 32]. Of particular interest are our results obtained
with the m/z 1810.8 feature being observed frequently
in patient stool but rarely in control stool. This matched
significantly with the APC2 protein, homologous with the
APC protein [33], a polarity regulator and tumour suppres-
sor associated with development of familial adenomatous
polyposis and colorectal cancer. To ascertain whether APC
expression is altered in IBD mucosa, we performed immu-
nohistochemistry that documented APC overexpression by
stromal inflammatory cells which were not limited to the
ill mucosa but diffuse throughout all the examined areas
of the intestinal mucosa. APC is not only a tumour sup-
pressor but is also involved in tissue damage and repair,
especially in IBD, this function being correlated with its
expression by vascular endothelial cells as recently dem-
onstrated by Yoshimi et al. in a colitis animal model [34].
Moreover, a close relationship between lymphocyte func-
tion and APC expression has been recently reported by
Aguera-Gonzalez et al. [35], who demonstrated that APC
deficiency reduced NFAT nuclear localisation that deter-
mines a reduced Treg differentiation, favouring uncon-
trolled intestinal inflammation. The APC overexpressing
cells infiltrating the IBD intestinal mucosa also showed
a different polarisation between CD and UC: while in UC
they were mainly polarised towards the intestinal lumen,
in CD they were mainly polarised towards the muscularis
mucosae. This different polarisation might be one of the
mechanisms underlying the differences between the CD
and UC intestinal inflammation patterns (transmural in
CD, limited to the mucosa in UC).

In order to achieve a comprehensive proteomic analy-
sis to shed further light on the diagnosis of IBD, we also
evaluated differently expressed stool proteins by LC-MS.
Although most of the identified stool proteins are plasma
proteins and their increase in IBD stool might be a conse-
quence of intestinal bleeding, we found also a large series
of these plasma proteins that were reduced in IBD patients’
stool with respect to controls. Therefore, IBD associated
variations of stool proteins might be the direct expression
of disease alterations in the intestinal mucosa and not only
of intestinal blood loss. Immunoglobulins were confirmed
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to be over-expressed in IBD, as were polymorphonuclear
derived inflammatory proteins, such as S1I00A8, partner of
S100A9in the calprotectin heterodimer, neutrophil elastase
and defensin. These proteins were found overexpressed in
IBD stool also by Lehmann et al. [24]. Overall neutrophil
mediated cytotoxicity and neutrophil mediated killing of
symbiont cells represented the two main GO biological
pathways identified. On the other hand, IBD-associated
down expressed proteins were mainly involved in nucleic
acid assembly, organisation and conformation, but also
proteins related to the adherens junction organisation.
Two identified proteins deserve further studies, since their
differential expressions indicate not only a potential role
for distinguishing between CD and UC but also in under-
standing why IBD patients are at a higher risk of develop-
ing cancer [36, 37]: olfactomedin-4 (OLFM4), absent in CD,
and ectonucleotide pyrophosphatase/phosphodiesterase
family member 7 (ENPP7), absent in UC. Both proteins, if
reduced, might be related to an increased risk of primary
cancer and metastases: OLFM4, normally expressed by
intestinal crypt base stem cells, was found to be reduced
in the subset of poorly differentiated and metastatic colo-
rectal cancer [38, 39], while the lack of ENPP7, involved in
sphingomyelin metabolism, significantly enhances colon
cancer susceptibility [40].

In conclusion, our study provides evidence of the
clinical utility of a new proteomic method for diagnos-
ing IBD and offers insights on the pathogenic role of
APC and other newly described proteins that, after vali-
dation, might become new tools in the diagnosis of IBD
and the assessment of cancer risk in patients with the
disease.
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