Metaproteomics of fecal samples of Crohn's disease and Ulcerative Colitis
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ABSTRACT

Crohn's Disease (CD) and Ulcerative Colitis (UC) are chronic inflammatory bowel diseases (IBD) of the gastroin-
testinal tract. This study used non-invasive LC-MS/MS to find disease specific microbial and human proteins
which might be used later for an easier diagnosis.

Therefore, 17 healthy controls, 11 CD patients and 14 UC patients but also 13 Irritable Bowel Disease (IBS)
patients, 8 Colon Adenoma (CA) patients, and 8 Gastric Carcinoma (GCA) patients were investigated. The pro-
teins were extracted from the fecal samples with liquid phenol in a ball mill. Subsequently, the proteins were
digested tryptically to  tides and analyzed by an Orbitrap LC-MS/MS. For protein identification and interpre-
tation of taxonomic and functional results, the MetaProteomeAnalyzer software was used.

Cluster analysis and non-parametric test (analysis of similarities) separated healthy controls from patients

with CD and UC as well as from patients with GCA. Among others, CD and UC correlated with an increase of
neutrophil extracellular traps and immune globulins G (IgG). In addition, a decrease of human IgA and the tran-
scriptional regulatory protein RprY from Bacillus fragilis was found for CD and UC. A specific marker in feces for
CD was an increased amount of the human enzyme sucrose-isomaltase.
Significance: Crohn's Disease and Ulcerative Colitis are chronic inflammatory diseases of the gastrointestinal tract,
whose diagnosis required comprehensive medical examinations including colonoscopy. The impact of the mi-
crobial communities in the gut on the pathogenesis of these diseases is poorly understood. Therefore, this study
investigated the impact of gut microbiome on these diseases by a metaproteome approach, revealing several dis-
ease specific marker proteins. Overall, this indicated that fecal metaproteomics has the potential to be useful as
non-invasive tool for a better and easier diagnosis of both diseases.

1. Introduction tract (GIT) is colonized by about 10'3-10'* microorganisms [2,3]. As an
accepted concept homeostasis between microbiota and the immune sys-

Intestinal microbiota participates in food degradation and synthe- tem is a precondition for human health [4]. However, the GIT could be
size several vitamins. Furthermore, the microbiome in acts with the affected by several diseases such as inflammatory bowel disease (IBD)
host, directly influencing its immune system [1]. The gastrointestinal [5,6], which pathophysiology is linked with an overactivation of the im-

mune system.



Crohn's Disease (CD) and Ulcerative Colitis (UC) as the two main
types of IBD are chronic, recurrent inflammations with different clini-
cal, morphological and histopathological pattern. Their prevalence sur-
pass 0.3% in western countries with an increase also in industrialized
countries whose societies have become more westernized [7]. CD causes
transmural, granulomatous inflammations, which can occur discontin-
uously in the entire GIT. UC causes superficial inflammation, bleeding
and mucosa atrophy in the distal rectum and the colon [8]. The recur-
rent inflammation in both diseases counts as a risk factor for premalig-
nant transformation. Patients with IBD are under increased risk to de-
velop colon adenoma (CA) and colorectal carcinomas [9] diminishing
during that last decades in western countries. In contrast to CD and UC,
irritable bowel syndrome (IBS) is a chronic functional gastrointestinal
disorder dominated by abdominal discomfort and altered bowel habit
which is not linked with structural or biochemical changes [10].

Unfortunately, IBD comprise different diseases with multifactorial
pathogeneses, which are currently poorly understood. Genetic alter-
ations represent a risk factor for IBD. Additionally dysfunction in the
intestinal inflammatory cascade [4] and environmental factors such as
smoking and increased hygienic standards are mentioned to be involved
in the pathogenesis, too. Furthermore, several studies [4,11-13] showed
the correlation of IBD with a dysbiosis in the microbiome. Frank et al.
2007 [11] observed a reduction of short chain fatty acid producing bac-
teria in patients with IBD but it remains unclear whether the dysbiosis
is a risk factor for the disease or a result. In contrast to IBD, for monoin-
fections caused by bacteria such as Helicobacter pylori it is known that
they have the potency to trigger precancerous lesions and thus, the de-
velopment of Colon Adenoma (CA) or Gastric Carcinoma (GCA) [14].

The diagnosis of IBD is based on endoscopy as well as on clinical pre-
sentation, histopathological and laboratory findings. In addition, physi-
cians may support the diagnosis by measuring single protein markers
such as calprotectin and lactoferrin as unspecific inflammatory indica-
tors [15]. Unfortunately, these tests focus on surrogate parameters for
unspecific inflammation and do not allow to discriminate between bac-
terial inflammation and IBD.

Within the last years the development of high throughput meth-
ods to identify genes (metagenomics/metatranscriptomics) [16] or pro-
teins (metaproteomics) [17-19] enabled the examination of the taxo-
nomic and functional composition of the microbial communities in the
human gut. Thereby, metagenomics/metatranscriptomics focus on the
taxonomic and functional inventory of the microbial communities in
the human. In contrast metaproteomics studies the expression of the
proteins from the microbial communities and from the host. Identifica-
tion of host proteins provides additional knowledge about the patients'
health status, e.g. by monitoring proteins associated to the immune sys-
tem or secreted enzymes from liver and pancreas, or apoptotic cells from
the surface of the digestion system.

Up to now, several alterations within the taxonomic and functional
composition of the microbiome of patients with IBD were observed
based on metagenome and metaproteome studies [4,11-13,18,20,21].
For instance, Casen et al. 2015 [22] correlated CD with a shift from pre-
dominantly beneficial bacteria to potentially pathogenic bacteria. How-
ever, our understanding of the pathogenesis of IBD is still limited due
to the complexity of the diseases and of the microbiome. Most of the
studies investigating the microbiome of patients with IBD focused only
on one specific disease. This study investigated 71 fecal metaproteomes
from healthy individuals and patients with CD, UC, IBS, CA and GCA.
The aim of this experimental design was to identify universal marker
proteins for the diseases in samples from a representative clinical back-
ground and to proof whether non-invasive metaproteome analysis may
distinguish between the different diseases.

2. Methods

Ethics statement

The ethics committees at the Otto-von-Guericke University, Magde-
burg, Germany and the Hannover Medical School approved this study
by an amendment to previous studies (Number 42/08, Number 47/15
and 2087-2013). The study was performed in accordance with the De-
claration of Helsinki. All patients received comprehensive information
about the studies and gave their written consents.

2.1. Subject population and samples

The patient cohort comprised 37 females and 34 males between 20
and 89 years of age with a median age of 54 years (Supplementary Table
1).The body mass index (BMI) ranged from 17.7-48.9kgm~2 with the
median at 25.8kgm™2. Sixteen participants had an allergy and seven
were smokers. A comprehensive study of confounding factors could be
found in Supplementary Fig. 2.

The samples were taken at the university hospital Magdeburg or
Hannover and stored immediately at —20 °C. Of the total of 71 samples,
17 were people without any gastrointestinal symptoms (named in the
following healthy individuals), 11 were patients with CD, 6 were pa-
tients with UC in remission stage (UCr), 8 were patients with UC in ac-
tive stage (UCa), 13 were patients with IBS, 8 were patients with CA
and 8 were patients with GCA. The diseases were diagnosed by a clinic
physician in accordance with general guidelines. Patients with UC were
classified as UCa and UCr based on the Mayo-Score as previously de-
scribed with remission defined by DAI <5 [23]. The concentration of
fecal calprotectin was measured by enzyme-linked immune sorbent as-
say (ELISA) (BUHLMANN fCAL™, Biihlmann Laboratories AG, Schonen-
buch, Switzerland/ PhilCal Calprotectin ELISA MRP8/14 S100A8/9, Im-
mundiagnostik, Bensheim, Germany) as indicator for the level of gut in-
flammation. A level higher than 200 pg g ... Was taken as indication
threshold for an active inflammation of the large bowel.

2.2. Metaproteomics workflow

All used chemicals were at least of analysis grade purity and the sol-
vents used for LC-MS/MS were of MS grade purity.

Protein extraction was carried out as described by Heyer et al.
(2013) [24] and the LC-MS/MS measurement as described by Heyer
et al. (2016) [25]. In brief, proteins from approx. 200mg fecal sam-
ples were extracted by combined cell lysis and phenol extraction in a
ball mill (FastPrep-96, MP Biomedicals, Eschwege, Germany). Extracted
proteins were subsequently dissolved in 100 pL to 790 pL buffer (7M
urea, 2M thiourea and 0.01 gmL~! 1, 4-dithiothreitol). Protein amounts
were quantified by amido black assay [26]. 30 pg of each protein ex-
tract were loaded on a SDS-PAGE and were entered into the first 5mm
of the separation gel [27]. The complete SDS-PAGE fraction was cut
out of the gel, digested tryptically into peptides [28] and dried us-
ing a vacuum centrifuge (Digital Series SpeedVac SPD121P, Thermo
Scientific, Waltham, USA). For the LC-MS/MS measurement, the sam-
ples were resolved in 12pL of solvent A (98% LC-MS Water, 2% ACN,
0.05% TFA). After centrifugation (30min, 13,000 xg, 4°C), 10uL of
this peptide solution were transferred into a HPLC vial. The LC-MS/MS
analysis was carried out using an UltiMate 3000 RSLCnano splitless lig-
uid chromatography system, coupled online to an Orbitrap Elite™ Hy-
brid Ion Trap-Orbitrap MS (both from Thermo Fisher Scientific, Bre-
men, Germany). Initially, for concentrating and desalting 5 pL injected
peptides were loaded isocratically on a trap column (Dionex Acclaim,
nano trap column, 100 pm i.d. x 2cm, PepMap100 C18, 5um, 10010\,
nanoViper) with a flow rate of 7 uL/min using 4% solvent A (solvent A:
98% LC-MS Water, 2% ACN, 0.05% TFA, solvent B: 80% ACN, 20% LC-



MS water, 0.05% TFA). Next, the chromatographic separation was op-
erated on a Dionex Acclaim PepMap C18 RSLC nano reversed phase
column (2pm particle size, 1004 pore size, 75um inner diameter and
250mm length) at 40°C column temperature. The used flow rate of
300nL/min was applied by a binary A/B-solvent gradient (nano solvent
A: 98% LC-MS Water, 2% acetonitrile, 0.1% formic acid; nano solvent B:
80% acetonitrile, 10% LC-MS Water, 10% trifluorethanol, 0.1% formic
acid) beginning with 4% of solvent B for 4 min followed with a linear in-
crease to 55% of solvent B within 120 min. Afterwards, the column was
washed with 90% B for 5min and re-adjusted with 4% of solvent B for
25min. A data-dependent MS/MS method was chosen for the MS acqui-
sition using the positive ion mode while precursor ions were acquired in
the orbital trap of the hybrid MS at a resolution of 30,000 and an m/z
range of 350-2000. Subsequently, the fragment ion scan proceeded in
the linear ion trap of the hybrid MS with a mass range and a scan rate
with default parameter settings for the top 20 most intense precursors
selected for collision-induced dissociation.

2.3. Data handling

For protein identification the acquired LC-MS/MS spectra were sub-
mitted to a comprehensive bioinformatics workflow. The raw mass spec-
tral data (*.raw-files) were converted to *.mgf-files using the Proteome
Discoverer Software (Thermo Fisher Scientific, Bremen, Germany, ver-
sion 1.4.1.14). For protein database search the mgf.-files were uploaded
into the MetaProteomeAnalyzer [29] (MPA) (version 2.12, www.mpa.
ovgu.de) and searched with X!Tandem [30] and Omssa [31] against a
protein database containing UniProtKB/SwissProt (version: 23.10.2014)
and several metagenomes from other microbiome studies [32]. Addi-
tionally, protein database searches with Mascot (Matrix Science, Lon-
don, England, version 2.5.1) were performed using the ProteinScape
software (Bruker Daltonics, Bremen, Germany, version 3.1.3461) and
the results were imported as *.dat files into the MPA.

The following parameters for the protein database search were ap-
plied: trypsin as used enzyme, one missed cleavage, monoisotopic mass,
carbamidomethylation (cysteine) as fixed modification, oxidation (me-
thionine) as variable modification, +10ppm as peptide tolerance
and + 0.5Da MS/MS fragment tolerance, 1!3C, +2/+ 3 charged peptide
ions and a false discovery rate of 1%.

Identified unknown protein sequences from the metagenomes were
annotated by Basic Local Alignment Search Tool (BLAST) search
(NCBI-Blast-version 2.2.31) [33] against UniProtKB/SwissProt requiring
a maximum e-value of 10~4. All BLAST hits with best e-value were con-
sidered for further processing. Afterwards, all identified proteins were
linked with their associated UniProt entries [34] covering the biolog-
ical processes (UniProtKB keywords), the NCBI taxonomies [35], the
UniProt Reference Clusters (UniRef) [36], the KEGG orthologies [37]
and the enzyme commission numbers [38]. In order to decrease the
number of redundant, homologous protein identifications, these pro-
teins were grouped to metaproteins according to the UniRef50 clusters.

Metaprotein profiles were exported as comma separated value files
and cluster analysis was performed using Matlab (The MathWorks
GmbH, Ismaningen, Germany, version 8.3.0.532 (R2014a). Krona plots
[39] were created to visualize taxonomic results. Finally, all result files
were submitted for long term storage to PRIDE [40] with the accession
number PXD010371.

2.4. Statistical analysis

Analysis of similarities (ANOSIM) and hierarchical clustering (Bray
Curtis distance, paired group linkage) were performed with Past3 (Ver-
sion: 3.17) using the spectral counts of all human and microbial
metaproteins. For the one-way ANOSIM p-values smaller than 0.01

were considered statistically significant and R-values were defined as
follows: 0.75-1 highly different; 0.50-0.75 different; 0.25-0.49 differ-
ent with some overlap; 0-0.24 highly similar [41].

Significant differences (p-value <0.01) in the spectral abundance of
taxonomies and metaproteins between the healthy individuals and the
five diseases were identified by two-tailed Mann-Whitney U Tests using
Microsoft Excel®(Version 2016). Only, the metaproteins and microbial
phyla representing >0.01% of the identified spectra were considered
for statistical analysis.

3. Results

All together this study investigated the microbial and human
metaproteins in 71 fecal samples from patients with CD, UCa, UCr, IBS,
GCA and CA and healthy individuals as controls. Therefore, we searched
for disease specific metaprotein patterns as well as certain taxonomic
phyla and metaproteins which could be used as diagnostic markers for
a specific disease.

3.1. Protein extraction and identification

From 200mg of fecal samples approx. 0.12mg to 4.06 mg protein
amount were extracted. Protein database searches from several human
fecal samples identified in average 11,966 spectra. All identified spec-
tra were assigned to 2969 metaproteins and 23 microbial phyla (Sup-
plementary Table 2). On average, and based on the spectral abundance,
74.7% of the identified metaproteins were assigned to the host and
25.3% to the microbial communities. Among the assignable microbial
communities and summed over samples (Supplementary Fig. 1) the four
phyla Proteobacteria, Firmicutes, Bacteriodetes and Actinobacteria con-
stituted the biggest groups as observed also in other studies [42]. For
the entire taxonomy profile of all samples please refer to Supplementary
Table 2.

3.2. Identification of disease specific metaprotein patterns

To identify disease specific metaprotein patterns a hierarchical clus-
tering (Fig. 1A) using Past3 and the Bray-Curtis similarity index were
performed.

Consistency of the workflow was confirmed after finding that the
highest similarities were between the technical replicates (P6; P17;
P18). Furthermore, four main clusters were detected with <30% simi-
larity within the metaprotein profiles. The cluster 1 comprised only pa-
tients with GCA (4 out of 4, 100% of patients). Cluster 2 was associated
with patients with different diseases (17 out of 18, 94% of patients) in-
cluding IBD, GCA, CA and in particular IBS, whereas cluster 3 mainly
comprised healthy individuals and patients with CA (21 out of 25, 84%
of patients). Cluster 4 was linked with CD and UC (19 out of 24, 79%
of patients). The protein profiles showed a separation between samples
of IBD and GCA versus samples from IBS, CA and healthy individuals.
However, no specific clustering was observed for UCa and UCr. Further-
more, metaprotein profiles from IBS samples and CA appeared to be
more similar to the healthy individuals than to IBD.

After assigning the calprotectin levels measured by ELISA (D ) to the
different diseases increased amounts for CD, UC and GCA were observed
in comparison to healthy controls as well as IBS and CA patients. Similar
results for most samples were also observed by metaproteome analysis
focusing on the calprotectin subunits SI00A8 (UniRef50_P05109) and
protein S100A9 (UniRef50_P06702) (Supplementary Note 1). However,
for certain samples such as PO3 and P52 metaproteome analyses re-
vealed lower amounts of calprotectin, matching better to the specific
clinical picture.

To apply metaproteomics for the diagnosis of individual diseases a
clear differentiation between the respective metaprotein profiles is re-
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Fig. 1. Identification of disease specific metaprotein patterns by hierarchical clustering. This figure shows the cluster analysis of all samples (A) by hierarchical clustering using Past 3.
For the clustering all human and microbial metaproteins were considered (Supplementary Table 2). Names of samples are shown in the middle of the figure. Applied colors are explained
in the legend. After visual assignment, four main clusters were proposed: namely GCA (Cluster 1), mainly IBS and other diseases (Cluster 2), mainly healthy individuals (Cluster 3) as well
as mainly Crohn's Disease (CD) and Ulcerative Colitis (UC) (Cluster 4). Subsequently, the metaproteins were grouped according to their human (B) and microbial (C) biological processes
(UniProtKB keyword) and for both groups the 15 most abundant processes were shown. Red indicates a high, white an average and blue a low spectral abundance. In D the calprotectin
amounts, quantified by ELISA are shown. Amounts of >200pg/g feces were considered as active inflammation and highlighted by a blue threshold line. CD: Crohn's Disease (CD); UCa:
Ulcerative Colitis; IBS: Irritable Bowel Syndrome (IBS); CA: Colon Adenoma; GCA: Gastric Carcinoma. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)Identification of disease specific metaprotein patterns by hierarchical clustering. This figure shows the cluster analysis of all samples (A) by
hierarchical clustering using Past 3. For the clustering all human and microbial metaproteins were considered (Supplementary Table 2). Names of samples are shown in the middle of the
figure. Applied colors are explained in the legend. After visual assignment, four main clusters were proposed: namely GCA (Cluster 1), mainly IBS and other diseases (Cluster 2), mainly
healthy individuals (Cluster 3) as well as mainly Crohn's Disease (CD) and Ulcerative Colitis (UC) (Cluster 4). Subsequently, the metaproteins were grouped according to their human
(B) and microbial (C) biological processes (UniProtKB keyword) and for both groups the 15 most abundant processes were shown. Red indicates a high, white an average and blue a
low spectral abundance. In D the calprotectin amounts, quantified by ELISA are shown. Amounts of >200pg/g feces were considered as active inflammation and highlighted by a blue
threshold line. CD: Crohn's Disease (CD); UCa: Ulcerative Colitis; IBS: Irritable Bowel Syndrome (IBS); CA: Colon Adenoma; GCA: Gastric Carcinoma. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

quired. Deeper statistical analysis was performed by ANOSIM (Fig. 2). 3.3. Identification of disease specific human and microbial functional
As indicated by the low p-values and high R-values samples of the patterns
diseases differed significantly from the healthy individuals as already

shown by the cluster analysis. The highest differences to the healthy Metaproteins were separated into human and microbial metapro-
individuals were observed for UCr and UCa patients (p = 0.0002, teins and then grouped according to their biological processes (UniPro-
R =0.9211,) followed by patients with CD (p = 0.0001, R = 0.7761,), tKB keyword) (Supplementary Table 2 “Human biological processes”,
GCA (p = 0.0001, R = 0.7716,), IBS (p = 0.0001, R = 0.4722,) and fi- “Microbial biological processes”). The 15 most abundant microbial and
nally by patients with CA (p = 0.0005, R = 0.4679). human biological processes were visualized separately as a matrix plot

Furthermore, samples from IBS patients were statistically different (Fig. 1B and C). Clustering of the biological processes did not result in

from that samples of patients with UCa (p = 0.0001, R = 0.6159) as a better separation of the diseases (data not shown). Nevertheless, the
well as UCr (p = 0.0005, R = 0.5125) and partially from patients with matrix plot enabled a first functional overview about the functional dif-
CD (p = 0.0017, R = 0.3282,). On contrary, no statistically differences ferences, which were linked with the diseases.

were found between differentiation between CD and UCr (p = 0.3662, Identified human metaproteins were mainly assigned to the immune
R =0.0223), CD and UCa (p = 0.1217, R = 0.0967) and between UCr system and to transport processes. Samples of IBD patients (UC + CD)
and UCa (p = 0.5165, R = -0.0184). contained larger amounts of human metaproteins than samples from

all other diseases or healthy individuals. In particular, metaproteins
for immunity, adaptive immunity, innate immunity and



p-values. uncorrected significance

Control CD ucr UCa IBS CA GCA
Control 0.0001 | 0.0002 | 0.0001 | 0.0001 | 0.0005 | 0.0001
cD 0.0001 0.3662 1217 | 0.0017 | 0.0005 | 0.0008
ucCr 0.0002 0.0005 | 0.0011 | 0.0133
UCa 0.0001 | 0.1217 0.0001 | 0.0003 | 0.0005
IBS 0.0001 | 0.0017 | 0.0005 | 0.0001 0.0065 | 0.0001
CA 0.0005 | 0.0005 | 0.0011 0.0003 | 0.0065 0.0102

GCA 0.0001 | 0.0008 | 0.0133 | 0.0005 | 0.0001 | 0.0001
| Control CD UCr UCa IBS CA GCA

Control | | 0.4722 | 0.4679
cD 0.0223 0.0967 | 0.3282 | 0.484 | 0.4439
ucr 00184 | 05125 | 0.5533 | 0.3866
UCa 0.0967 0.018 0.6159 | 0.6669 | 0.5469
IBS 0.4722 | 0.3282 | 05125 | 0.6159 0.2828 | 0.5499
CA 0.4679 0.484 05533 | 06669 | 02828 0.3583

GCA 04439 | 03866 | 05469 | 0.5499 | 0.3583

Fig. 2. ANOSIM of different diseases. P- and R-values for the one-way ANOSIM based on the metaprotein profiles of the healthy individuals as well as the different diseases (CD: Crohn's
Disease; UCr: Ulcerative Colitis in remission stage; UCa: Ulcerative Colitis in active stage; IBS: Irritable Bowel Syndrome; CA: Colon Adenoma; GCA: Gastric Carcinoma). P-values < 0.01
were considered statistical significant and are highlighted with a grey background. R-values are coded as follows: > 0.75; 0.50-0.75; 0.25-0.49; < 0-0.24.

acute phase were more abundant in UC and CD patients. In contrast
to samples from CD patients, samples from UC patients contained more
metaproteins for hemostasis and blood coagulation. The main difference
between samples from the healthy individuals and patients with IBS, CA
and GCA was a slight increase of the immunity and transport processes.

Identified microbial metaproteins from all samples were mainly as-
signed to metabolic pathways such as protein biosynthesis, glycolysis
and transport as also found in similar studies [42,43]. In samples from
UC patients a decreased amount of metaproteins for ion or hydrogen ion
transport as well as ATP synthesis was found.

3.4. Identification of disease specific biomarkers

In order to identify disease specific metaproteins as well as microbial
phyla Mann-Whitney U tests were carried out for all diseases based on
spectral abundances. Over all 5 phyla, 45 microbial metaproteins and 58
human metaproteins showed significant alterations in their abundance
in the disease groups in comparison to the healthy individuals. In the
following the most important alteration are present. For more details
please refer to supplementary Table 3A3A, B, C.

3.4.1. Microbial taxonomies and metaproteins

CD patients showed a significant decrease of the class Acidobacteria
(Supplementary Table3A, Fig. 3). Patients with UC displayed reduced
abundances of the phyla Bacteroidetes, Spirochaetes, and Tenericutes.
IBS was also linked with a decrease of Tenericutes whereas GCA patient
possessed less microorganisms belonging to the phyla Actinobacteria.

Nearly all microbial metaproteins showing a significant alteration in
their abundance were associated with the microbial metabolism or were
housekeeping proteins (Supplementary Table 3B).

As already observed by ANOSIM (Fig. 2) patients with CD, UCa
and UCr showed quite similar metaprotein expression profiles. Over-
all, samples of these patients contained lower amounts of microbial
metaproteins such as elongation factor G (Bacteria, UniRef50_P80868,
CD/C: p =0.001, UCr/C: p=0.001, UCa/C: p=0.001), 30S riboso-
mal protein S8 (Bacteria, UniRef50 P14826, CD/C: p = 0.003, UCr/
C: p=0.005, UCa/C:p = 0.001), and DNA-directed RNA polymerase
(Bacteroidetes, UniRef50_Q8A469, CD/C: p = 0.001, UCr/C: p = 0.007,
UCa/C: p = 0.001). Of note is the transcriptional regulatory metapro-
tein RprY from Bacteroides fragilis (UniRef50_Q9AE24, CD/C: p = 0.001,
UCr/C: p =0.003, UCa/C: p = 0.002), which was less abundant for
CD and UC patients (Fig. 4). Only significantly decreased

in CD patients were the proteins fructose-biphosphate aldolase (UniRe-
f50_P14540, p = 0.003) from the order Saccharomycetales, two elon-
gation factors (Bacteria, UniRef50_Q9P9Q9, p =.005; Bacteriodales,
UniRef50_Q8A0Z3, p = 0.009) and an uncharacterized ABC transporter
ATP-binding protein (Bacteria, UniRef50_P10907, p = 0.005). Specific
for UCa were lower amounts of xylose isomerase (Bacteroides, UniRe-
f50_Q2SW40, p = 0.006).

In contrast to UC and CD samples, samples from IBS and CA patients
showed only minor alteration in comparison to the healthy individuals.
For example in CA patients less phosphoenol pyruvate carboxykinase
(Bacteria, UniRef50_009460, p = 0.000) and 30S ribosomal protein S2
(Thermoanaerobacter sp. X514, UniRef50_Q8RA21, p = 0.010) were ob-
served in comparison to the healthy individuals. At least specific for IBS
samples was an increased amount of pyruvate-flavodoxin oxidoreduc-
tase (Enterobacteriaceae, UniRef50_P03833, p = 0.001).

Among others for GCA, increased amounts of alkyl hydroperoxide re-
ductase (Proteobacteria, UniRef50_P80239, p = 0.005) (Fig. 4), malate
dehydrogenase (Gammaproteobacteria, UniRef50_P44427, p = 0.003),
L-asparaginase (Proteobacteria, UniRef50_P00805, p = 0.006) (Fig. 4)
as well as outer membrane proteins (Proteobacteria, UniRef50_Q8ZG77,
p = 0.005) were observed.

3.4.2. Human metaproteins

Most significant alteration in human metaproteins between patient
cohorts compared to the healthy individuals could be linked to im-
munoglobulins (Ig)s, antimicrobial proteins, cell integrity proteins and
proteins involved in inflammatory processes as well as proteins involved
in digestion (Supplementary Table3C).

In comparison to healthy individuals samples from patients with
CD and UC (IBD) showed both the upregulation of some metaproteins
belonging to the main components of neutrophil extracellular traps
(NETs) The detected NET metaproteins were neutrophil elastase (UniRe-
f50_P08246, CD/C: p<0.001, UCr/C: p = 0.003, UCa/C: p = 0.001) (Fig.
4), azurocidin (UniRef50_P20160, CD/C: p = 0.001, UCr/C: p = 0.002,
UCa/C: p = 0.001), cathepsin G (UniRef50_P08311, CD/C: p = 0.009,
UCa/C: p = 0.001), myeloblastin (UniRef50_P24158, CD/C: p = 0.003,
UCa/C: p=.001), myeloperoxidase (UniRef50 P05164, CD/C:
p=0.001, UCr/C: p=0.004, UCa/C: p=0.001), neutrophil gelati-
nase-associated lipocalin (UniRef50_P80188, CD/C: p = 0.001, UCr/C:
p=0.001, UCa/C: p=0.001), protein-arginine deiminase type-2
(UniRef50_Q9Y2J8, UCa/C: p=0.002) as well as metaproteins
S100-A8/A9 (UniRef50_P05109, CD/C: p = 0.001, UCr/C: p = 0.004,
UCa/C:p = 0.001; UniRef50_P06702,CD/C: p = 0.002,



Protecbacteria Firmicutes Bactercidetes
00 0% . ~ 100 0% 100.0%
- L
. . ? [ ] ™ L) .
" . o []
0.0% oo @ . '] l = 0on = | L] l ]
! 1 i t i e ' LA ' = PR T i
8 t H ] s . . o f . H . N .
i i ' PR B . N
M "] : o
L
am am am
aon P . aox . .
o
Actinobacteria Ascomycota Tenericutes
00 0% 100.0% 000%
.
- L] .
wom . i . . LY - won
g« 2 - i
: . I : S B B s .
s &+ 3 ° - LI T 1 P & .
g i = ~ s L] 10% ] . ] ~ % E ' ' ‘
# . : 2 -4 # l
L ] .
am - ™ . am .
(1.3 L . L L ] oo L] L ] aos L ] L]
o -
Cyanobacteria Spirochaetes Verrucomicrobia
00 0% 1000% 100 0%
0 o oo 0o °
g - . ® . . . s l b -
e R i e -
i~ i i v it P o i
.
1 . . .
(3.9 L [ 3.9 am e
oo L L . L L o L . L L a0 - - - - - - .
uor
Euryarchaeota Acidobacteria
s00n o
0w 0o
L
. ¢ . C .. Control
g - . . é = . CD ... Crohn's Disease
i — : — i . : UCa ... Ulcerative Colitis active
. = o . - . ' N 2 8 s UCr ... Ulcerative Colitis remission
AR | . ] . . ! o B = = IBS ... Irritable Bowel Syndrome
CA ... Colon Adenoma
o @ . . . . . . x| @ - . . . . . GCA ... Gastric Cancer
o
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UCr/C: p = 0.007, UCa/C: p = 0.001) (Fig. 4). Furthermore, in the sam-
ples of CD and UC patients an increased amount of IgG (UniRe-
f50_P01859) and a decreased amount of IgA (UniRef50_P01876, CD/
C: p = 0.001, UCr/C: p = 0.001, UCa vs. C: p = 0.001) (Fig. 4) was ob-
served in comparison to the healthy controls.

Interestingly, significantly more abundance of titin (UniRe-
f50_ Q8WZ42, p=0.002), intestinal sucrase-isomaltase (UniRe-
f50_P14410, p = 0.002) (Fig. 4), and cadherin-17 (UniRef50_Q9R100,
p = 0.009) could be detected exclusively in CD patients whereas more
abundance of annexin A3 (UniRef50_P12429, p = 0.001), complement
C4-A (UniRef50_POCOL4, p=0.002) (Fig. 4), resistin (UniRe-
f50_Q9HD89, p = 0.001), and plasma protease C1 inhibitor (UniRe-
f50_P05155, p = 0.001) as well as less abundance of chymotrypsin C
(UniRef50_Q99895, p = 0.008) were only detected in UC patients.

Comparison between UCa and UCr showed similar regulated
metaproteins, but less strong in UCr.

An increase of IgG and a decrease of IgA were observed in IBS
patients in comparison to the healthy individuals, similar to CD and
UC patients, but to a lesser degree. However, larger amounts of pan-
creatic secretory granule membrane major glycoprotein GP2 (UniRe-

f50_ P55259, p =0.001), and enteropeptidase (UniRef50_P98073,
p = 0.001) were observed exclusively in IBS samples.

Additionally, an increase in trypsin-2 (UniRef50_P07478, p = 0.001)
was only observed in samples of patients with GCA.

4. Discussion

The main goal of this study was to proof the concept whether
metaproteomics may distinguish between patients with different dis-
eases and healthy individuals to support the diagnosis of GIT diseases.
Therefore, the microbial and human metaproteins in fecal samples of
patients with CD, UC, IBS, CA, GCA and a control group of healthy in-
dividuals were examined. In total 2969 metaproteins were identified,
revealing interdependencies between diseases and metaprotein profiles.
Additionally, identified metaproteins helped to reconstruct the taxo-
nomic composition of the microbiome and its metabolic reactions.

Highly similar technical replicates confirm the reproducibility of
the metaproteome workflow (Fig. 1). Human metaproteins were found
highly abundant in all measurements (average ~75%). Proteomics only
identifies the proteins with the highest abundance. Microbial proteins
are spread among multiple species and are consequently less abundant
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p < 0.001
than the few human proteins found in human feces. To increase the
amount of identified microbial metaproteins, several solutions exist in-
cluding sample fractionation [27,44], more sensitive mass spectrome-
try equipment [45] or the depletion of highly abundant human proteins
[46].

Diagnosis of diseases of the GIT is difficult and requires experi-
enced physicians and in most cases invasive diagnostic tools such as en-
doscopy. Previous non-invasive methods such as the detection of calpro-
tectin in feces by ELISA gave some hints about mucosal inflammation
of the large bowel but could be improved since the sensitivity for di-
agnosis of IBD was only 89% and the specific only 79% [47] (Supple-
mentary Note 1, Fig. 1D). In contrast to the single-protein-analysis of
calprotectin by ELISA, metaproteome analysis revealed abundances of

many metaproteins providing comprehensive information about the pa-
tient and the microbiome. This will become especially useful as soon as
the impact of the different microorganism on the IBD pathogenesis is
better understood.

Hierarchical cluster analysis was used to separate patient cohorts
based on their metaprotein profiles. Overall, four main clusters were ob-
served in the clustergram, which were linked with GCA (cluster 1), dif-
ferent diseases of the GIT (cluster 2), healthy individuals and IBS (clus-
ter 3) as well as UC and CD (cluster 4). Apparently, the investigated
diseases had a bigger impact on the fecal metaproteome in the clus-
tergram (Fig. 1) than inter and intra patient variations such as sam-
ple time points or the gender. However, not all five analyzed diseases
could be clearly separated and some patient's metaproteome profiles



fell into the wrong cluster. Still, our results may already provide valu-
able information for the diagnosis of the diseases. Furthermore, one-way
ANOSIM confirmed the separation of the diseased groups from the
healthy individuals (Fig. 2). However, the results should be verified by a
further study on an independent cohort since the protein profiles of the
different samples possessed high intra and interindividual variability as
also observed in similar studies [42,43,48,49]. At least the correlation
of the human enzyme calprotectin detected by the ELISA with the MS
results (Supplementary Note 1) proved the validity of the study.

Based on the clustering of the metaprotein profile (proteotyping
[25]), physicians may distinguish whether a new sample belongs to
healthy individuals or to people with only a functional disorder (IBS)
or to patients that potentially have a severe disease such as GCA, UC or
CD.

A differentiation between CD, UCr and UCa and between the healthy
individuals and IBS or CA was not possible at this time. The similarity
between the healthy individuals, CA and IBS samples can be explained
by the small number of samples or by the fact that all three cases do
not cause big functional changes of the GIT and microbiome. Further-
more, variations between IBS patients might be caused by IBS subtypes,
which display a wide range of symptoms such as diarrhea and obstipa-
tion. In contrast, CD and UC cause severe inflammations which resulted
even under remission in increased levels of inflammation markers. How-
ever, it was difficult to distinguish the diseases since the severity of the
inflammation and the progress of the therapies varied between the pa-
tients.

In order to improve the diagnosis of the diseases specific marker
metaproteins were searched by Mann-Whitney U test. Furthermore, the
regulated metaproteins were linked with pathogenesis.

CD and UC represent main inflammatory disease of the GIT. As ex-
pected for the inflammation processes in both diseases a significant in-
crease of IgG and NET metaproteins were observed. NET proteins are
produced by neutrophil granulocytes as part of their immune response.
According to He et al. (2016) [50] and Bennike et al. (2015) [51] an
increased number of neutrophil granulocytes migrate in IBD patients
from the blood into the GIT. There, they excrete their DNA and several
proteins in order to kill and trap microorganisms. Consequently, inhibi-
tion of neutrophil granulocytes migration and NET represent a promis-
ing strategy in IBD therapy [52].

Comparison of NET metaprotein abundance based on the metapro-
teome analysis against the calprotectin abundances measured by ELISA
showed several significant differences. Since all other NET proteins ex-
clusively identified by metaproteome analysis show the same trend, the
results of the calprotectin ELISA might be biased by unspecific binding
of the ELISA antibodies.

A main consequence of CD and UC is that the cells in the affected tis-
sue partially lose their function due to inflammation processes. The mu-
cosal membranes of the GIT produced less IgA [52,53] as observed by
our metaproteome analysis [53,54]. Usually, IgA protects the GIT from
microorganisms and can inhibit the immune response [55]. However, as
previously mentioned an increase in IgG was observed. IgG activates the
innate immune response and triggers an even stronger inflammation.
Therefore, the dysregulation of IgA and IgG constitutes a feedback loop
and might explain the chronic nature of UC and CD. Further evidence
for this hypothesis is a reduced antibody dysbiosis in patients with UC
under remission.

However, it remained unclear whether the exaggerated immune re-
action is a dysfunction of the immune system or targets specific mi-
croorganisms which cause the diseases. Still, some differences in tax-
onomic composition were observed. Metaprotein taxonomies revealed
e.g. a decrease of the phyla Spirochaetes, in UCr patients and a de-
crease for the phyla Acidobacteria in CD patients. A good example for
the correlation of UC and CD with the microbiome is the decrease of
transcriptional regulatory protein RprY from Bacteroides fragilis (UniRe-

f50_Q9AE24) in UC and CD patients. It is known that the proteins RprX
and RprY of Bacillus fragilis inhibit the expression of a proteinase, which
is toxic for humans. Due to the decrease of RprY, more toxins can
be expressed. The toxin may cleaves E-cadherin molecules in the gut,
which induces subsequently the release of cytokines in intestinal ep-
ithelial cells [56,57]. Finally, the cytokines may promote inflammatory
processes.

The regulated metaproteins discussed so far, correlated with both CD
and UC equally. A specific marker for CD is sucrose-isomaltase (UniRe-
f50_P14410), which was found in increased amounts in CD patients.
Usually this enzyme is attached to the brush border of the small intes-
tine and is responsible for the degradation of carbohydrates [58]. Dur-
ing inflammation processes, this sucrose-isomaltase is likely detached
from the cells. The reduced sugar degradation activity can also explain
the weight loss in CD patients. Sucrose-isomaltase is not increased in UC
patients, since the small intestine is not affected in UC. Therefore, this
marker metaprotein allows the clear differentiation between both dis-
eases. An alternative explanation for the increase of sucrose-isomaltase
is the increase of tumor necrosis factor (TNF)-alpha in CD, which was
correlated to increase the expression of sucrose isomaltase [59].

Additionally, several other regulated metaproteins were observed
in CD and UC patients, which were already described as potential
marker proteins, but could not be linked to coherent explanation for
the diseases. This included the metaproteins gamma-glutamyl hydrolase
(UniRef50_Q92820), resistin 50 (UniRef50_Q9HD89) olfactomedin-4
[60] (UniRef50_Q6UX06) and trefoil factor 252 (UniRef50_Q03404)
as well as the metaproteins of the complement system C4-A (UniRe-
f50_POCOL4), and plasma protease Cl inhibitor (UniRef50_P05155)
[61]. At least for the activation of the complement system it might be
speculated that a dysfunction of it may be correlated with the diseases.

A comparison of our results with two recent IBD studies [42,43]
showed several accordances such as the increased amounts of calpro-
tectin, but also some discrepancies. For example Mills et al. (2019) [43]
observed increased amounts of s-IgA in contrast to decreased amounts
in our study. Contrary, Mills et al. (2019) observed also a strong dynam-
ics of s-IgA. Unfortunately, a proper comparison of the studies is hin-
dered by the different sampling time points, different laboratory work-
flows, different databases for protein identifications and different pro-
tein grouping strategies.

An increase of IgG and a decrease of IgA were observed for IBS pa-
tients, a similar but less intense case to what was found for CD and
UC patients. This also indicates an activation of the immune system,
and might correlate with a dysbiosis of the GIT or the microbiome.
Furthermore, the proteins pancreatic secretory granule membrane ma-
jor glycoprotein GP2 (UniRef50_P55259) and enteropeptidase (UniRe-
f50_P98073) were upregulated. Latter enzyme is produced by the in-
testinal mucosa [62]. The increase of intestinal mucosa metaproteins
can be explained by overworking resp. detachment of the intestinal mu-
cosa due to diarrhea or constipation, which are the typical symptoms of
IBS.

This study found no meaningful alterations of the metaprotein pro-
file in the fecal samples of CA patients in comparison to the healthy in-
dividuals. In CA patients the intestinal epithelial is locally restricted pro-
liferated, but the GIT and microbiome are still intact and working prop-
erly. Contrary to other publications, which found a relation between
CA and the microbiome associated to the intestinal epithelial, this study
could not reproduce these results [63]. A more in-depth investigation,
including more samples and using a higher resolution is necessary to re-
solve the disagreement between these studies. Furthermore, this study
should also include fecal samples from patients with colon carcinomas
for which several potential marker proteins were already identified by
other groups [48,49].



In samples of GCA patients an increased amount of enzymes from
granulocytes was observed, which might be linked to tumor specific
background inflammation. Furthermore, a massive decrease of the pan-
creas enzymes trypsin-2 (UniRef50_P07478) and kallikrein-1 (UniRe-
f50_P07288) was observed. The decreased amount of trypsin might be
an artefact of the tryptic digest during sample preparation, but this is
unlikely since kallikrein-1 was similarly affected. The decrease of these
enzymes indicates reduced pancreas functionality. The cause for this re-
mains speculative, and maybe associated to the proliferation of the can-
cer [64], the cancer treatment, the medical history e.g. alcohol consume
or other reasons.

Within the microbial community of GCA patients an upregulation
of the enzymes alkyl hydroperoxide reductase (Proteobacteria, UniRe-
f50_P80239) and L-asparaginase 2 (Proteobacteria, UniRef50_P00805)
was observed. Unfortunately these metaproteins could be only assigned
to the phyla Proteobacter and not to a more specific taxonomy level.
Among others Helicobacter pylori is one important member of the phyla
Proteobacter. Furthermore, Helicobacter pylori infections are a major
cause of GCA, which may promote the tumor development through
DNA-damaging reactive oxygen species [65]. Therefore, the presence
of alkyl hydroperoxide reductase, an enzyme which protects the mi-
croorganisms against radical oxygen species, may be a potential marker
metaprotein. L-asparaginase converts asparagine and glutamine to as-
partate and glutamate, respectively. Previous studies [66,67] showed
that this enzyme enables Helicobacter pylori to utilize extracellular as-
paragine and may promote the colonization of the gastric niche by the
inhibition of normal lymphocyte function.

5. Conclusion

The study presented in this paper benefitted from the metapro-
teomics approach, by enabling the combined identification of multiple
human and microbial metaproteins from a single fecal sample. Cluster
analysis and specific marker metaproteins, i.e. human sucrose-isomal-
tase (UniRef50_P14410) and microbial RprY (UniRef50_Q9AE24), could
be shown to differentiate between healthy individuals and patients of
several GIT diseases.

Consequently, non-invasive metaproteome analysis of fecal sam-
ples may support the diagnosis of CD, UC, IBS, CA and GCA. Altered
metaprotein expression provided new insights into the pathogenesis of
GIT diseases, thereby, supporting the identification of drug targets. Be-
fore the presented method, the metaproteome analysis of fecal samples,
can be applied in diagnostics, validation according to medical guidelines
is required.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jprot.2019.04.009.
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