M

-y

Universitat de Girona

INTESTINAL MICROBIOLOGY IN CROHN'’S DISEASE:
A STUDY OF Escherichia coli AS A POTENTIAL
ETIOLOGIC AGENT

Margarita MARTINEZ MEDINA

ISBN: 978-84-693-1991-8
Diposit legal: GI1-324-2010
http://www.tdx.cat/TDX-0303110-152106

ADVERTIMENT. La consulta d’aquesta tesi queda condicionada a I'acceptacié de les seglients
condicions d'Us: La difusi® d’aquesta tesi per mitja del servei TDX (www.tesisenxarxa.net) ha estat
autoritzada pels titulars dels drets de propietat intel-lectual Unicament per a usos privats emmarcats en
activitats d’investigacio i docéncia. No s’autoritza la seva reproduccié amb finalitats de lucre ni la seva
difusid i posada a disposicié des d’un lloc alie al servei TDX. No s’autoritza la presentacié del seu
contingut en una finestra o marc ali¢ a TDX (framing). Aquesta reserva de drets afecta tant al resum de
presentacio de la tesi com als seus continguts. En la utilitzacié o cita de parts de la tesi és obligat indicar
el nom de la persona autora.

ADVERTENCIA. La consulta de esta tesis queda condicionada a la aceptacion de las siguientes
condiciones de uso: La difusién de esta tesis por medio del servicio TDR (www.tesisenred.net) ha sido
autorizada por los titulares de los derechos de propiedad intelectual Unicamente para usos privados
enmarcados en actividades de investigacion y docencia. No se autoriza su reproduccion con finalidades
de lucro ni su difusion y puesta a disposicion desde un sitio ajeno al servicio TDR. No se autoriza la
presentacion de su contenido en una ventana o marco ajeno a TDR (framing). Esta reserva de derechos
afecta tanto al resumen de presentacion de la tesis como a sus contenidos. En la utilizacién o cita de
partes de la tesis es obligado indicar el nombre de la persona autora.

WARNING. On having consulted this thesis you're accepting the following use conditions: Spreading
this thesis by the TDX (www.tesisenxarxa.net) service has been authorized by the titular of the
intellectual property rights only for private uses placed in investigation and teaching activities.
Reproduction with lucrative aims is not authorized neither its spreading and availability from a site
foreign to the TDX service. Introducing its content in a window or frame foreign to the TDX service is
not authorized (framing). This rights affect to the presentation summary of the thesis as well as to its
contents. In the using or citation of parts of the thesis it’s obliged to indicate the name of the author.




Intestinal microbiology in Crohn's disease:
A study of Escherichia coli as a potential etiologic agent.



%

Universitat de Girona

Jesis Garcia Gil, catedratic del Departament de Biologia de la Universitat de

Girona,

CERTIFICO:
Que aquest treball titulat “Intestinal microbiology in Crohn's disease: A study of
Escherichia coli as a potential etiologic agent”, que presenta Margarita Martinez

Medina per a l'obtencié del titol de Doctora, ha estat realitzat sota la meva

direccié i que compleix els requeriments per poder optar a Mencié Europea.

Signatura

Girona, Octubre de 2009




%
UdG

Universitat de Girona
Area de Microbiologia

Tesi Doctoral

Intestinal microbiology in Crohn's disease: A study of
Escherichia coli as a potential etiologic agent.

Memoria redactada per Margarita Martinez Medina, inscrita al
programa de doctorat en Ciencies: Quimica i Fisica de les
Molecules i els Materials, Biotecnologia i Ciencies de la Salut de la
Universitat de Girona per optar al grau de Doctor en Biologia per
la Universitat de Girona.

Vist-i-plau Autor
El Director de la Tesi

W T

Prof. Dr. L. J. Garcia-Gil

Catedratic de Microbiologia Margarita Martinez Medina

Girona, Octubre de 2009



Table of contents

Table of contents i

Table of abbreviations iv
Summary
Resum
Resumen
Introduction 11
1 Inflammatory Bowel Diseases 13
1.1 Crohn’s disease 13
1.2 Ulcerative colitis 15
1.3 Indeterminate colitis 15
1.4 Extraintestinal manifestations of IBDs 16
1.5 Other intestinal inflammatory diseases 17
2 Crohn’s Disease 18
2.1 Clinical manifestations and diagnosis 18
2.2 Etiology 19
2.3 Epidemiology (Environmental Factors) 20
2.4 Current therapies 21
2.5 IBD genetics (Host Factors) 22
2.5.1 Family aggregation 22
2.5.2 Susceptibility loci 23
3 Microbial-Host interactions in intestinal mucosa 26
3.1 Composition and metabolic activity in an enteric microbial community 26
3.2 Homeostatic situation in a healthy gut 29
3.2.1 Influence of commensal microbiota 31
3.2.2 The epithelial surface 32
3.2.3 Antigen recognition 33
3.2.4 Innate Immunity and Adaptive Immunity 35
3.3 Disruption of homeostasis in Crohn’s disease (Host factors) 36
3.3.1 Epithelial barrier deficiencies in Crohn’s disease 36
3.3.2 Disturbed innate immune mechanisms in bacterial recognition and 37
clearance
3.3.3 Unbalanced adaptive immune response 40
4 Role of intestinal microbiota in Crohn’s disease (Microbial Factors) 41
4.1 Evidence of bacterial implication in the pathogenesis of Crohn’s disease 41
4.2 Enteric microbiota in Crohn’s disease 43
4.2.1 Dysbiosis as a feature of Crohn’s disease 43
4.3 Pathogens proposed as possible causative agents 46
4.3.1 Listeria spp. and Yersinia spp.: “the cold chain hypothesis” 46

4.3.2 Mycobacterium avium subspecies paratuberculosis (MAP): similarities 47
with Johne’s disease

4.3.3 Helicobacter spp. 47
4.3.4 Yeasts 47
5 Escherichia coli and Crohn’s disease 48

5.1 Evidences of E. coli contribution to Crohn’s disease pathogenesis 48



5.2 Pathogenic Escherichia coli and the recently described adherent-invasive
Escherichia coli pathovar

5.2.1 Enteropathogenic E. coli (EPEC)

5.2.2 Enterohemorrhagic E. coli (EHEC)

5.2.3 Enterotoxigenic E. coli (ETEC)

5.2.4 Enteroaggregative E. coli (EAEC)

5.2.5 Enteroinvasive E. coli (EIEC)

5.2.6 Diffusely adherent E. coli (DAEC)

5.2.7 Uropathogenic E. coli (UPEC)

5.2.8 Meningitis/sepsis-associated E. coli (MNEC)

5.2.9 Adherent- Invasive E. coli (AIEC), an emergent E. coli pathotype

associated with Crohn’s disease

Objectives
Results

Chapter 1: Description of the bacterial community in Crohn’s disease patients and
the search for compositional differences with respect to control subjects
Introduction
Materials and methods
Results
Discussion
References

Chapter 2: Characterisation of Escherichia coli populations associated to the
intestinal mucosa of Crohn’s disease patients and control subjects
Introduction
Materials and methods
Results
Discussion
References

Chapter 3: Characterisation of adherent-invasive E. coli strains isolated from the
intestinal mucosa of Crohn’s disease patients and control subjects

3.1. Biofilm formation as a novel phenotypic feature of adherent-invasive Escherichia
coli (AIEC)

Introduction

Materials and methods

Results

Discussion

References

3.2. Similarities and divergences between adherent-invasive E. coli (AIEC) and
extraintestinal pathogenic E. coli (EXPEC)

Introduction

Materials and methods

Results

Discussion

References

General discussion

1 Alterations in the microbial composition of Crohn’s disease patients
1.1 Principal populations responsible for dysbiosis in Crohn’s disease
1.1.1 Escherichia coli
1.1.2 Faecalibacterium prausnitzii
1.1.3 Clostridium coccoides (Cluster XIVa)
1.1.4 Bacteroidetes
1.1.5 Ruminococcus torques

49

51
52
53
54
55
56
56
57
58

61
65
67

69
70
74
78
83

87

89
89
94
103
106

111

113

113
114
118
124
126

131

131
132
137
142
147

151

154

154
155
155
156
158
159



1.2 Crohn'’s colitis is microbiologically closer to ulcerative colitis than Crohn’s ileitis

1.3 Relevance and applicability of dysbiosis in Crohn’s disease
1.3.1 Applicability to alternative diagnostic tools for inflammatory bowel diseases
1.3.2 Dysbiosis: cause or consequence?

2 Role of Escherichia coli, especially adherent-invasive E. coli, in Crohn’s disease

2.1 Evidence of AIEC implication in Crohn’s disease
2.1.1 Adherent and invasive E. coli strains in cow mastitis, granulomatous colitis of
Boxer dogs and human colorectal cancer
2.1.2 Host factors and AIEC
2.1.3 Synergism with other microorganisms?

2.2 Characterisation of the AIEC strain collection
2.2.1 AIEC pathogenic features
2.2.2 Comparative differential gene expression between AIEC and non-AIEC strains
with identical PFGE profile: looking for the genes responsible for the “AIEC
phenotype”

3 Concluding remarks
Conclusions
References

Annexes
I.  Annexed tables
II. Annexed figures
lll. Glossary

Acknowledgements

161
163
163
164
166

166
167

168
169

170
170
173

174
177
181

209
211
214
215

217



Abbreviation

Table of abbreviations

Description

Abbreviation

Description

APCs
APEC
ASCA

C

CARD
C-CD

CD
CEACAMG6

DAEC
DC
DEC

DGGE

dsDNA
EAEC
EHEC

EIEC

EPEC
ETEC
EXPEC

FISH
GALT
Gl

IBD

IBS

IC-CD
I-CD

ldC
IFN

Antigen presenting cells
Avian pathogenic E. coli

Anti-Saccharomyces cerevisiae
antibody

Control subjects

Caspase recruitment domain
Crohn’s colitis

Crohn’s disease

Carcinoembryonic antigen-related
cell adhesion molecule 6

Diffusely adherent E. coli
Dendritic cells

Diarrhoeagenic E. coli

Denaturing gradient gel
electrophoresis

Double-stranded DNA
Enteroaggregative E. coli

Enterohemorrhagic E. coli

Enteroinvasive E. coli

Enteropathogenic E. coli
Enterotoxigenic E. coli

Extraintestinal pathogenic E. coli

Fluorescence in situ hybridisation
Gut associated lymphoid tissue

Gastrointestinal

Inflammatory bowel diseases

Irritable bowel syndrome
Ischemic colitis
lleo-colonic disease

Crohn’s ileitis

Indeterminate colitis
Interferon
Interleukin

LPS
LRR
MAP

MAPK
MDP
MHC
MNEC
NF-kB

NK
NLR
NOD

Omp

OTU
PAI
PAMPs

pANCA

PGN
PRRs
RTi-PCR

SCFAs
SNPs
SSCP

(T)TGGE

TIR
TLR
TNF-ot
T-RFLP

uc
UPEC
UTl

Lipopolysaccharide
Leucine-rich repeats

Mycobacterium avium subspecies
paratuberculosis

Mitogen-activated protein kinase
Muramyl-dipeptide

Major histocompatibility complex
Meningitis/sepsis-associated E. coli
Nuclear factor-kappaB

Natural killers
NOD-like receptors

Nucleotide-binding-oligomerisation-
domain

Outer membrane protein

Operational taxonomic unit
Pathogenicity island

Pathogen associated molecular
patterns

Perinuclear anti-neutrophil
cytoplasmic antibody

Peptidoglycan
Pattern recognition receptors

Real time- polymerase chain
reaction

Short-chain fatty acids
Single nucleotide polymorphisms

Single strand conformation
polymorphism

(Temporal) temperature gradient gel
electrophoresis

Toll-interleukin 1 receptor
Toll-like receptors
Tumour necrosis factor alpha

Terminal- restriction fragment length
polymorphism

Ulcerative colitis
Uropathogenic E. coli

Urinary tract infection




Summary

summary

Crohn’s disease is a chronic inflammatory bowel disorder of low mortality but
high morbidity that afflicts both genders and any age group. Clinical symptoms
are mainly diarrhoea, abdominal pain, and weight loss. However, multiple
complications and extraintestinal manifestations are also usual. Industrialised
countries have the highest incidence*' and prevalence* rates. Two-thousand new
cases are diagnosed in Spain each year’. The etiology of Crohn’s disease remains
uncertain but recent progress has underscored the significance of genetic and
immunologic features that confer susceptibility on the host, and external or
environmental factors such as microorganisms and lifestyle.

The main purpose of this work was to describe the bacterial populations
particularly related with Crohn’s disease patients in order to identify putative
etiologic agents (Chapter 1). To achieve this objective we analysed the overall
microbial community associated with intestinal mucosa using a culture-
independent, molecular-based approach. This first study offered us an initial idea
about which bacterial populations were interesting and worth further study.
Among them, Escherichia coli was more frequently found in Crohn’s disease
patients than control subjects. Although E. coli is known to be a common
intestinal colonizer, previous research had already pointed to this bacterium as a
putative etiologic agent. Moreover, a newly described pathovar named adherent-
invasive E. coli (AIEC) has been recently linked to Crohn’s disease. For that
reason, the following studies were fucused on the E. coli mucosa-associated
populations.

The second part of the study (Chapter 2) was aimed at describing the richness,
abundance, diversity and pathogenic features of E. coli, particularly adherent-
invasive strains, colonizing the intestinal mucosa. Approximately 100 E. coli
colonies were isolated from ileal and colonic mucosa of 20 Crohn’s disease
patients and 28 controls. Two fingerprinting techniques, including pulsed field
gel electrophoresis (PFGE), were used to analyse the clonality. Overall, the AIEC
pathovar was searched for among 4314 isolates. The serotype, phylogenetic
origin, and genotype (19 virulence genes) of E. coli and AIEC strains were also
investigated. Although the number of different E. coli subtypes per patient was
similar between Crohn’s disease patients and controls, higher E. coli counts were
characteristic of Crohn’s disease patients (P=0.010), particularly those with
Crohn'’s ileitis (P=0.001). Host-specific pulsotypes shared virulence features of
extraintestinal pathogenic E. coli (EXxPEC) at similar frequencies between

! Words marked with an asterisk in the text are defined in the Glossary (Annex IIT)
2 Official webpage of the Asociacion Espafiola de Gastroenterologia (http://www.aegastro.es)
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Crohn’s disease and controls. In contrast, higher AIEC prevalence (% subjects
with AIEC: CD’= 51.9%; C*= 16.7%; P=0.003), abundance (% AIEC/E. coli:
CD= 3.8 £ 5.0%; C= 1.5 = 3.8%; P=0.039), and richness (N° of AIEC subtypes:
CD= 0.8 £ 1.4; C= 0.2 £ 0.4; P=0.015) were observed for Crohn’s discase
patients. In addition, AIEC subtypes showed a high variability of seropathotypes*
and pulsotypes*, although the B2 phylogroup was the most prevalent (AIEC:
64%, non-AIEC: 38%, P=0.044). This is the fifth work since 2004 to describe the
prevalence of AIEC among Crohn’s disease patients. This exhaustive
methodological approach has led to more accurate prevalence rates as well as to
new information about the ecological parameters of the AIEC pathovar. It is the
first study to depict the relative abundance, richness and diversity of AIEC strains
within the mucosa-associated E. coli population. These new AIEC data reinforce
it’s implication in Crohn’s disease.

Further studies aimed at characterising AIEC strains were performed on the
collection of AIEC and non-AIEC strains obtained during the study mentioned
above, which are presented in chapter 3.

Because bacterial biofilms in the gut mucosa are suspected to play a role in
inflammatory bowel diseases, the main aim of chapter 3.1 was to compare the
biofilm formation capacity of AIEC (N=27) and non-AIEC (N=38) strains
isolated from the intestinal mucosa. Biofilm formation capacity was then
contrasted with the AIEC phenotype’, the serotype, the phylogenetic group and
the presence of virulence genes. Specific biofilm formation indices were higher
among AIEC than non-AIEC strains (P=0.007). In addition, 65.4% of moderate to
strong biofilm producers were AIEC, whereas 74.4% of weak biofilm producers
were non-AIEC (P=0.002). These data indicate that AIEC strains were more
efficient biofilm producers than non-AIEC strains. Moreover, adhesion (P=0.009)
and invasion (P=0.003) indices correlated positively with higher biofilm
formation indices. Additionally, motility (100%, P<0.001), H1 flagellin (53.8%,
P<0.001), serogroups O83 (19.2%, P=0.008) and 022 (26.9%, P=0.001), the
presence of virulence genes such as sfa/focDE (38.5%, P=0.003) and ibeA
(26.9%, P=0.017), and B2 phylogroup (80.8%, P<0.001) were frequent
characteristics among biofilm producers. Biofilm formation capacity is a novel,
complementary pathogenic feature of the recently described AIEC pathovar that
could be implicated in Crohn’s disease pathogenesis, by conferring to the
pathovar a more perdurable colonisation of the intestinal tract, as well as
protection against antimicrobial agents, thus leading to chronic infection.

3 CD: Crohn’s disease patients
* C: Control subjects (without inflammatory bowel disease)

> To date, AIEC straits can be only identified by phenotypic traits (adhesion to and invasion of intestinal epithelial cells,
and intra-macrophage survival and/or replication)



Summary

Since several recent studies have pointed to a close relationship between AIEC
and ExXPEC in relation to the virulence genes that they carry in common, the main
aim of chapter 3.2 was to determine the frequency of strains with ‘AIEC
phenotype’ among a collection of EXPEC and further search for a common
phylogenetic origin between those intestinal and extraintestinal AIEC strains.
Adhesion, invasion and intra-macrophage replication abilities of 63 ExXPEC
strains were determined by a gentamicin protection assay using 1407 and J774
cell cultures in order to identify their AIEC phenotype. Sixty-three EXPEC strains
and 23 additional intestinal AIEC were compared by their virulence gene sets
(papC, sfa/focDE, afa/draBC, fimH, fimAvyrss, hlyA, cnfl, cdt, iucD, neuC and
ibeA). In addition, we searched for correlations with AIEC phenotype,
intestinal/extraintestinal  origin, serotype and phylogroup. Phylogenetic
relationships between extraintestinal and intestinal AIEC strains were determined
using multilocus sequence typing of seven housekeeping genes (adk, fumC, gyrB,
icd, mdh, purA and recA) and PFGE. Surprisingly, only 4 (6.35%) EXPEC strains,
belonging to serotypes O6:H1 (two strains), O83:H1 and O25:H4 were classified
as AIEC and found to be genetically related with some intestinal AIEC strains of
the same serotypes as revealed by multilocus sequence typing (ST73, ST135 and
ST131 respectively). No particular virulence gene sets correlated with the
intestinal/extraintestinal origin of the strains, or with their AIEC-phenotype,
whereas they did with the serogroup. It is also worth noting the identification of
two intestinal AIEC strains and one extraintestinal AIEC with serotype O25:H4
that belonged to the emerging and virulent clonal group ST131. With this study
we have demonstrated that the majority of extraintestinal pathogenic E. coli did
not behave as AIEC did, despite a similar distribution of serotypes, phylogenetic
groups and virulence gene profiles, thus confirming that the AIEC pathovar is
close to EXPEC but has virulence-specific features that to date have only been
detectable phenotypically. Further investigation determining the genes involved
in the AIEC phenotype is necessary.

The results of this work are in agreement with previous research on the entire
microbial community associated with Crohn’s disease, providing evidence of a
situation of dysbiosis. They further support the hypothesis of a putative
implication of AIEC in this chronic inflammatory bowel disease. In addition, this
work contributes to the understanding of mucosa-associated E. coli populations
by providing new data about their ecological parameters and pathogenic features.
Finally, we have also contributed to a better description of the AIEC pathovar by
contrasting it with close pathogenic E. coli strains and finding new pathogenic
features.
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Resum

La malaltia de Crohn és una malaltia inflamatoria intestinal cronica que pot afectar
homes i dones de totes les edats. Es caracteritza per presentar una baixa mortalitat,
pero elevada morbiditat. Els simptomes principals son diarrea (sovint sanguinolenta),
dolor abdominal i pérdua de pes. A més, sovint presenta diverses complicacions i
manifestacions extraintestinals. Els paisos desenvolupats son els que tenen taxes de
prevalenca*' i incidéncia* més elevades. Cada any a Espanya es diagnostiquen 2000
casos nous d’aquesta malaltia®. L’etiologia de la malaltia de Crohn és encara
desconeguda, malgrat la recerca intensiva feta darrerament. Actualment es pensa que
hi participen factors genetics i immunologics que confereixen una susceptibilitat a
I’hoste, i factors externs o ambientals, com serien els microorganismes i/o I’estil de
vida.

L’objectiu principal d’aquest treball ha estat descriure les poblacions bacterianes
associades especialment als malalts de Crohn, amb la intenci6 d’identificar possibles
agents etiologics (Capitol 1). Per tal de dur a terme aquest objectiu es va comencar
analitzant la composicié global de la comunitat bacteriana present en la mucosa
intestinal utilitzant métodes moleculars. Aquest primer estudi ens va permetre
identificar quines poblacions s’associaven als malalts de Crohn i quines eren més
comunes en els controls sans. Entre aquestes, Escherichia coli es va trobar més
freqlentment en malalts de Crohn que en individus control. Malgrat que E. coli és un
colonitzador comu del tracte intestinal, estudis previs fets per altres investigadors ja
proposaven aguest microorganisme com a possible agent etiologic de la malaltia de
Crohn. Recentment, a més, s’ha descrit un nou patovar anomenat adherent-invasive E.
coli (AIEC) particularment associat a aquesta malaltia. Es per aix0 que ens varem
centrar en les poblacions d’E. coli associades a la mucosa intestinal en estudis
posteriors.

L’objectiu principal de la segona part d’aquest treball (Capitol 2) ha estat descriure la
riquesa, abundancia, diversitat i caracter patogénic de les poblacions d’E. coli i AIEC
presents en la mucosa intestinal. Per a fer-ho es va dur a terme I’aillament d’aprop de
100 colonies d’E. coli de la mucosa ileal i colonica de 20 malalts de Crohn i 28
controls. Es van aplicar dues técniques per a I’analisi de clonalitat dels aillats, incloent
I’electroforesi de camp polsant (PFGE). La identificacié de soques pertanyents al
patovar ATIEC es va dur a terme sobre 4314 aillats. A més, es va determinar el serotip,
filogrup i genotip (19 gens de viruléncia) dels diferents subtipus d’E. coli i AIEC
obtinguts. Malgrat les similituds de riquesa i diversitat de subtipus present en malalts
de Crohn i controls, I’abundancia d’E. coli era superior en els pacients de Crohn,

" Les paraules marcades amb un asterisc en el text estan definides en el Glossari (Annex I11)
% Web oficial de la Asociacién Espafiola de Gastroenterologia (http://www.aegastro.es)




Resum

especialment en aquells amb afectacio ileal (P=0.001). Els clons aillats eren especifics
de cada hoste, la qual cosa indica I’absencia d’un clon o grup clonal comu entre els
malalts de Crohn. Les soques compartien gens de viruléncia caracteristics d’E. coli
causants de malalties extraintestinals amb una freqiiencia similar en malats de Crohn i
controls. Per contra, la prevalenca (% d’individus amb AIEC: CD’= 51.9%; C'=
16.7%; P=0.003), I’abundancia (% d’AIEC/E. coli: CD= 3.8 + 5.0%; C= 1.5 + 3.8%;
P=0.039) i la riquesa (nombre de subtipus d’ AIEC per pacient: CD=0.8+1.4; C=0.2
+ 0.4; P=0.015) d’AIEC era superior en malalts de Crohn. Les soques d’AIEC
presentaren una gran variabilitat de serotips i genotips, pero el filogrup B2 fou el més
prevalent (AIEC: 64%, no-AIEC: 38%, P=0.044). Després del primer treball publicat
I’any 2004, aquest és el cinque treball que descriu la prevalenca de soques AIEC en
malalts de Crohn. L’exhaustiva aproximacié metodologica emprada va permetre donar
dades de prevalenca més acurades i obtenir informacié sobre parametres ecologics
especifics del patovar AIEC dins I’intesti, fins al moment no descrits. En general, les
dades obtingudes en aquesta part del treball recolzen la hipotesi que el patovar AIEC
esta implicat en la malaltia de Crohn.

Al capitol 3 es presenten els posteriors treballs de caracteritzacio de les soques AIEC i
no-AIEC obtingudes i presentades al capitol 2.

Es pensa que els biofilms bacterians que es troben en la mucosa intestinal juguen un
paper important en la malaltia de Crohn, per aixo I’objectiu del capitol 3.1 d’aquest
treball ha estat determinar la capacitat de formar biofilms de les soques AIEC i
comparar-la amb soques no-AIEC. L’index de formacié de biofilms va ser contrastat
amb, a més del fenotip AIEC’, el serotip, filogrup i gens de viruléncia de les soques.
Com a resultat d’aquest estudi es va observar que les soques ATEC presentaven indexs
de formacid de biofilm superiors que les soques no-AIEC (P=0.007) i que el 65.7% de
soques amb capacitat moderada-forta de formar biofilms eren AIEC. A més, els indexs
d’adhesié (P=0.009) i invasi6 (P=0.003) es correlacionaven positivament amb la
capacitat de formar biofilms. La motilitat (100%, P<0.001), el tipus de flagelina H1
(53.8%, P<0.001), els serogrups O83 (19.2%, P=0.008) i 022 (26.9%, P=0.001), la
preséncia de gens de virulencia com sfa/focDE (38.5%, P=0.003) i ibeA (26.9%,
P=0.017), i el filogrup B2 (80.8%, P<0.001) eren caracteristiques freqiients entre les
soques formadores de biofilms. La principal contribucio d’aquesta part de I’estudi ha
estat descriure la capacitat de formar biofilms in vitro com a caracteristica fenotipica
associada al patovar AIEC que podria tenir implicacions en la patogénia d’aquest en
la malaltia de Crohn, ja sigui conferint al patovar una colonitzacié més estable de la
mucosa, com conferint una proteccio envers agents antimicrobians, que conjuntament
podrien col-laborar al fet que la infecci6 esdevingui cronica.

3 CD: Pacients amb malaltia de Crohn
% ¢ Individus control (sense malaltia inflamatoria intestinal)

> A data d’avui, la identificacié de soques AIEC només es pot fer a partir de la determinacié de certs caracters fenotipics com son:
la capacitat d’adhesi6 i invasi6 de cel-lules intestinals i la capacitat de supervivencia i/o replicaci6 en macrofags.
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Donada la similitud observada pel que fa als gens de viruléncia entre el patovar AIEC
i altres E. coli patogenes causants de malalties extraintestinals (ExPEC), I’objectiu
principal del capitol 3.2 ha estat determinar la frequencia de soques ExPEC amb
fenotip AIEC, i després cercar I’existéncia d’un possible origen filogenetic comu entre
aquelles soques AIEC d’origen extraintestinal i intestinal. La capacitat d’adhesio,
invasio i de replicacié en macrofags de 63 soques EXPEC es va determinar mitjancant
cultius in vitro de cel-lules 1407 i J774 per tal de determinar-ne el fenotip ATEC. També
es va comparar la distribucio de gens de viruléncia (papC, sfa/focDE, afa/draBC,
fimH, fimAvmr7s, hlyA, cnfl, cdt, iucD, neuC, i ibeA) entre aquestes 63 ExPEC
(arllades principalment de casos d’infeccions del tracte urinari, septicemia i
meningitis) amb 23 AIEC intestinals addicionals, tot correlacionant els grups de gens
de virulencia amb el serotip, filogrup, origen i fenotip AIEC de les soques. Es van
utilitzar dos métodes per a determinar la relacié genética entre les soques AIEC
extraintestinals i intestinals: MLST (multilocus sequence typing) i PFGE. Per al
MLST es van sequenciar 7 gens de conservacio de proteines estructurals (adk, fumC,
gyrB, icd, mdh, purA, i recA). Cal destacar que només 4 (6.35%) soques ExPEC, amb
serotips O6:H1 (dues soques), O83:H1 i 0O25:H4, presentaren fenotip AIEC. Es va
determinar, pero, una relacid genetica entre aquestes i d’altres AIEC d’origen
intestinal amb els mateixos serotips mitjangcant MLST (ST73, ST135 i ST131,
respectivament). Cap col-leccio particular de gens de viruléncia no es va relacionar
amb I’origen intestinal o extraintestinal de les soques, ni amb el fenotip AIEC, en
canvi, les soques si que es segregaven en funcié del serogrup. Es remarcable la
identificacié de dues soques AIEC intestinals i una extraintestinal amb serogrup
025:H4 que corresponien al grup clonal virulent i emergent ST131. Aquest estudi ha
permés demostrar que la majoria d’ExPEC no es comportaven com AIEC malgrat la
seva similitud envers els gens de viruléncia que presenten i els filotips i serotips als
quals pertanyen. Amb aixo, es confirma que el patovar AIEC és proper a ExPEC, pero
posseeix caracteristiques especifiques relacionades amb la seva viruléncia que, fins
ara, només es poden determinar fenotipicament. Sén necessaris estudis posteriors que
tinguin com a objectiu clarificar quina és la maquinaria genetica implicada a conferir
el fenotip AIEC.

Els resultats d’aquest treball coincideixen amb investigacions prévies que descriuen
I’alteracio bacteriana present en els malalts de Crohn. També recolzen la hipotesi que
implica el patovar AIEC en I’etiologia d’aquesta malaltia inflamatoria intestinal. A
més, contribuim a la descripcié de les poblacions d’E. coli associades a la mucosa
intestinal aportant dades sobre aspectes ecologics i patogénics. Finalment, descrivim
nous aspectes fenotipics d’AIEC que podrien estar relacionats amb la seva patogenia.
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Resumen

La enfermedad de Crohn es una enfermedad inflamatoria intestinal cronica que
puede afectar tanto a hombres como a mujeres de distintas edades. Presenta una
baja mortalidad pero elevada morbilidad. Los sintomas principales son la
presencia de diarrea, a menudo con sangre, dolor abdominal y pérdida de peso,
ademas de multiples complicaciones y manifestaciones extraintestinales. La
prevalencia*'' e incidencia* son mayores en paises desarrollados. Cada afio se
diagnostican en Espafia unos 2.000 casos nuevos de la enfermedad. La
etiologia de la enfermedad de Crohn se desconoce todavia, a pesar de la intensa
investigacion realizada. Se han implicado factores genéticos e inmunolégicos que
confieren susceptibilidad al individuo, ademés de factores externos o
ambientales, como serian los microorganismos y/o el estilo de vida.

El objetivo principal del presente trabajo ha sido describir las poblaciones
bacterianas asociadas especialmente a los enfermos de Crohn, con la intencion
de identificar posibles agentes etiologicos (Capitulo 1). Para ello, comenzamos
analizando la composiciéon global de la comunidad bacteriana presente en la
mucosa intestinal utilizando métodos moleculares. Este primer estudio permitié
identificar qué especies se hallaban de forma mas prevalente en enfermos de
Crohn que en individuos sanos. Escherichia coli fue una de las especies
bacterianas que se esocio a los enfermos de Crohn. A pesar de que E. coli es un
microorganismo comun del tracto intestinal, estudios previos realizados por
otros investigadores ya apuntaban hacia este microorganismo como posible
agente etioldgico de la enfermedad de Crohn. Ademas, recientemente, se ha
descrito un nuevo patovar denominado adherent-invasive E. coli (AIEC) que se
ha asociado a dicha enfermedad. Por esta razén, nos hemos centrado en las
poblaciones de E. coli asociadas a la mucosa intestinal en estudios posteriores.

El objetivo principal de la segunda parte del trabajo (Capitulo 2) fue el de
describir la riqueza, abundancia, diversidad y caracter patogénico de las
poblaciones de E. coli y AIEC presentes en la mucosa intestinal. Para llevar a
cabo este objetivo, se realizé el aislamiento de alrededor de 100 colonias de E.
coli de la mucosa ileal y coldnica d 20 pacientes de Crohn y 28 controles. Se
utilizaron dos técnicas para analizar la clonalidad de los aislados, entre ellas la
electroforesis en campo pulsado (PFGE). La identificacion de cepas
pertenecientes al patovar AIEC se realizd sobre 4314 aislados. Ademas, se
determind el serotipo, filogrupo, y genotipo (19 genes de virulencia) de los
distintos subtipos de E. coli y AIEC obtenidos. A pesar de las similitudes de

| as palabras marcadas con un asterisco en el texto estan definidas en el Glosario (Annex I11)
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riqueza y diversidad de subtipos presentes en enfermos de Crohn e individuos
control, la abundancia de E. coli era superior en enfermos de Crohn,
especialmente en aquellos pacientes con afectacion ileal (P=0.001). Se hallaron
clones especificos en cada huesped, excluyendo la existencia de un clon o grupo
clonal comun de los enfermos de Crohn. Las cepas compartian genes de
virulencia caracteristicos de E. coli causantes de infecciones extraintestinales,
con una frecuencia similar en enfermos de Crohn y controles. En cambio, la
prevalencia (% de individuos con AIEC: CD"*= 51.9%; C"*= 16.7%; P=0.003),
la abundancia (% de AIEC/E. coli: CD= 3.8 £ 5.0%; C= 1.5 + 3.8%; P=0.039) y
la riqueza (nimero de subtipos de AIEC por paciente: CD=0.8+1.4; C=0.2
0.4; P=0.015) de AIEC era superior en enfermos de Crohn. Las cepas AIEC
presentaron una gran variabilidad de serotipos y genotipos, pero el filogrupo B2
fue el mas abundante entre ellas (ATEC: 64%, no-AIEC: 38%, P=0.044). Este es
el quinto trabajo que describe la prevalencia de cepas AIEC en enfermos de
Crohn, después de que el primero se publicase el afio 2004. La exhaustiva
aproximacion metodologica utilizada permitié obtener valores de prevalencia
mas precisos, a la vez de obtener informacion acerca de parametros ecologicos
especificos del patovar AIEC, hasta el momento, no descritos. En general, los
datos obtenidos en esta parte del trabajo apoyan la hipétesis que el patovar
AIEC esta implicado en la enfermedad de Crohn.

En el capitulo 3 se presentan los posteriores estudios de caracterizacion de cepas
AIEC y no-AIEC obtenidas y presentadas en el capitulo 2.

Los biofilms bacterianos que se encuentran en la mucosa intestinal se consideran
importantes en la etiologia y/o desarrollo de la enfermedad de Crohn. Por este
motivo, el objetivo del capitulo 3.1 ha sido el de determinar la capacidad de
formar biofilms de las cepas AIEC y compararlas con cepas no-AIEC. El indice
de formacion de biofilms fue contrastado con, ademéas del fenotipo AIEC', el
serotipo, el filogrupo y los genes de virulencia de las cepas. Fue interesante
observar que las cepas AIEC presentaban indices de formacion de biofilms
superiores que las cepas no-AIEC (P=0.007) y que el 65.7% de cepas con una
habilidad moderada-fuerte de formar biofilms eran ATIEC. Ademas, los indices de
adhesion (P=0.009) e invasion (P=0.003) se correlacionaban positivamente con
la capacidad de formar biofilms. La motilidad (100%, P<0.001), el tipo de
flagelina H1 (53.8%, P<0.001), los serogrupos 083 (19.2%, P=0.008) y 022
(26.9%, P=0.001), la presencia de genes de virulencia como sfa/focDE (38.5%,
P=0.003) e ibeA (26.9%, P=0.017), y el filogrupo B2 (80.8%, P<0.001) eran

13 CD: Pacientes con enfermedad de Crohn
' ¢ Individuos control (sin enfermedad inflamatoria intestinal)

15 A dia de hoy, la identificacion de cepas AIEC solamente se puede realizar determinando ciertas caracteristicas
fenotipicas, que son la capacidad de adhesion e invasién de células epiteliales y la capacidad de supervivencia y/o
replicacién en macréfagos.



Resumen

caracteristicas frecuentes entre las cepas formadores de biofilms. La principal
contribucion de esta parte del estudio ha sido describir la capacidad de formar
biofilms in vitro como caracteristica fenotipica asociada al patovar AIEC que
podria tener implicaciones en la patogénesis de dicho patovar en la enfermedad
de Crohn, ya sea confiriendo al patovar una colonizacion mas estable de la
mucosa, como confiriendo una proteccidn contra agentes antimicrobianos, que
conjuntamente podrian colaborar a que la infeccién sea cronica.

Dada la similitud observada en cuanto a los genes de virulencia entre el patovar
AIEC y otras E. coli patogenas causantes de infecciones extraintestinales
(EXPEC), el objetivo principal del capitulo 3.2 fue el de determinar la frecuencia
de cepas ExPEC con fenotipo AIEC y luego buscar si existe un origen
filogenético comun entre las cepas AIEC de origen intestinal y extraintestinal. La
capacidad de adhesion, invasion y replicacion en macrofagos de 63 cepas
ExXPEC se determind mediante cultivos in vitro con células 1407 y J774 para
determinar el fenotipo AIEC. También se comparo la distribucion de genes de
virulencia (papC, sfa/focDE, afa/draBC, fimH, fimAvymr7s, hlyA, enfl, cdt, iucD,
neuC, Yy ibeA) entre estas 63 cepas ExPEC (aisladas principalmente de casos de
infeccion urinaria, sepsis y meningitis) y 23 cepas AIEC intestinales,
correlacionando la coleccién de genes de virulencia con el serotipo, el filogrupo,
el origen y fenotipo AIEC de las cepas. Se emplearon dos métodos para la
determinar la relacion genética entre las cepas AIEC intestinales vy
extraintestinales: MLST (multilocus sequence typing) y PFGE. Para el MLST se
secuenciaron 7 genes de conservacion de proteinas estructurales (adk, fumC,
gyrB, icd, mdh, purA, y recA). Cabe destacar que solamente 4 (6.35%) cepas
ExPEC, con serotipos O6:H1 (dos cepas), O83:H1 y 025:H4, presentaron
fenotipo AIEC, pero se halld relacion genética entre éstas y otras AIEC de
origen intestinal con serotipos iguales mediante MLST (ST73, ST135 y ST131
respectivamente). Ninguna coleccion concreta de genes de virulencia se
correlaciond con el origen intestinal o extraintestinal de las cepas, tampoco con
el fenotipo AIEC. En cambio, las cepas si se segregaban en funcion del
serogrupo. Es remarcable la identificacion de dos cepas AIEC intestinales y una
AIEC extraintestinal con serogrupo 025:H4 que correspondian al grupo clonal
emergente y virulento ST131. Este estudio ha permitido demostrar que la
mayoria de ExPEC no se comportan como AIEC, a pesar de la similitud genética
que existe entre ambos patovares. Por lo tanto, se confirma que el patovar AIEC
es proximo al patovar ExPEC, pero posee caracteristicas especificas
relacionadas con su virulencia que, hasta el momento, solamente se pueden
determinar fenotipicamente. Hacen falta estudios adicionales que tengan como
objetivo identificar cual es la maquinaria genética implicada en conferir el
fenotipo AIEC.
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Los resultados de este trabajo coinciden con investigaciones previas que
describen la alteracion bacteriana presente en enfermos de Crohn. Ademas,
apoya la hipotesis que implica el patovar AIEC como agente etiologico de dicha
enfermedad inflamatoria intestinal. Contribuimos también en la descripcion de
las poblaciones de E. coli asociadas tanto a la mucosa intestinal de individuos
sanos como pacientes de Crohn aportando datos acerca de aspectos ecolégicos y
patogénicos de éstas, asi como en la caracterizacién de cepas AIEC, hallando
nuevos aspectos fenotipicos que podrian estar relacionados con su patogénesis.
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1 Inflammatory bowel diseases

Inflammatory bowel diseases (IBDs) include various different intestinal
inflammatory disorders. A common feature is chronic inflammation of different
parts of the gastrointestinal (GI) tract. Infectious colitis, ischemic colitis and
radiation enterocolitis are disorders of known etiology but there are still some
types of IBDs of unknown cause, called idiopathic IBDs. Crohn’s disease (CD),
ulcerative colitis (UC), and indeterminate colitis are the primary chronic
idiopathic IBDs. Despite the fact these intestinal disorders differ in terms of their
localisation, the distribution of inflamed areas, and their histology, in some cases

a clear classification is not possible [1].

During the course of IBDs, disease-active periods, or flares, alternate with
inactive episodes of remission. The macroscopic re-emergence of the disease for
those patients who have undergone surgery is called recurrence. Three
subgroups can be distinguished, based on the clinical course of the disease. IBDs
are classified as chronic-intermittent when there is a relapsing remitting pattern
in which flares respond favourably to treatment and temporary periods of
remission are achieved. Cases of refractory disease are classified as chronic-
continuous, because treatment only partially heals the inflammation, and
remission periods are shorter and flares more frequent. The term used when the
disease is accompanied by extremely severe inflammation is acute-fulminant.
Commonly, this phase appears as the first episode of the disease, although it can

emerge during both of the chronic types of the disease described above [1].

1.1 Crohn’s disease

Inflamed areas in CD patients are patchily distributed and may involve the entire
gut, from the oropharynx to the perianal area. The inflammation is distributed
asymmetrically, not only along the digestive tract but also across the perimeter. It
can be transmural*'®, thus affecting the whole intestinal wall from the mucosa to
the serosa, which may lead to other complications such as fistulas*, abscesses*
and stenosis*. Histological observations will reveal small superficial ulcerations

and sometimes noncaseating granulomas* [2].

' Words marked with an asterisk in the text are defined in the Glossary (Annex III)
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There are a great number of disease phenotypes, which can be classified in line
with the Montreal classification [3] (Table 1) according to the age at the onset of
the disease, the anatomical localisation of the inflammation, and its overall
behaviour. Clinical manifestations are unstable during its course, and for this
reason a long monitoring period (at least five years) is necessary to accurately
classify the disease phenotype [4].

Table 1. The Montreal classification of Crohn’s disease ([3]), modified from the Vienna
classification ([5]).

Age of diagnose (A) Characteristics

Colonic localisation in most cases
High family aggregation and genetic susceptibility

Frequent and extensive inflammation, from upper Gl tract to colon

Al: Younger than 16

A2: 17-40 years old

Colonic localisation in most cases
A3: Older than 40

Localisation (L) Characteristics ‘
30% CD patients

L1: lleal Basic clinical manifestations: Stenosis*, nausea, vomiting,
abdominal pain, loss of weight, and fever. Less aggressive diarrhoea
than in colonic localisation.
20% CD patients

_ One or several affected areas between cecum and rectum, but

L2: Colonic mainly colon. Abundant diarrhoea, bleeding, abdominal pain, and

loss of weight. Correlates with perianal disease and extraintestinal

manifestations.

40% CD patients

Localisation and clinical manifestations of L1 and L2

5% CD patients

L4: Upper Gl tract Proximal ileum, jejunum, duodenum, stomach,. qesophagus or _
oropharynx can be affected. Heterogeneous clinical manifestations
depending on the exact localisation.

L4 Localisation must be added to the above categories in case of additional upper Gl tract
involvement (e.g. L1+L4)

Behaviour (B) Characteristics

B1: Inflammatory Superficial ulcerations and inflammation
(not structuring-not Abdominal pain and diarrhoea
penetrating)

L3:lleocolonic

Presence of stenosis* and fibrosis*
B2: Stricturing Nausea, vomiting, pain and abdominal distension. Cases often
refractory. Occasional surgical intervention. Low recurrence.
Perforation. Often formation of fistulas* and abscesses*. Surgery
necessary. High recurrence.
Perianal disease is a modulator of the above categories, which must be indicated with a p

(e.g. Blp)

B3: Penetrating
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1.2 Ulcerative colitis

UC is a form of IBD that occurs exclusively in the colon. The rectum is involved
in 95% of patients, with variable degrees of proximal extension. Unlike CD,
inflammation is confined to the mucosa except for rare cases, such as toxic
megacolon*®, and has a continuous distribution of variable severity. Ulceration,
edema* and hemorrhage are also characteristic of UC. Histological features
include acute and chronic inflammation by polymorphonuclear leukocytes and
mononuclear cells, crypt abscesses*, distortion of the mucosal glands, and goblet
cell depletion. The most common intestinal manifestation is the presence of blood
and mucus mixed in feces, together with lower abdominal cramping [2].
Depending on the anatomical extension of the inflammation, the disease is
subclassified as [3]:

e Ulcerative proctitis (E1) refers to inflammation that is limited to the rectum.
Generally mild intermittent rectal bleeding is the only symptom. However,
rectal pain, urgency and tenesmus* are also frequent. Prevalence* among UC
patients is 30-42% [6].

o Distal or left-sided UC (E2) involves the rectum, sigma and left colon.
Symptoms include bloody diarrhoea, abdominal cramps, weight loss and left-
sided abdominal pain. Prevalence* among UC patients is 44-48% [6]. Some
clinicians consider proctosigmoiditis to be a different subtype [1].

Nevertheless, disease course and prognosis are similar to left-sided UC.

e Pancolitis or universal colitis (E3) refers to inflammation affecting the entire
colon. Bloody diarrhoea, abdominal pain and cramps, weight loss, fatigue, and
fever are symptoms of pancolitis. Patients with this disease phenotype have a
higher probability of colectomy and colorectal cancer. Prevalence* among UC
patients is 9-17% [6]. Fulminant colitis is a rare but severe form of pancolitis.
Patients with fulminant colitis show dehydration, severe abdominal pain,
diarrhoea with bleeding and even shock. These patients have a risk of

developing a toxic megacolon*.

1.3 Indeterminate colitis

The concept of indeterminate colitis (IdC) is controversial, since some clinicians
consider that patients diagnosed with IdC are in fact suffering from either CD or
UC that has not been properly identified, and that this classification is therefore
temporary (10-15% of cases) [7]. Currently, however, it is generally considered to
be a chronic IBD that principally affects the colon, and for a correct diagnosis

infectious colitis or other causes of colitis must have been previously ruled out.

15



Martinez Medina, M — Intestinal microbiology in Crohn’s disease

The lack of specific reference tests for this IBD phenotype make it difficult to
diagnose, and can eventually lead to its misidentification as CD or UC. A lot of
good judgement must be exercised in classifying unidentified IBDs because
pharmacologic treatment and how and when surgery is used depends on it. The
main clinical manifestation is severe colitis, with painful bloody diarrhoea and
fever. Usually, patients suffering from IdC do not improve with corticosteroid
treatment. They are generally refractory and surgery is usually necessary. 1dC is
characterised by extensive ulceration, alternating with non-inflamed areas (50%).
It occurs at higher rates in the rectum and left colon. Under microscopic
examination, this IBD exhibits abundant ulcers, V-shaped fistulas*, transmural*

inflammation and an absence of lymphoid aggregates [8].

1.4 Extraintestinal manifestations of IBDs

Multiple organs can be affected by IBD, including bones, joints, skin, eyes,
hepatobiliary systems, lungs and kidneys [9]. These extraintestinal manifestations
can occur prior to the disease’s onset, in conjunction with the disease or as a
consequence of flares. The prevalence* of patients that suffer at least one

extraintestinal manifestation ranges from 21 to 40% [10].

Arthralgia* and arthritis* [11]. Articular pathologies are the most frequent
extraintestinal manifestations of IBD, with a prevalence* of 30% in all IBD
patients, and a higher percentage in CD patients. There are two forms of
musculoskeletal syndrome: a peripheral form and an axial form. Axial
arthropathies, including sacroiliitis* and ankylosing spondylitis*, are usually
independent of disease activity and involve inflammation of the spine and
sacroiliac joints respectively. Peripheral arthritis* is typically classified in two
forms: Type I and II. Type I involves less than five large joints, is acute, and
usually correlates with flares. Type II tends to be chronic, affects five or more
small joints, and is not strictly associated with IBD activity periods. Included

within IBD musculoskeletal pathologies is osteoporosis.

Dermatologic. Oral aphthous ulcers are common in IBD and usually correlate
with activity periods of the disease. Other cutaneous manifestations are erythema
nodosum®* and pyoderma gangrenosum*. Dermatologic pathologies are present in
<8% of IBD patients, with erythema nodosum* being more frequent in CD

patients and pyoderma gangrenosum* in UC patients (<1%) [2].

In addition to the above-mentioned extraintestinal manifestations, less frequent
complications can sometimes appear. Ophthalmologic problems such as

uveitis*, scleritis*, and episcleritis*, are often a secondary effect of chronic
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corticosteroid therapy. Hepatobiliary (up to 30% of IBD patients, more common
in UC), vascular and renal diseases (up to 16% of IBD patients), as well as bone
abnormalities are other reported forms of IBD extraintestinal manifestations [1,
2,9].

The wide range of extraintestinal manifestations related to IBDs may have either
an immunologic etiology, dependent or independent of the disease activity, or
occur due to anatomical or metabolic abnormalities of IBDs or as the secondary

effects of drug treatment [12].

1.5 Other intestinal inflammatory diseases

Ischemic colitis [13]. Ischemic colitis (IC) is caused by an inadequate blood flow
in the colon which leads to an acute inflammation. IC is more common in the
elderly than in the young. Moderate abdominal pain and, rarely, hemorrhaging,
are symptoms of IC. Histologically, different degrees of ischemia* can appear in
both the mucosa and submucosa. In addition, transmural* necrotic zones can be

present.

IC consists of an acute colonic inflammation that is distinguishable and has a
different etiology from IBDs. For this reason, it is considered an excellent
“inflammatory control” since it allows cases of patients (in this study, primarily
CD patients) to be compared with a case of acute mucosal inflammation, arising

out of a formerly supposedly healthy situation.

Irritable bowel syndrome. IBS is considered a functional bowel disorder [14],
since clinical symptoms of gastrointestinal dysfunction are present, but clear
endoscopic and histological evidence is absent. IBS is the most prevalent
gastrointestinal disorder, with 15% of the population affected in Western
countries [15]. Patients suffering from IBS may have abdominal pain and/or
discomfort, bloating and bowel disturbances (diarrhoea, constipation or
alternating bowel habits) [16]. IBS is subdivided into three groups according to
the clinical symptoms: D-IBS, characterised by predominant diarrhoea; C-IBS, by
predominant constipation, and A-IBS, by the subtypes alternating [17]. Close
points of similarity between D-IBS and CD have lead to the hypothesis that IBS
is an inflammatory disease that shares common pathogenic features with CD, but
has a milder phenotype [18]. IBS is a complex disorder; the influence of possible
alterations in the central and enteric nervous systems [19], as well as impaired
permeability possibly triggered by a luminal antigen [20], have been considered

as possible causes of or contributors to the disease.
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2 Crohn’s disease

2.1 Clinical manifestations and diagnosis

Crohn’s disease is a chronic inflammatory disorder that can be patchily and
asymmetrically localised throughout the entire gastrointestinal tract,
longitudinally (from mouth to anus) and transversally (from mucosa to serosa).
Factors such as localisation of the disease, severity, and presence of
extraintestinal manifestations determine its clinical manifestation in patients.
Symptoms are unspecific and heterogeneous, which makes diagnosis difficult.
Various different diagnostic tools such as histology, image-based tools

(endoscopy, radiology), and other complementary laboratory tests must be used.

The classic symptoms are diarrhoea, abdominal pain and weight loss. Diarrhoea
is the most frequent symptom when the disease is first diagnosed. Rectorrhagia
can appear in patients with L2 (colonic) localisation but less frequently than in
UC patients. Tenesmus*, urgency and incontinence usually appear in those
patients with rectal involvement. However, these symptoms are more typical of
UC patients. The type and intensity of abdominal pain can vary depending on its
nature and localisation. It is very frequent in paediatric patients (72%) [21]. Loss
of weight is more characteristic of CD than UC. It is a consequence of the
inflammatory process per se, of increasing catabolism and malabsorption, and
also frequently of anorexia. Perianal disease (fistulas* and/or abscesses*) are
frequent in CD patients with colonic localisation (40%), although 20% of all
phenotypes of CD patients suffer from this complication during the disease’s
development ([22] and references therein). Another classic symptom of CD is
fever; however, this usually comes out in combination with other symptoms such
as abscesses* or perforation. A wide range of extraintestinal manifestations,
summarised in Section 1.4, are additional complications that may occur in CD

patients.

Clinical features, in conjunction with image-based tools and histology, are
necessary for CD diagnosis. Colonoscopy with ileoscopy is a routine exploration
when CD is suspected. Endoscopic techniques allow an overall description of
which kind of lesions are present, in what amount, and any point where the
disease is localised along the GI tract. In addition, biopsy sampling is possible
during endoscopy. Radiology provides important additional data about the
disease’s behaviour (e.g. presence of fistulas*), which makes it useful for
phenotype classification. Many histological features are used for IBD diagnosis

[23], with the presence of granulomas* being a key characteristic of Crohn’s
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disease [24]. Other microscopic traits generally accepted as permitting a
diagnosis of CD are the presence of focal and patchy chronic inflammation with
increased lymphocytes and plasma cells infiltrates, and focal crypt irregularity
(discontinuous crypt distortion), among others [23]. Several biological markers
are used in combination with previously mentioned diagnostic techniques [25].
These tests comprise 1) detection of serological markers such as perinuclear anti-
neutrophilic cytoplasmic antibodies (pANCAs) and anti-Saccharomyces
cerevisiae antibodies (ASCAs), ii) C-reactive protein quantification, iii) globular
sedimentation rate determination, and iv) fecal calprotectin and lactoferrin
concentrations. None of these biological markers is pathognomonic of CD;
however they can be useful, in some cases, in the differential diagnosis of CD and
UC. For example, ASCAs are more characteristic of CD than UC (50-60% of CD
patients show positive results, in contrast with only 10% of UC patients), while
the converse is true of pANCAs (70% of UC patients vs 10-40% of CD patients).
In addition, some of them can be useful in classifying the disease phenotype and
estimating its activity and progress (e.g. C-reactive protein quantification), as
well as for prognostic purposes such as predicting the response to treatment. New
serological markers have been already associated with IBDs (for a review on this
subject, see [26]).

2.2 Etiology

Although the etiology of Crohn’s disease remains elusive to date, it is widely
accepted that several factors play a part in the onset and perpetuation of the
disease. These factors include genetic and immunologic features that confer
susceptibility on the host, and external or environmental factors such as
microorganisms and lifestyle. Depending on the scope of their research, scientists
differ in their view of the significance of each factor. Xavier and Podolsky (2007)
[27] support the view that host factors implicated in barrier function and innate
and adaptive immunity have a greater role than environmental factors.
Nevertheless, they consider that microorganisms play a more important role than
other environmental factors like lifestyle. In contrast, R.B. Sartor (2006) [28]
gives equal importance to genetic susceptibility, immune response, luminal

microbial antigens and other environmental triggers (Figure 1).

The evidence that associates these factors with the etiology of Crohn’s disease are
explained in separate sections. Environmental factors that can be a
predisposition to CD are included in the next section (Section 2.3), which focuses
on the epidemiologic features of CD. Host factors, including known genetic

susceptibility loci and imbalances in immune system functions can be found in
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Sections 2.5 and 3.3 respectively. Finally, microbial influences on CD are more

extensively detailed in Section 4.
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Figure 1. Etiological factors implicated in Crohn’s disease onset or perpetuation. A: Model
proposed by Xavier and Podolsky, 2007 [27]. B: Model proposed by R.B. Sartor, 2006 [28]

2.3 Epidemiology (Environmental Factors)

Higher rates of IBDs are seen in industrialised countries. In particular, the highest
incidence* and prevalence* rates have been reported in Scandinavian countries,
followed by the United Kingdom and North America, where there was an
increase between the 1860s and 1980s, when a plateau was reached [29]. In
Spain, as in other southern European countries, the incidence™* is lower but is still
increasing. In a retrospective study of 1966-1975 in Galicia, an incidence* of
0.1/100,000 per year was determined, while in a more recent prospective study
(Asturias, 2000-2002) the incidence* had increased up to 7.5/100,000 per year
([30] and references therein). Prevalence* rates are higher than incidence* rates
because of the chronic nature of the disease and the longevity of patients,
reaching around 1% of the population in some areas. For a detailed review of the
prevalence* and incidence* rates of studies carried out world-wide, see reference
[30]. CD can occur in all ages and genders, but the peak age of onset is around 20
years old. The distribution of prevalence* among ages is bimodal, with a second

peak of high prevalence* existing for people between 50 and 70 [31].

Regarding the existence of a clear north-south gradient, environmental factors
and lifestyle seem to play a role in CD pathogenesis. Among these, changes in
hygiene [32] and dietary habits [33], the use of refrigerators for food maintenance
[34], and the increased use of antibiotics in human and veterinary medicine [35]

might be contributing factors. Moreover, prevalence®* rates in people that migrate
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from undeveloped to industrialised countries equal those in the destination
countries [29]. Racial differences are clear for Jewish people, who have higher
incidence* rates than any other ethnic group, which is evidence of a possible
genetic risk as well.

Many environmental factors have been associated with IBDs to date, but their role
in the pathogenesis of the disease remains uncertain. A summary of IBD risk
factors are listed in Table 2. Some of them behave differently in CD and UC,
which suggests that they are heterogeneous disorders. In fact, there is an
increasing tendency to believe that IBDs probably include more than two or three

distinct entities.

Table 2. Summary of exogenous risk factors associated with ulcerative colitis and Crohn’s
disease. Adapted from Aladrén et al. [30] ([30, 31, 36] and references therein).

Risk Factor uc CD
Lactose intolerance protective protective
Tobacco (active smoking) protective risk factor
Appendectomy protective protective?
Natural feeding of newborns protective? protective?
Diet
Refined carbohydrates risk factor risk factor
Fatty acids risk factor? risk factor?
Others (margarine, alcohol, etc.) lack of evidence lack of evidence
NSAIDs (Non-steroidal anti-inflammatory drugs) controversial controversial
Contraceptive hormones controversial controversial

2.4 Current therapies

The management of Crohn’s disease depends on disease localisation (ileocecal/
colonic), severity (mild/ moderate/ severe), and activity (induction/ maintenance
of remission) (Figure 2). The dose and supply method (oral, subcutaneous or
intravenous) of a great range of drugs has to be chosen for each case. Common
therapies currently used for the management of Crohn’s disease are anti-
inflammatory chemicals derived from salicylic acid, such as mesalazine and
sulfasalazine; corticosteroids such as prednisone, methyl-prednisone and
budesonide;  antibiotics such as metronidazole and ciprofloxacin;
immunosuppressors like azathioprine and mercaptopurine; antimetabolite and
antifolate methotrexate; and, more recently, the so called “biological” drugs,
consisting of antibodies against tumour necrosis factor o (TNF-a), such as
infliximab and adalimumab. Surgery is appropriate for those patients with
fulminant or fistulising disease and for refractory cases. For a review, see

reference [36].
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Figure 2. Management of Crohn’s disease (source: Baumgart et al. [36])

2.5 IBD genetics
2.5.1 Family aggregation

A positive family history of IBD, primarily CD, is still the largest independent
risk factor in contracting the disease. The contribution of genetic factors to IBD
pathogenesis is mainly demonstrated by studies based on twins, with
monozygotic and dizygotic twins showing 38.2% 4 0.2 and 4.1% + 4.3 disease
concordance®* for CD respectively, as opposed to 12.1% + 0.1 and 2.4% + 2.3 in
UC patients [37-39] (Table 3). Family aggregation for siblings (with a relative
risk range of 13%—-36% for CD, and 7%—17% for UC) and first-degree relatives
(5%—10%) has also been reported [40-42]. In addition, the age of the diagnosis
and disease phenotype can also be inherited [43]. However, the sort of IBD can
be independent of the disease of the first-degree relative, indicating that both

diseases can share common susceptibility loci.

Table 3. Concordance* of IBD between twins.

Monozygotic twins Dizygotic twins Reference
8/18 1/26 1
CcD 5/25 38.2% + 0.2 4/46 4.1% + 4,3 2
5/10 0/27 3
1/16 0/20 1
uc 6/38 12.1% + 0.1 1/34 24% £ 2.3 2
3/21 2/44 3

1: Tysk et al., 1988 [39]. N (total twins)= 25000. Nisp (at least one with IBD)= 80
2: Thompson et al., 1996 [38]. N= 16000. Nigp = 150
3: Orholm et al., 2000 [41]. N=29421. Nigo = 103

22



Introduction

2.5.2 Susceptibility loci

IBDs are considered complex multigenic diseases in which the interaction of
multiple genetic and non-genetic factors is involved. Genome-wide studies have
contributed to the detection of several associated susceptibility loci, although
some of the studies need replicating to confirm this [27, 44]. These genes are
related to three main pathophysiological mechanisms [45]: 1) an altered innate
immune response to enteric microbiota or pathogens; ii) an epithelial barrier with
augmented permeability; and iii) an inappropriate regulation of the adaptive
immune system. A summary of the most important susceptibility genes for IBD is
listed in Table 4.

Some risk loci, such as IL23R, IL12B, HLA, NK2-3 and MST1, are common to
CD and UC, whereas the autophagy* genes ATG16L1 and IRGM, in conjunction
with CARD15 (formerly known as NOD2) are specific to CD. Fisher et al. [46]
suggest that colonic forms of IBD (ulcerative colitis and Crohn’s colitis) share
pathogenic mechanisms that are distinct from small bowel inflammation (Crohn’s
ileitis). In turn, the association of CARD15, ATG16L1 and IRGM with CD but not
UC indicates that alterations in the intracellular processing of bacteria constitute a
central feature of the pathogenesis of CD [47].

The first gene to be implicated in CD was CARD15 [48, 49]. It encodes for an
intracellular pattern recognition receptor which contains a leucine-rich repeat
region that recognises bacterial muramyl-dipeptide (MDP). The recognition
triggers inflammation via a nuclear transcription factor-kappaB (NF-kB)
pathway. Three independent mutations represent 82% of CARD15-CD variants
(Arg702Trp, Gly908Arg and 3020insC (10071fs)). At least one of these mutations
is present in 10 —20% of Caucasian CD patients. The risk of disease development
is increased 20- to 40-fold for homozygous and 2- to 4-fold for heterozygous
patients. Those variant alleles have been associated with onset of the disease at a
younger age, and the ileal and stricturing disease behaviour of CD patients. The
severity of the disease and extraintestinal manifestations were not different for
any of the CARD15 genotypes [50, 51].

Autophagy*-related genes (ATG16L1 and IRGM) have been more recently
implicated in CD pathogenesis [52-54]. Autophagy* is essential for cellular
homeostasis because it provides a mechanism of response to several stresses and
plays an important role in the degradation of harmful exogenous or endogenous
components, such as intracellular bacteria and toxins. A failure in the clearance of
invasive bacteria due to alterations in autophagy* or phagosomal functions would

lead to chronic inflammation.
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Table 4. Most important susceptibility genes for IBD. Extended and modified from Goyette et al. [45]. @ Replicated studies.

Gene Locus

Innate immunity

e CARD15  16q12
(NOD2) (IBD1)
CARD4 7p14.3
(NOD1)

® PPARy 3p25
TLR4 9q32-933
NF-kB1 4q23-q24
cD14 5q31.1

Barrier integrity

e OCTN1 5q31

(SLC22A4)  (IBD5)

e OCTN2

(SLC22A5)

MYO9B 19p
(IBD6)

o MDR1 (p- 7q
glycoprotein
170)

o DLG5 10023

Function

Intracellular receptor for MDP; activates
NF-kB in response to ligand

Intracellular receptor for iE-DAP (a PGN-like
molecule); activates NF-kB in response to
ligand

Peroxisome proliferative-activated receptor
y; Nuclear receptor that is activated by
aminosalicylic acid inhibiting NF-kB activity;
more expressed in adipose tissue and
colon and less in ileum

Transmembrane PRR, activate APCs to
support Thl cell differentiation, induction
of inflammation and establishment of
adaptive immunity

Downstream effector of signalling through
the NOD and TLR receptor families

Co-receptor in the presentation of LPS to
TLR4

Na-independent organic cation transporter
1 and Na-dependent high affinity OCT 2

Myosin 9B which contain a Rho-GTPase
activation domain; Filament remodelling
and regulation of tight junction assembly

(ATP)-dependent efflux pump; Elimination
of xenobiotics such as bacterial products

Encodes for an scaffolding protein that
helps to maintain epithelial integrity

Expression

IEC, PC (small
intestine), Ma, DC,
Mo

Large and small
intestines

IEC, Ma

IEC, Ma

B cells, T cells and
many other cell
types

Mo

IEC, Ma, T cells

Epithelial surface

Variant(s)
(genomic region)

3020insC (1007fs),
Arg702Trp,
Gly908Arg

ND1+ 32656*1
(rs6958571)

PPARy1, PPARY2,
and PPARy3.

Decreased
expression in UC
Asp299Gly

294delATTG

2159(T/C)

L503F
-207G/C

Ala1011Ser
(rs1545620)

C3435T

G113A

Putative effect of the variant

Alter the structure of either the

LRR domain of the protein or the adjacent regjon;
decreased NF-kB activation

Affects the binding of an unknown nuclear factor

Impaired inhibition of pro-inflammatory cytokines,
chemokines, adhesion molecules, and cell
proliferation

Upregulation of inflammatory mediators

Modulates severity of inflammation in
experimental models of colitis. Protective against
CD, reduced production of bacterial flagellin
specific antibody

Reduced binding potential to colonic nuclear
extracts and reduced activity of the mutated
promoter

Promoter polymorphism affecting interaction with
CARD15 ?

Impaired elimination of endogenous small organic
cations, drugs and environmental toxins by a
decrease in transporter activity and altered
promoter activity

Regulation of epithelial permeability

Altered pharmacokinetics of a wide range of
drugs, including corticosteroids and
immunosuppressives. Alterations in MDR1
expression and activity may result in altered
intestinal absorption

Probably impedes scaffolding of DLG5

Disease
exclusivity

CD,
particularly I-CD
uc/Cb

CcDh

uc

IBD

IBD

CD

uc/ (CD)

Refractory
cases of IBD

CD/ (UC)

References

[48, 49, 55]

[56-58]

[59, 60]

[61]

[50, 62-67]

[68, 69]

[65, 70, 71]

[72, 73]

[74]

[75, 76]

[77]




Table 4. Most important susceptibility genes for IBD. Extended and modified from Goyette et al. [45] (Continued)

o PTGER4 5p13.1 Prostaglandin receptor EP4; regulates IEC (rs4495224) Increased PTGER4 expression CcD [78]
epithelial barrier function

Adaptive immunity

TNF-o 6021-p22 Proinflammatory cytokine -857C/T May affect the transcription and expression of CD [79-81]
-308G/A TNF, and further influence its biologjcal function.  stenosing and
penetrating UC
e [L23R 1p31 Encodes a crucial subunit for the IL23 Activated DC, (rs1004819) Alters the efficiency of IL23R signalling; the enhances [82]
receptor phagocytic cells (rs2201841) additional disease-association signals in the susceptibility
(rs10889677) IL23R region may result from polymorphisms that IBD
(rs11209026) alter IL23R expression
(rs7517847) protective SNPs
(rs10489629) for IBD
(rs1343151)
MHL locus 6p21 Antigen presentation Leukocytes HLA-DRB1*0103 - UC and colonic  [83, 84]
(HLAclass|  (IBD3) HLA-DRB1+*1502 CD
and Il genes) HLA-DRB1*07, HLA- CD

DRB1*0103, HLA-
DRB1*04, and HLA-

DRB3*0301
e ATG16L1 2q37.1 Encodes autophagy*- related 16-like IEC, APCs, CD4/8 T  (rs2241880) T300A  Altered phagosome function affecting handling of  CD, especially I- [52, 85]
protein 1 cells, B1 cells and B commensal flora? CD
memory cells; colon
and small bowel
® [RGM 5033.1 Encodes immunity-related GTPase family - Altered expression, Alteration in IRGM regulation that affects the CD [53, 54]
M; related to autophagy*; required for not single mutation efficacy of autophagy™
mycobacterial immunity
NCF4 4p13 NADPH oxidase activity and generation of Hematopoietic cells (rs4821544) Altered phagosome function affecting handling of  IBD [85]
(p40Phox) reactive oxygen species upon phagocytosis  (Ne, Mo, Eo, MC commensal flora

and basophils)

Abbreviations: DC, dendritic cells; Eo, eosinophils; IEC, intestinal epithelial cells; Ma, macrophages; MC, mast cells; Mo, monocytes; Ne, neutrophyles; PC, Paneth cells; MDP, muramyl-dipeptide; PGN,
peptidoglycan; LPS, lipopolysaccharide; PRR, pattern recognition receptor; APC, antigen presenting cells; NOD, nucleotide-binding-oligomerisation domain; TLR, toll-like receptor; iE-DAP, g-D-glutamyl-meso-
diaminopimelic acid.
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3 Microbial-host interactions in the intestinal mucosa

3.1 Composition and metabolic activity in an enteric microbial community

Despite the clinical importance of microbiota, little is known about the
composition, activity and function of human microbiota. Three main factors
hinder an accurate description of such a complex environment: i) the high degree
of complexity of the microbial community in the intestinal tract, ii) the difficulty
in obtaining samples from along the entire GI tract from healthy individuals, and

ii1) the limitations of available techniques.

On top of the 400 species found inhabiting the GI tract by culturing, more than
1000 phylotypes have been obtained by various molecular approaches to date (for
review, [86]). In 1998, Zoetendal et al. [87] first described the intestinal
microbiota using PCR-DGGE, and was followed by Suau et al. (1999) [88], who
used a cloning-sequencing approach. These two first studies and most of the ones
that followed were derived from fecal samples, given how easy it is to sample
large numbers of individuals. Some years later, the bacterial composition and
abundance in feces was reported to differ from biopsies [89, 90]. Studies using
culture-independent methods and tissue samples were then carried out, first by
Hold et al. (2002) [91], and later, but more extensively, by Eckburg et al. (2005)
[92]. More than 15,000 sequences obtained from the human GI tract are in public
databases, of which 13,335 originate from Eckburg et al., 2005 [92]. Culture-
independent methods are providing more data about the ecological features of the
human microbiome*, although a combination of techniques is still necessary to
achieve a better picture of the community. For a review that integrates results
from both culture-based and molecular-based studies in the period 1998-2006, see

reference [86].

It has been said that our intestinal tract is colonised with up to 10"
microorganisms. This population exceeds in size any other microbial community
associated with the body and is 10 times greater than the total number of human
cells. The varying conditions along the gut determine the abundance of
indigenous microorganisms in each zone. Bacterial concentrations in the
oesophagus range from 10” to 10° cfu cm ™ of tissue. In the stomach, numbers
decrease to values that range from 10" to 10> cfu ml™" of aspirate, followed by an

increase along two-thirds of the small intestine (from 10° to 10* cfu ml™" of
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aspirate). Lactobacilli and streptococci are the main colonisers of these zones of
the GI tract. In the distal ileum, bacterial concentration increases to 10’-10% cfu g~
! reaching its highest abundances in the colon (10''-10'%) ([93] and references
therein). Although this data is extensively used and accepted by many scientists,
it is based on culture-based methods. Different counts have been obtained using
molecular methods, with higher bacterial concentrations being found in terminal
ileum mucosa than in colonic mucosa (1.3 x 10'* 16S rRNA gene copies per

gram of mucosal tissue in the terminal ileum against 2.5 x 10" in the colon) [94].

Although the gut is a highly bacteria-colonised environment, the diversity of
phyla that compose it is low. The vast majority of phylotypes fall into only two
out of the 70 existing bacterial divisions. Those divisions are the phyla Firmicutes
— mainly Clostridium coccoides (cluster XIVa) and Clostridium leptum (cluster
IV) — and Bacteroides, which account for 57 - 82% and 16 - 31% of the
phylotypes of several cloning-sequencing based studies respectively [88, 91, 92,
95, 96]. Proteobacteria (<10%), Actinobacteria (<5%), Fusobacteria (~1%),
Verrucomicrobia (~0.2%), Spirochaetes (two phylotypes found), Lentisphaerae
(one phylotype) and Cyanobacteria (one phylotype) are additional phyla that
have been detected, either by culture-based or culture-independent methods [86].
Members of Eukarya (nine phylotypes belonging to Ascomycota), Archaea
(Methanobrevibacter  smithii, Methanobrevibacter ~ ruminantium  and
Methanosphaera stadtmanae) and more than 1200 viral genotypes have also been
detected within this complex community. Figure 3 shows the phylogenetic
relationship of the 1151 distinct intestinal phylotypes used in the meta-analysis*
performed by Rajili¢-Stojanovi¢ et al. [86], who combined non-redundant
sequences retrieved from the GenBank from both culture-based and culture-

independent methods.

Many studies on bacterial composition that use molecular profiling techniques,
such as TGGE and DGGE (temperature/denaturing gradient gel electrophoresis),

have provided evidence that:

e Although there are some species in common among individuals, such as
Faecalibacterium prausnitzii, the entire intestinal microbiota is host-specific
[87, 90, 92, 97-99].

o The intestinal microbiota of adults is stable over time, at least for two years
[87, 99, 100].
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Figure 3. SSU rRNA-
based phylogenetic tree
of 1151 intestinal
selected phylotypes by
Rajilic-Stojanovi¢ et al.
[86]. Phylotypes
obtained by cultivation-
based works (white
filling) and molecular
techniques (black filling)
are integrated and the
number of  distinct
phylotypes among each
phylogroup are given.

¢ In newborns, there is a succession of microorganisms during the first days of

life. Intestinal mucosa is first colonised by facultative anaerobes, while strict

anaerobes gradually become more abundant and diverse [101].

e Fecal microbiota differs from tissue-associated microbiota [90, 92].

e Microbial composition is similar along the distal ileum, colon and rectum [90,
92, 98], but differs from that colonising the upper GI tract [96]. Essentially,
acrobes and facultative anaerobes, such as Streptococcus, Lactobacillus and
Enterobacteriaceae, colonise the duodenum and jejunum, whereas Firmicutes

and Bacteroidetes are more abundant in the distal ileum, colon and rectum.

Many factors shape microbial diversity in the human intestinal gut [102]. For

example, the chemical niches available such as pH or redox, physical factors such

as intestinal peristalsis, and other factors such as microbial competition, host

pressure (mutualistic microorganisms are favoured), and the host’s immune

system. Studies using animal models have contributed to the knowledge of

exogenous and endogenous factors contributing to host-microbe specificity. In
particular, Rawls et al. [103] elegantly demonstrated that vertebrates can
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modulate their own microbiota. They exchanged the microbiota of zebra fish and
mice and confirmed that the host recipient shaped the composition of the non-
native microbiota to one closer to its native community, which is evidence of

strong host pressure.

Despite host-microbe specificity, the overall metabolic activity of intestinal
microbiota is similar amongst subjects. Using a metagenomic approach, Gill et al.
[104] demonstrated that the human gut microbiome* is enriched in genes
involved in starch and sucrose metabolism, plus the metabolism of glucose,
galactose, fructose, arabinose, mannose, and xylose. More recently, Chassard et
al. [105] have determined the population levels of the main metabolic groups.
They observed that starch-degrading bacteria represented 10.1% of total viable
counts, while mucin degraders accounted for 5.1%, and proteolytic bacteria for
1%. Among the fibre-degrading population, xylanolytic bacteria accounted for
2.6%, and cellulolytic bacteria for 0.16% of total bacteria. The fermentation of
many compounds requires the cooperation of different metabolic groups linked in
a trophic chain. For example, glycans present in the mucus are degraded by
primary fermenters into short-chain fatty acids (SCFAs) such as acetate,
propionate and butyrate, plus gases such as H, and CO,. The majority of SCFAs
are absorbed by host cells. SCFAs like butyrate are the principal energy source
for colonocytes and may fortify the intestinal barrier by stimulating their growth.
Butyrate-producing bacteria (mainly composed of Faecalibacterium prausnitzii,
Roseburia spp. and Eubacterium spp.) are therefore important for intestinal
health. Hydrogen can be removed from the intestine in different ways: by
methanogenesis, sulphate reduction, and homoacetogenesis. Methanogenic
Archaea are more abundant in those subjects that are methane excretors (30-40%
of the human population), and reductive acetogenic bacteria in non-methane
excretors. Sulphate reducing bacteria are present in similar abundance in both
groups of subjects [105]. Genes involved in the synthesis of amino acids and
vitamins, as well as those involved in the detoxification of xenobiotics, have also

been detected in the human microbiome*.

3.2 The homeostatic situation in a healthy gut

Host-microbe interactions occur principally along the mucosal surfaces [106].
Mucosal surfaces are interfaces that separate the immune system of the external
microbial world physically and chemically. Spread along the intestinal mucosa,
gut associated lymphoid tissue (GALT) represents the largest part of the body’s

immune system (about 70%), in the small intestine forming Peyer’s patches, and
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in the colon lymphoid follicles (Figure 4). Moreover, the largest amounts of
mucosa-associated bacteria reside in the human gut (approximately 10
gastrointestinal bacteria versus a total of 10" cells in the body [93]). Such a
situation must be very delicately regulated to avoid a state of constantly
uncontrolled inflammation [107-109]. The immune system must be able to be
tolerant of commensal bacteria, but at the same time ready for an active response
to pathogens. In normal hosts, commensal bacteria activate sequenced
homeostatic responses by epithelial cells, macrophages, dendritic cells, T
lymphocytes and B cells. During microbial colonisation, the immune system
matures, and the host achieves a tolerance to commensal bacteria. In addition to
postnatal intestinal maturation, intestinal microbiota play other important roles in
the physiology of the human gut, including functions such as nutrient absorption,

mucosal barrier fortification, xenobiotic metabolism, and angiogenesis [108].
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Figure 4. Schematic view of the main features of the intestinal immune system. From Cho,
2008 [47]. The epithelial surface is comprised of intestinal epithelial cells (absorption and
secretion), goblet cells (formation of mucus) and Paneth cells (secretion of antimicrobial
defensins). Microfold cells (M cells) and dendritic cells (DCs) sample intestinal luminal
contents. In the presence of pathogens, activated DCs migrate to the mesenteric lymph nodes
to further activate naive T cells, which then undergo differentiation under the influence of
factors released by DCs and other stromal elements. Abbreviations: SED, subepithelial dome;
TGFB, transforming growth factor-B; TH, T helper; TRegy T regulatory.
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Homeostasis is made feasible by a down-regulation of bacterial receptors and
their ligands, as well as a low ratio of pro-inflammatory/anti-inflammatory
cytokines and the stimulation of protective molecules that mediate mucosal
barrier function [110]. Specialised regulatory T cells take part in this process of
tolerance through the functional inactivation of immune reactive cells (clonal
anergy). Smythies et al. [111] have described the macrophage population in a
homeostatic situation. In normal hosts, these cells are phagocytic but
unresponsive in an inflammatory way. They are unable to initiate inflammatory
responses to bacteria because they are in a state of inflammatory anergy. In the
absence of inflammation, macrophages show a reduced expression of receptors
for antigens and a down-regulation of cytokine production, despite the proximity

of immunostimulatory antigens, contributing to the oral tolerance.
3.2.1 The influence of commensal microbiota

There is a mutualistic relationship between resident microbiota and the body
[109, 112]. Probably the most important beneficial contributions of commensal
bacteria to the host are 1) a defence against pathogens [106], i1) the promotion of
postnatal gut and immunity development [108], and iii) the digestion of dietary
products [113]. Germ-free and recolonised animal models have been very useful
in gaining an understanding of some of the aspects of the interaction between
bacteria and the host. Defence against infection can be mediated directly by the
bacterial community via displacing pathogens through competition for nutrients
and epithelial binding sites, as well as indirectly by promoting the activation of
host defences as, for example, by producing antimicrobial peptides. Some of the
ways in which resident microbiota can promote human health are listed below
(adapted from Sears, 2005 [114]).

o Polysaccharide utilisation and nutrient release

e Enhanced fat storage, production of short-chain fatty acids

¢ Induction of mucosal glucose transporters

e Induction of villous capillary formation

* Breakdown of carcinogens and synthesis of biotin, folate and K vitamins.

e Induction of proteins of innate immunity; 1.e. Angiogenin-4

e Contribution to mucosal homeostasis and repair capacity

e Stimulation of secretory immunoglobulin-A (IgA) production

e Induction of gut-associated lymphoid tissue development

e Promotion of diversification of lymphoid populations and immunoglobulin
genes
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3.2.2 The epithelial surface

Intestinal epithelial cells provide several lines of defence against bacterial
antigens. First, they constitute an efficient physical barrier that impedes
penetration of macromolecules and intact bacteria [27]. Pre-epithelial molecules
and tight junctions contribute to this physical isolation. Second, epithelial cells
are the primary site of antigen recognition due to their expression of extracellular
and intracellular receptors, mainly toll-like receptors (TLR) and nod-like
receptors (NLR), which are the nodal point between bacteria and the dense
network of innate and adaptive immune cells. The ligation of a wide range of
microbial adjuvants and antigens activates two main signal transduction
pathways, nuclear transcription factor-kappaB (NF-kB) and mitogen-activated
protein kinase (MAPK), which both lead to the expression of a number of pro-

inflammatory and anti-inflammatory genes (Figure 5).

Lipopeptides O dsRNA O O Lipopolysaccharide

Peptidoglycan HSP60
OFlagellin

CpG DNA

* Transcription *

Figure 5. Recognition of microbial adjuvants by extracellular (TLRs) and intracellular (CARDSs)
pattern recognition receptors. The ligation activates two main signal transduction pathways,
NF-kB and MAPK. Abbreviations: CARD, caspase recruitment domain family member; CpG
DNA, DNA containing cytosine-guanine repeats linked by phosphodiester bonds; DAP,
diaminopimelic acid; dsRNA, double-stranded RNA; ERK, extracellular signal regulated kinase;
HSPG0, heat shock protein 60; IL-1, interleukin-1; IL-1R, interleukin 1 receptor; JNK, c-Jun
amino-terminal kinase; MAPK, mitogen-activated protein kinase; MDP, muramyl dipeptide;
NFkB, nuclear factor kB; P38, mitogen-activated protein kinase 1; P50, subunit of NFkB that
forms a heterodimer with P65; P65, NFkB subunit; TLR, Toll-like receptor; TLR4/MD2,
complex of Toll-like receptor 4 and MD2, a molecule that confers responsiveness on
lipopolysaccharide; TNF, tumour necrosis factor; TNFR, TNF receptor. From Sartor R, 2006
[28].

In addition to columnar epithelial cells, other specialised cells that are dispersed
along the crypts* play a role in protecting against microorganisms and the
promotion of mucosal repair. Paneth cells are situated in the base of the crypts*,

mainly in the terminal ileum. These cells produce a battery of antimicrobial
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peptides to regulate the density of microorganisms. These proteins are wide
acting and effective against gram-positive and gram-negative bacteria, fungi and
viruses. Defensins*, lysozyme and phospholipase A2 are some of these
antimicrobial proteins. Defensins can be divided into two families: a-defensins,
which occur only in the small intestine, and B-defensins, which are expressed on
all mucosal surfaces of the GI tract. Goblet cells are granular simple columnar
epithelial cells whose main function is to synthesise mucin glycoproteins that
confer a gel-like layer on the epithelial surface. Their physiology has been shown
to play a protective role against colitis by preventing the firm adhesion of bacteria
and distancing the microbiota from the epithelial surface [115]. Microfold cells,
also known as M cells, are epithelial cells that cover the follicle-associated
epithelium of Peyer's patches. They lack microvilli and the mucus layer is thinner
or absent on their apical surface. They are specialised in sampling antigens
(macromolecules and microorganisms) from the gut lumen and delivering them
via transcytosis to lymphoid tissue cells situated in a pocket-like zone located on

their basolateral side. Some pathogens exploit M cells as a route of invasion.
3.2.3 Antigen recognition

Luminal antigens are sampled by professional and non-professional antigen-
presenting cells (APCs) via extracellular and intracellular receptors, called
pattern recognition receptors (PRR). Intestinal enterocytes and M cells are non
professional antigen-presenting cells. Their dialogue with immunologic cells is
mediated by the major histocompatibility complex (MHC) proteins, which are not
constitutively expressed. MHC proteins are expressed only upon stimulation of
the non-professional APCs by certain cytokines. Professional antigen-presenting
cells express the whole arsenal of PRRs and co-stimulatory molecules. Dendritic
cells are the key APCs; they expose their dendrites to the intestinal lumen to
sample bacterial components. Two types of PRRs are involved in antigen
recognition in the GI tract: membrane associated toll-like receptors (TLR) and
cytosolic nucleotide-binding-oligomerisation-domain (NOD) proteins. Several
cell types along the GI tract present these PRRs, which participate in bacterial
recognition in at least four ways: 1) recognition of pathogen associated molecular
patterns (PAMPs); ii) connection with the GI lumen; iii) linkage with the innate
and adaptive immune system by the induction of pro/anti-inflammatory molecule

secretion; and 1v) induction of other antimicrobial effector pathways [116].

Mammalian TLRs are transmembrane molecules composed of three common
structural domains (Figure 6). In the extracellular zone, a divergent ligand-

binding domain composed of multiple leucine rich repeats constitutes the
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recognition zone. Next, a short transmembrane region connects the recognition
zone to the highly homologous cytoplasmic Toll-interleukin 1 receptor (TIR)
domain, which is essential for the initiation of downstream signalling cascades
[117]. Many cell types of the intestinal mucosa (mature and immature epithelial
cells), the lamina propria (monocytes, macrophages, and dendritic cells) and the
submucosa (myofibroblasts, endothelial cells, and adipocytes) express, inducibly
or constitutively, several TLRs [116]. Although these receptors are specific to
certain ligands, the presence of a variety of them (at least 11 known to date)

allows the recognition of most PAMPs (Figure 7).

TR Figure 6. Toll-like receptor structure. From Akira and Takaeda,
2004 [118]. Cytoplasmic toll-interleukin 1 (TIR) domain is highly

LRRs conserved. TIR contains three regions (boxes 1, 2 and 3) of high

homology with interleukine-1 receptor. Extracellular toll-like

e R receptor (TLR) domain contains tandem repeats of leucine (LRRs,
eeassesces eassesennseseass leucine rich repeats) and is variable, which allows the recognition of

different antigens.
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Figure 7. Main pathogen associated molecular patterns (PAMPs) recognised by different
TLRs. From Cario, 2005 [116].
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More than 20 different NOD-like receptor (NLR) proteins are known to date,
with a common structure comprising three domains: 1) a carboxy terminal domain
consisting in leucine-rich repeats, i) a central nucleotide binding and
oligomerisation domain, and iii) a variable amino terminal effector binding
domain (Figure 8). Depending on the type of effector binding domain, NLRs are

divided into subfamilies ([119] and references herein), as for example the NOD
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subfamily, whose effector binding domain corresponds to a caspase activation
and recruitment domain (CARD). In response to distinct bacterial ligands, both
NODI-CARD4 and NOD2-CARDI15 have the major responsibility for the
intestinal regulation of proinflammatory signalling through NF-«xB. In particular,
NOD?2 recognises peptidoglycan (PGN) and muramyl dipeptide (MDP), whereas
NODI senses a Gram negative PGN derivative [120, 121]. In the intestine, the
expression of NODI and NOD?2 is low but increases in inflammatory situations
[122, 123]. The highest expression of NOD?2 is found in Paneth cells [124].

activation of a proinflammatory Induces initiation of cellular
cascade via NF-kB signaling upon ligand recognition ‘ligand sensing’ domain

Nerminal | CARD || CARD || NOD | LRR | c-terminal

Figure 8. Diagram of NOD2 receptor structure. Abbreviations: CARD, caspase activation and
recruitment domain. NOD; central nucleotide-binding and oligomerisation domain. LRR:
leucine-rich repeats.

3.2.4 Innate Immunity and Adaptive Immunity

Innate immunity is an inborn system that operates as a first line of defence
against microorganisms. It comprises circulating cells such as neutrophils and
monocytes, as well as resident intestinal immune cells (dendritic cells, Paneth
cells and myofibroblasts) [109, 125, 126]. The intestinal epithelium, including the
antimicrobial peptides synthesised in some zones (defensins* and cathelicidins),
are also included as elements in the innate immunity. In contrast, adaptive
immunity generates a slow and more targeted response, basically by means of B
and T lymphocytes, involving antigen-specific recognition and immune memory.
MHC proteins of antigen presenting cells are the nexus for the adaptive

immunologic response.

Dendritic cells have primary responsibility for controlling both the innate and the
adaptive immune responses in the intestinal mucosa. They regulate the activation
of natural killer cells, induce the production of IgA™ B cells, and mediate a
balanced differentiation of immature T cells (ThO) into effector (Th1, Th2, Th17)
and regulatory (Th3) T cells. Intestinal macrophages are strategically situated in
the lamina propria, under the epithelial monolayer, from where they can survey
the possible crossing of bacteria. Intestinal macrophages are different to those

from the systemic immune system. They are active to phagocyte but show low
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levels of inflammatory responses, probably due to a low expression of PPRs. This
adaptation helps them to be tolerant to commensal bacteria. Myofibroblasts,
have recently been proposed as possible innate immune mediators because they
are able to recognise microbial antigens, as well as to respond by producing

proinflammatory mediators after antigen-receptor recognition [126].

In situations of homeostasis, innate immunity is constantly under a state of
“controlled activity”, synthesising antimicrobial peptides in order to control the
development of the intestinal microbiota, and sampling their antigens. Secondary
effector cells, such as granulocytes, mast cells, natural killer cells, and
macrophages, remain in their compartments unless there is an infection or a
deregulated situation [44].

3.3 Disruption of homeostasis in Crohn’s disease (Host factors)

3.3.1 Epithelial barrier deficiencies in Crohn’s disease

During the ‘90s, the role of increased epithelial permeability across the gut
(leaky gut) gained support as a factor involved in IBD pathogenesis ([45] and
references therein). It has been shown that there is an abnormal intestinal
permeability in the mucosa of IBD patients and their first-degree relatives [127,
128]. The increased permeability precedes the onset of the disease and confers a
family risk [129]. In addition, changes in tight junctions of enterocytes, by a
down-regulation of junctional complexes, have been observed in IBD biopsies
[128, 130]. Recently, Buhner et al. [131] have proposed that CARD15 3020insC
(1007fs) mutation could be one genetic factor involved in the impairment of
intestinal barrier function. However, the absence of this mutation in 100% of CD
patients and its presence in some healthy relatives indicates that additional
genetic or environmental factors are necessary to develop the disease. Another
genomic region which it has been suggested plays a role in epithelial barrier
function is located in the susceptibility locus 5p13.1 and regulates the expression
of the prostaglandin receptor EP4 (PTGER4)[78]. PTGER4 works at different
levels: maintaining mucosal integrity, suppressing innate immunity, and down-
regulating the proliferation and activation of CD4+ T cells. Finally, many other
cells and cellular components such as T cells, neurons, tumour necrosis factor,

and interleukin-3 might mediate intestinal permeability [132-135].

Defects in mucus production have also been detected in IBD patients [136,
137], possibly due to an altered expression of goblet cells [138, 139]. However, it

is thought that mucus play a protective rather than an etiological role in IBD.
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3.3.2 Disturbed innate immune mechanisms in bacterial recognition and

clearance

The role of innate immunity in both the early events and the perpetuation of CD
has come to be thought of as more important over the last few years, whereas

defects in adaptive immunity are now thought to be a secondary event [140].

There is evidence that tolerance to commensal bacteria is broken under intestinal
inflammation. Duchmann et al. [141] observed that cells obtained from the gut of
IBD patients exhibit inflammatory responses when cultured with both resident
and heterologous bacteria, whereas cells from controls only react to the presence
of heterologous bacteria. The mechanisms involved in this pathogenic behaviour

are still unclear. Nonetheless, more discoveries are being made in this field.

First, there is an altered expression of PPRs in the enterocytes and professional
APCs of IBD patients. The receptor for dsSDNA, TLR3, is down-regulated in the
epithelial cells of CD patients, whereas TLR2 and TRL4, whose PAMPs are
lipopeptides, peptidoglycans, lipopolysaccharides, and HSP60, are overexpressed
in active IBD throughout the lower GI tract [142]. In addition, myeloid dendritic
cells exhibit a polymorphism associated with IBD in the TLR4 receptor (TLR4-
Asp299Gly) which could trigger deficiencies in antigen recognition [64].
However, Lakatos et al. [50] did not find such any association between TLR4-
Asp299Gly and CD in their study of three Hungarian cohorts. An overexpression
of TLR2 and TLR4 in the dendritic cells of CD and UC patients has also been
reported, as well as high levels of the CD40 maturation/activation marker IL-12,
and IL-6 in the inflamed tissue of CD patients [143]. In IBD, dendritic cells are
activated, expressing more PRRs and producing more proinflammatory
cytokines. However, the pathogenic relevance of TLR dysregulation is not
directly associable to IBD since such an imbalance can be either a cause or a
consequence of the immune imbalance that characterises the inflammatory

process.

Second, Wehkamp et al. [144] have recently reported a reduction in a-defensin
production, mainly HD5 and HD6, by Paneth cells in intestinal mucosal extracts
of CD patients. The decrease in a-defensins was specifically detected in CD
patients with ileal affectation and regardless of the degree of inflammation.
Although there is not a clear explanation for these reduced levels, a host factor
seems to be the most feasible cause. Consistent with this, the reduced expression
of a—defensins correlates with CARD15 3020insC (1007fs) mutation [145, 146].
Nevertheless, only a third of patients with defensin deficiency had the CARD15

polymorphism, indicating that alternative genes may be involved in the regulation
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of o—defensin expression. Recently, the same group of investigators has found a
new link between IBD and defensin* deficiency, the Wnt signalling pathway
transcription factor Tcf-4, which is independent of CARD15 [147]. Tcf4 is a
known regulator of Paneth cell differentiation. Wehkamp et al. observed a
reduced expression of Tcf-4 in the ileal tissue of Crohn’s ileitis patients in
comparison with Crohn’s colitis and UC patients. Moreover, other host-
independent factors, such as Iluminal or mucosa-associated bacteria, may
modulate the expression of a-defensins, adding new variables to explain the
differential a-defensin release in CD patients [148, 149]. Although no differences
in a-defensin secretion characterise Crohn’s colitis patients, it has been observed
that patients with this disease phenotype have a reduced expression of B-
defensins, in particular HBD2, at the level of the colon [150, 151]. The B-defensin
gene cluster is located on chromosome 8p23.1, a highly polymorphic region,
which has been suggested as a susceptibility locus for IBD. A lower DNA copy
number of genes coding for HBD2 in Crohn’s colitis patients explains the
reduction in expression of P-defensin in comparison to healthy controls, UC

patients and CD patients with ileal involvement [152].

Third, an overexpression of CARD15 has been linked to CD. Berrebi et al. [122]
demonstrated that the expression of CARD15 was higher in CD patients than in
controls, and that this was not restricted to mononuclear cells but also,
abnormally, to intestinal epithelial cells. Later, Ogura et al. [124] observed that,
besides monocytes, CARD15 is expressed in Paneth cells. It is not clear whether
bacteria, further host factors or a combination of both influences this
deregulation. Consistent with this and downgrading the etiological role of
CARD15 deregulation, Rosenstiel et al. have shown that TNF-o can stimulate
intestinal epithelial cells to upregulate the CARD15 gene [123]. In addition to
differences in expression, three polymorphisms in CARD15 have been linked to
CD, two single nucleotide polymorphisms (SNPs) — Arg702Trp and Gly908Arg —
and one frameshift mutation — 3020Cins (1007fs) [48, 49, 153]. For more details
see Section 2.5.2. These variants are coded in the leucine-rich repeats domain of
NOD2, which suggests that CARD15 mutations would be involved in impaired
ligand recognition and, consequently, an anomalous inflammatory response
[154]. Functionally, it has been demonstrated that CARD15 variants are deficient
in their recognition of MDP [121], as well as in the activation of NF-kB [49, 124,
155]. Dendritic cells with the CARD15 3020insC (1007fs) variant have reduced
cytokine responses after stimulation with different TLR ligands in combination
with MDP or PGN [156-158]. However, these findings, pointing to a loss-of-

function, lead to a contradiction in the general concept of hyper responsiveness in
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CD patients exhibiting increased NF-«B activity in inflamed clinical specimens
against luminal bacteria [159]. Moreover, some studies based on murine models
point to a gain-of-function phenotype [159, 160], which adds to the controversy
around this question. Although the CARD15 contribution to CD pathogenesis has
been extensively studied, the underlying mechanism is not completely
understood. Recently, Strober et al. [161] have reviewed this study area (Figure
9). They give two major explanations for the paradox. On the one hand, they
suggest CARD15 mutants could have a host defence defect, for example defective
a-defensine production, which would enhance microbial colonisation. This
hypothesis is based on the studies previously mentioned by Wehkamp et al. [146]
and Kobayashi et al. [145]. In its turn, this over-colonisation would stimulate the
NF-kB pathway by CARD15 independent mechanisms. On the other hand, they
suggest that there is synergistic behaviour between the intracellular receptor
CARDI15 and the extracellular receptor TLR2 that mediates the immune response
modulation. This hypothesis, which is not mutually exclusive with the previous,
is based on the works of Watanabe et al. [160, 162]. PGN is present in the
cellular wall of the vast majority of microorganisms, and is sensed by the TLR2
of the intestinal mucosa APCs. This ligation activates the NF-kB and hence leads
to downstream pro-inflammatory cytokine production. PGN is also digested
intracellularly in the endosome into MDP, which is sensed by and activates
CARD15. In normal hosts, CARD15 activation would initiate a mechanism of
inhibition of the NF-xB pathway that would further cause a down modulation of
TLR-induced inflammatory response. In this sense CARD15 would participate in
a mechanism of bacterial tolerance. In CARD15 deficient CD patients, CARD15
modulation would be impaired (not NF-xB inhibition) and, consequently, the

TLR-induced inflammatory response would be enhanced.

Fourth, non-professional APCs, such as epithelial cells, can become potent
effector-T-cell activators in IBD patients. Generally, epithelial cells from IBD
patients acquire an activated phenotype with high levels of MHC in the presence
of proinflammatory cytokines, such as IFN-y and TNF-a [163]. In addition, IBD
enterocytes can express co-stimulatory molecules, such as B7h and B7-H1, which

might transform them into functional APCs [164].
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Normal intestine Crohn disease intestine
(terminal ileum) (terminal ileum)

Inflammatory
infiltrate

Figure 9. Hypothesis of the implication of NOD2 deficiencies in Crohn’s disease
pathogenesis. From Strober et al., 2007 [161].

3.3.3 Unbalanced adaptive immune response

CD patients exhibit an increased number of adaptive immune cells in their
intestinal mucosa. While during acute phases there is an increase in neutrophils,
there is a high concentration of T lymphocytes in the CD mucosa irrespective of
the state of inflammation. This suggests that mucosal immunity could play an
active role in the etiopathogenesis of CD, and is probably related to the chronic
nature of the disease [165]. However, whether the disease is driven by an aberrant
response to normal commensal microbiota or to a specific pathogen still remains
uncertain. Gewirtz proposes that T-cell unbalance in CD could be mediated by
certain bacterial flagellins that would be detected by TLRS situated on the
basolateral side of intestinal epithelial cells. It has been demonstrated that when
flagellin is administered systemically in mice, it serves as an adjuvant for both T-
cell and antibody responses [166, 167]. This shows that flagellin can stimulate
both innate and adaptive immune responses. Alternatively or simultaneously, the
high concentration of activated T-cells in CD mucosa could be due to a defective
clearance by resistance to apoptosis [168]. There are some biological therapies
that are currently being used for IBD that block the activation cycle and induce T
cells to apoptosis [169]. Not only are there quantitative but also qualitative
differences in adaptive immune responses in IBD patients. IBD involves an
increased effector/regulatory T-cell ratio as well as abnormal patterns of cytokine
production and immune cell responses [170, 171]. In CD patients, 1L-23 [172]
and Tbet [173] mediate the differentiation of naive T-cells (ThO) into activated
Thl cells [174], which secrete pro-inflammatory cytokines such as IL-12, IL-18,
TNF-like, and IFN-y. In turn, IFN-y stimulates macrophages to release IL-1, IL-6
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and TNF-a. In UC patients, natural killer T-cells and lamina propria T-cells
secrete high amounts of the Th2 cytokine IL-13, and to a lesser extent IL-5,
which have a potentially cytotoxic effect on epithelial cells [132, 170]. More
recently, some evidence indicating a role of Th17 cell proinflammatory responses
in IBD has been reported. Brand et al. [175] observed an increase in IL-22
mRNA and IL-17F (also referred to as IL-24) in CD patients, as well as increased
levels of IL-17A that correlated with IBD [176-178]. It is known that IL-23
mediates the activation of Th17 cells [178]. Interestingly, some associations have
been found between variants in the IBD-susceptibility loci IL23R and the increase
in IL-22 production [179].

4 Role of intestinal microbiota in Crohn’s disease (Microbial

Factors)

4.1 Evidence of bacterial implication in the pathogenesis of Crohn’s

disease

There is some evidence to implicate intestinal microbiota in the pathogenesis of
CD. Clinical improvement in CD patients by diversion of the fecal stream after
surgery, the use of antibiotics, the absence of colitis in rodent models in germ-
free conditions, increased bacterial numbers in CD intestinal mucosa, and

imbalances in microbial composition are examples (Table 5).

Twin-based studies have also contributed to demonstrating that intestinal bacteria
play an important role in CD. Dicksved et al. [180] compared the intestinal
microbial community of twins using terminal-restriction fragment length
polymorphism (T-RFLP) and %G+C profiling. They observed that the similarity
was higher mainly among non-IBD twins, but also among concordant IBD twins.
The similarity did not hold for discordant IBD twins, suggesting that the
microbiota of diseased individuals is different from their healthy twin, thus

pointing to the importance of microbiota in CD.

41



Martinez Medina, M — Intestinal microbiology in Crohn’s disease

Table 5. Evidence of bacterial implication in Crohn’s disease

Year Model
1985 CD
patients
1991 CD
patients
1995 CD
patients

1996 Rodent
models

1997 Humans

1998 Human
serum

1999 Rectal
biopsies

2000 Feces

2000 Biopsies
2002

2002

2004

2002 Biopsies

2002 Biopsies

2002-
to date

1978-
to date

Finding

Re-introduction of small-bowel effluent into the colon of patients
with an ileostomy induces inflammation, whereas the re-
introduction of a sterile ultra filtrated effluent does not.

Postsurgical exposure of terminal ileum to luminal contents
results in increased inflammation, whereas diversion of fecal
stream is associated with improvement.

Use of antibiotics delays recurrence after ileocecal resection.

Bacteria are necessary for the development of chronic colitis.

Intestinal bacterial replacement therapy, consisting of sterilisation
and repopulation with normal intestinal microbiota, induces
remission in refractory IBD patients.

Anti-Saccharomyces cerevisiae antibodies (ASCA) are strongly
associated with IBDs.

Increased bacterial numbers within intestinal mucus of CD
patients compared with controls. No correlation between bacterial
concentration and disease severity.

19.3% of active CD patients are positive for enterotoxigenic
Bacteroides fragilis in feces.

12 sequence is associated with CD, especially Crohn'’s ileitis.
12 protein is present in Pseudomonas fluorescens.

ASCA, anti-E. coli outer membrane protein C (ompC), and 12 are
associated with CD.

High levels of 12 and ompC are associated with different CD
phenotypes - perforating and fibrostenosing disease respectively -
and high risk of ileal surgery.

IBD patients have higher concentrations of mucosa-associated
bacteria than controls. In controls, intestinal mucosa is nearly
sterile after removal of mucus.

Bacterial penetration is higher in CD patients than controls.

Alteration of microbial composition in IBD, resulting in reduction
of diversity and dysbiosis*.

Extended explanation in Section 4.2.1

Detection of bacterial pathogens such as Mycobacterium avium
sbsp. paratuberculosis, Klebsiella pneumoniae, Listeria spp., E.
coli, and Streptococcus spp. in CD patients.

Extended explanation in Section 4.3

Ref.
[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]
[190]
[191]

[192]

[193]
[194]
[194]

[195,
196]

[197-
202]
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4.2 Enteric microbiota in Crohn’s disease

The number of studies analysing the composition of enteric microbiota associated
with CD and other IBDs have significantly increased in the last few years. Due to
the extreme complexity of the gut ecosystem and the anaerobic nature of its
inhabitants, culture-based techniques have played a limited role in expanding
knowledge in this field. In this section we summarise the results of those works
that have principally used culture-independent techniques to describe the

microbial community of CD patients.

Kleessen et al. [194] observed that bacteria were localised on the mucosal surface
and in the submucosal tissue of IBD patients, but were absent in muscularis
propria. Bacterial invasion was pronounced in areas with erosion and crypt
abscesses™, and bacterial cell clusters or single cells could appear intracellularly
in epithelial cells or phagocytes of lamina propria. As is shown in Table 5, IBD
patients exhibit increased numbers of mucosa-associated bacteria compared with
healthy subjects [187]. In particular, the highest counts were found in the ileum
[187, 193, 194]. There is some controversy regarding inflamed and non-inflamed
mucosa-associated microbiota. Swidsinski et al. [193] observed that in non-
inflamed mucosa bacterial concentration is higher, whereas more recently
Bibiloni et al. [203] and Vasquez et al. [204] revealed that the bacterial counts
and composition of inflamed and non-inflamed mucosa of CD patients were

similar.

Similar bacterial composition has also been reported for inflamed and non-
inflamed mucosa [203, 205, 206]. In summary, the composition of the intestinal
microbiota of CD patients has been described as: 1) stable along the GI tract — at
least from the ileum to the rectum, ii) host-specific, iii) differentiable from
healthy subjects and patients suffering from UC, iv) less diverse than in controls,
v) heterogeneous in comparison to healthy subjects, which have more bacterial
groups in common, and vi) apparently unstable depending on the disease activity
state [203, 205-210].

4.2.1 Dysbiosis as a feature of Crohn’s disease

An unbalanced microbial composition, with a decrease in protective bacteria and
an increase in harmful microorganisms, called dysbiosis, has been extensively
reported in CD patients regardless of sample type and methodological approach.
In Table 6, the taxons that have been most frequently found associated with CD

patients and healthy subjects are listed. In summary, CD patients are
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characterised by a decrease in Firmicutes [205, 207, 211-217], in particular
Clostridium clusters XIVa and IV, and an increase in facultative anaerobic
bacteria, mainly members of Enterobacteriaceae [204, 205, 207, 211-215, 217-
219].

Controversial results have been obtained for the Bacteroides-Prevotella and
Bifidobacteria groups. Several authors have associated Bacteroides, a common
inhabitant of the intestinal mucosa, with CD [203, 204, 211, 212, 216] and others
with healthy subjects [210, 213-215, 217, 218, 220].

A similar situation occurs with some members of Clostridiales. In general, this
group is associated with healthy subjects; however, some authors have found
certain species or groups linked to CD [204, 205, 214].

The case of Bifidobacterium is quite different. There is a tendency towards
Bifidobacterium reduction in CD and other IBD patients, but it is not very
noticeable. As a consequence, some authors find these differences significant
[215, 221] whereas others do not [211, 217].

Kuehbacher et al. 2008 [222] have recently associated TM7 bacterial phylotypes
with IBD. TM7 bacteria had already been linked to mucosal inflammation of the
oral cavity. Kuehbacher et al. suggest that this group of bacteria could play a role

in modulating the intestinal mucosa towards a “pro-inflammatory” microbiota.

Table 6. Imbalances detected in tissue-associated CD microbiota (** a selection of studies
based on feces is also included). Microorganisms classified in different taxonomic levels
have been associated with CD patients or healthy controls by their major prevalence or
abundance in each group of patients as observed using different methodological

approaches.
Reference Method and Taxon associated with CD Taxon associated with C
sample size
Prindiville etal.  Cloning Enterococcus faecium Bacteroides fragilis-like clone
2004 [214] Facultative bacteria Ruminococcus gnavus-like
(739 clones) clone
41 Biopsies Ruminococcus gnavus Prevotella nigrescens-like clone
(31 from CD patients, Clostridium leptum subgroup
10 from C subjects)
Swidsinski etal. FISH Bacteroides, especially Eubacterum rectale-Clostridium
2005 [216] 20 CD, 20 UC Bacteroides fragilis coccoides
20 C, 20 IBS, 20 SLC Faecalibacterium prausnitzii
Manichanh et al. Metagenomic analysis “Uncultured Clostridium leptum subgroup
2006 [213] Porphyromonadaceae”
(1190 clones, 125
OTUs) Prevotella subgroup Bacteroides fragilis

Healthy library from 6 C
and I-CD patients’ library

from 6 CD.
Conte et al. Culture, PCR, and RTi- Aerobes and facultative anaerobes Bacteroides thetaiotaomicron
2006 [220] PCR such as E. coli, Klebsiella spp, and
Proteus spp. Bacteroides vulgatus

Paediatric subjects: 12
CD, 7UC,61dC, 7 C

44



Introduction

Table 6. Imbalances detected in tissue-associated CD microbiota (Continued)

Bibiloni et al.
2006

[203]

Gophna et al.
2006 [212]

Scanlan et al.
2006 [210]

Martinez-Medina
et al. 2006 [205]

Baumgart et al.
2007 [207]

Frank et al. 2007
[218]

Dicksved et al.
2008 [180]

Andoh et al. 2008
[211]**

Kuehbacher et al.
2008 [222]

Swidsinski et al.

2008 [215]**

Takaishi et al.
2008 [217]**

Willing et al. 2009
[219]

DGGE, PCR, RTi-PCR
and cloning

15 UC, 12 Cand 20
CD newly diagnosed
patients

Cloning

(3305 clones, 150
OTUs)

DGGE

16 CD (11in
remission),
6C

DGGE

19 CD, 15 C, 2 UC,
and 11C

Cloning

(616 clones)
71CD,6CCD,7C

Cloning
(15172 clones)

192 subjects
(CD/UC/C)

T-RFLP, %G+C profiling

and targeted-
Bacteroides detection

10 monozygotic twins
(of which, 6
concordant for CD)
and 8 healthy twins

T-RFLP

34 CD (22 1C-CD, 8 C-
CD, 4 I-CD), and 30 C

Cloning TM7
42 CD,31UC,33C
FISH

82 CD, 105 UC, 17
1dC, 268 non-IBD

FISH, RTi-PCR, culture

23 CD (15 1C-CD, 8 C-
CD), 73 UC,65C

T-RFLP and RTi-PCR

10 monozygotic twins
(of which, 4
concordant for CD)
and 6 healthy twins

Unclassified Bacteroidetes

Unclassified Verrucomicrobia

Proteobacteria, especially E.
coli, Acinetobacter junii, and K.
pneumoniae

Fusobacteria

Bacteroidetes, principally
Bacteroides vulgatus and
Bacterides fragilis

Enterobacteriaceae, especially
Escherichia coli

Clostridium coccoides
(subcluster XIVa)

Uncultured Ruminococcus
torques-like bacterium

Escherichia coli

Proteobacteria (alpha, beta and
gamma)
Actinobacteria

Within Bacteroides:

Bacteroides ovatus
Bacteroides vulgatus

Bacteroides

Enterobacteriaceae

TM7 bacteria

Enterobacteriaceae

Facultative anaerobes such as
Lactobacillus and Enterococcus

Escherichia coli (specifically I-
CD)

Firmicutes

Prevotella

Firmicutes, especially Clostridia

Clostridium leptum subgroup

Bacteroides fragilis

Firmcutes, especially
Faecalibacterium prausnitzii

Lachnospiraceae
Clostridiales, especially
Faecalibacteria and
Subdoligranula

Bacteroidetes

Lachnospiraceae (Clostridium
clusters XIVa and IV)

Within Bacteroides:

Bacteroides uniformis

Clostridium cluster IV, cluster XI,
and subcluster XIVa

Eubacterium rectale /
C. coccoides group
Bacteroidaceae

F. prausnitzii

Bacteroides fragilis
C. coccoides group
C. leptum subgroup
Atopobium

Faecalibacterium prausnitzii (in C
and C-CD)

Abbreviations: C, control subjects; UC, Ulcerative colitis; CD, Crohn’s disease; I-CD, Crohn’s ileitis; IC-CD, lleocolonic
disease; C-CD, Crohn’s colitis; IC, Ischemic colitis; IBS, Irritable Bowel Syndrome; SLC, Self-limiting colitis; I,
inflamed; NI, non-inflamed; OTU, operational taxonomic unit.
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Very recently, Ott et al. [223] have published a study describing the fungal
population inhabiting the intestinal mucosa. CD patients showed an increased
richness and diversity of fungi, with Rhodutorula mucilaginosa, Exidiopsis
calcea, Cyrtandra ootensis, C. parapsilosis, C. dubliensis, Trametes vesicolor,
Filobasidium globisporum, and Saccharomyces cerevisiae being frequent in CD
and representing a shift in composition. However, fungi make up only 0.02% of

the mucosa-associated flora.
4.3 Pathogens proposed as possible causative agents

Several enteric infections can mimic clinicopathological features of CD.
Campylobacter, Salmonella, Shigella, Yersinia, Escherichia coli O157:H7,
Chlamydia trachomatis, Mycobacterium tuberculosis, Actinomyces spp.,
Entamoeba histolytica, Giardia lamblia, and Clostridium difficile are pathogens
that could drive infections causing confusion ([224] and references therein).
Nevertheless, only two main microorganisms, Mycobacterium avium subspecies
paratuberculosis and Escherichia coli, are being actively investigated at present.

4.3.1 Listeria spp. and Yersinia spp.: “the cold chain hypothesis”

The cold chain hypothesis is rooted in epidemiological data on the assessment of
aspects of western life such as diet, hygiene, and refrigeration, as environmental
risk factors for CD [34]. Based on the fact that cold-chain development paralleled
the growth of CD during the 20" century, this hypothesis suggests that pathogenic
psychotropic bacteria such as Listeria spp. and Yersinia spp. could contribute to
the disease.

Yersinia is an enteric pathogen that causes clinical symptoms similar to CD,
including the presence of granulomas®, microabscesses, ulceration and the
activation of the NF-«xB pathway with proinflammatory cytokine release.
Pathogenic Yersinia DNA was detected in bowel and mesenteric lymph nodes
from patients with CD by Lamps et al. [199], but in many other studies this
bacterium was not found.

The gram-positive bacterium Listeria monocytogenes can also cause clinical
symptoms characteristic of CD, including granulomas*. Although it was detected
in 75% of CD patients by immunocytochemistry in a work that included 16
patients from the USA and France [200], many subsequent studies did not
corroborate these results [197, 216, 225, 226]. In fact, several reports have

implicated Listeria spp. in opportunistic infections after administration of
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infliximab, thus indicating that this bacterium could be a consequence of the

disease rather than the cause [227].

4.3.2 Mycobacterium avium subspecies paratuberculosis (MAP):

similarities with Johne’s disease

Mycobacteria have for a long time been suspected of being implicated in the
pathogenesis of CD. The similarities in clinical manifestations of CD with
Johne’s disease in ruminants, which is caused by Mycobacterium avium
subspecies paratuberculosis (MAP), lies behind this hypothesis. MAP has the
ability to survive and replicate within macrophages. This resistance to
phagocytosis by macrophages could explain the formation of granulomas which
are present in certain CD phenotypes. MAP was firstly isolated from CD tissues
in 1984 [228] and has been investigated in numerous studies by means of
culturing, polymerase chain reaction (PCR), FISH and serology, but the results
obtained have been contradictory. Although the majority of studies report a
higher prevalence of MAP in CD patients, its occurrence can vary from 0 to
100% of patients sampled, and it can occasionally be detected in healthy subjects
as well [193, 229-235]. Furthermore, treatment with triple antimycobacterial
antibiotics failed to show a sustained response in a two-year prospective study
[236]. Feller et al. [237] have recently published a systematic review and meta-
analysis based on 28 case-control studies. They conclude that a causal role for
MAP in the etiology of CD can be neither confirmed nor excluded with
confidence, and that additional studies and systematic reviews are therefore

needed.
4.3.3 Helicobacter spp.

Helicobacter spp. have been found more frequently in CD patients than in
controls, especially in those patients with a UC-like phenotype [238, 239]. This
observation, in conjunction with recent research based on animal models [240],
points to this bacterial genus having a putative role in CD, although further
studies are needed.

4.3.4 Yeasts

The presence of anti-Saccharomyces cerevisiae mannan antibodies (ASCAs) is
closely associated with CD. This serological marker is very powerful because it is
found in 50-60% of CD patients and 20-30% of their healthy relatives, whereas
only 3-7% of the healthy control population gives positive results [186].
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Although several microorganisms that are present in the gut can stimulate the
expression of ASCAs, clinical and experimental evidence indicates Candida
albicans is the major one implicated [241, 242]. C. albicans is a frequent
intestinal commensal that can occasionally act as an opportunistic pathogen.
Increased numbers of C. albicans have been found in CD-healthy relatives,
correlating with an increased prevalence of ASCAs. In CD patients, the
concentration of ASCAs is stable over time and is associated with severe
phenotypes and ileal location. The hypothesis concerns a genetic defect in CD
patients which confers susceptibility to ASCA-inducing microorganisms. Some
studies have correlated CARD15 mutations [243-246] and, more recently,
mutations in the mannan-binding lectin gene with ASCA-positivity [247].

However, other studies have reported contrasting results [248-250].

5 Escherichia coli and Crohn’s disease

5.1 Evidence of E. coli contribution to Crohn’s disease pathogenesis

Increased levels of Enterobacteriaceae have been reported for Crohn’s disease
for four decades [251, 252]. Studies based on a variety of methods, such as
culture [253], dot-blot hybridisation [100] and fluorescence in situ hybridisation
[194], agree that Enterobacteriaceae are more abundant in CD patients than in
controls. Further studies focusing on Escherichia coli indicate that this bacterium
is the principal enterobacterial species that increases in the CD population [207,
212, 216, 254, 255]. In addition, high levels of antibodies against E. coli outer
membrane protein C (OmpC) have also been observed in CD patients, correlating
with disease progression, longer duration, and greater need for surgery [191, 192,
256].

The direct implication of E. coli in Crohn’s disease pathogenesis is still not clear.
However, several observations indicate that this bacterium can play an important
role. For example, after an ileocolonic resection, high counts of E. coli (and also
Bacteroides spp.) predispose to an early recurrence [257]. Another indicator is
that Enterobacteriaceae account for 24% of penetrated bacteria in CD patients
[194]. Moreover, E. coli has been detected more frequently in the intestinal
serosa, mesenteric lymph nodes, and granulomas* of CD patients (27%, 33% and
80% respectively) than of controls [258-260].
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Very recently, increasing attention has been paid to investigating the pathogenic
properties of E. coli strains inhabiting the gut of CD patients and healthy controls.
However, further studies are still necessary to achieve a complete
characterisation. In a study in 1997, Schultz et al. [261] were already aiming to
describe the presence of virulence factors, but they were not able to find
differences between E. coli strains isolated from CD patients and controls. In
contrast, more recent works indicate that there are differences of phylogenetic
origin — with B2+D phylogroups being more frequently found in CD patients
[262] — and phenotypic virulence properties — with E. coli having adhesion and

invasion properties being more prevalent in CD patients [263].

5.2 Pathogenic E. coli and the recently described adherent-invasive

Escherichia coli pathovar

Non-pathogenic E. coli strains commonly colonise the human intestinal tract and
interact with the host in a mutualistic relationship. However, in
immunosuppressed hosts or when the gastrointestinal barrier is broken, even non-
pathogenic E. coli strains can cause infection. Moreover, a number of strains have
evolved the ability to cause a broad range of human diseases. Pathogenic E. coli
are classified in two main groups depending on the type of infection that they
cause. One group, named extraintestinal pathogenic E. coli (EXPEC), enclose
those strains causing infections such as urinary tract infections (UTI), sepsis, and
meningitis. The other group includes those strains that cause intestinal infections
and are called diarrhoeagenic E. coli (DEC). Among the intestinal pathogens,
there are six well-described pathotypes: enteropathogenic E. coli (EPEC),
enterohemorrhagic E. coli (EHEC), enterotoxigenic E. coli (ETEC),
enteroaggregative E. coli (EAEC), enteroinvasive E. coli (EIEC), and diffusely
adherent E. coli (DAEC) (Figure 10). Uropathogenic E. coli (UPEC), which is the
main cause of UTIs, and meningitis-associated E. coli (MNEC), which is
responsible for meningitis and sepsis, are the two pathotypes described to date
from the EXPEC group. An additional animal pathotype, known as avian
pathogenic E. coli (APEC), has been described for poultry and causes
extraintestinal infections. New emerging pathotypes are currently being proposed.
Among them, adherent-invasive E. coli (AIEC) has been associated with Crohn’s

disease (further information in Section 5.2.9).
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Figure 10. Pathogenic mechanisms of diarrhoeagenic E. coli. Source: Nataro and Kaper,
2004 [264]. Pathogenicity models are based on in vitro studies.

a 1) Formation of microcolonies that adhere to small bowel enterocytes, 2) Protein
translocation by type Ill secretion, and 3) pedestal formation. Downstream effects are:
destruction of microvillar architecture and loss of absorptive surface area, increased
permeability, active ion secretion, and intestinal inflammation.

b EHEC adhere specifically to enterocytes of the colon and promote changes in their
cytoskeleton, as with EPEC, and finally forming a pedestal. In addition, EHEC synthesise the
Stx toxin, absorption of which leads generally to diarrhoea or other complications.

¢ ETEC adhere to small bowel enterocytes by means of CFA fimbrial/fribrillar proteins. ETEC
then synthesise LT and/or ST enterotoxins which give rise to a variety of mechanisms that
lead to intestinal secretion and decreased intestinal absorption, thus provoking watery
diarrhoea.

d EAEC adhere to enterocytes and form a thick biofilm, give rise to small cytoskeletal
changes, and synthesise enterotoxins and cytotoxins that cause intestinal secretion.

e EIEC penetrate intestinal cells, lyse endocytic vacuoles, replicate intracellularly, move
through cellular cytoplasm by nucleating actin filaments and finally migrate to adjacent cells.
In addition, they trigger macrophage apoptosis and release of cytokines.

f DAEC adhere to small bowel enterocytes, giving rise to cellular changes. Long finger-like
cellular projections wrap around the adherent bacteria. Seventy-five percent of DAEC strains
produce the F1845 fimbrial adhesin or other Dr adhesin, which bind with DAF, a cell surface

glycoprotein.

Abbreviations: AAF, aggregative adherence fimbriae; BFP, bundle-forming pilus; CFA, colonisation factor antigen; DAF,
decay-accelerating factor; EAST1, enteroaggregative E. coli ST1; LT, heat-labile enterotoxin; ShET1, Shigella
enterotoxin; ST, heat-stable enterotoxin; Stx, Shiga toxin.
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Pathogenic E. coli, like many other mucosal pathogens, share a common
progression of pathogenesis which consists of 1) colonisation of a mucosal site, ii)
evasion of host defences, ii1) multiplication, and iv) host damage [265]. In
addition, EIEC has the ability to invade and replicate within epithelial cells and
macrophages. Each pathotype possesses specific virulence factors and even
among the strains of a certain pathotype there are different virulence gene sets.
Among these virulence factors, molecules or structures responsible for
adhesion/colonisation — for instance, fimbriae (also called pili), fibrillae, and
other afimbrial adhesins such as outer membrane proteins — factors that suit
colonisation — such as siderophores* and other molecules implicated in iron
uptake, and capsules — can be found in pathogenic E. coli. A wide range of toxins
and other effector proteins that have an influence on a wide variety of eukaryotic
processes, including cell lysis, cytoskeleton destruction or alteration, and
apoptosis, can also be found. Additional information concerning virulence genes
known for E. coli can be found in the Virulence Factor Database (VFDB) created
by the State Key Laboratory for Molecular Virology and Genetic Engineering,
Beijing, China [266, 267]. The VFDB has recently been upgraded (2008) to make

it a platform for further study of comparative pathogenomics.
5.2.1 Enteropathogenic E. coli (EPEC)

EPEC was the first pathotype to be described and, in developing countries, is still

an important pathogen that can cause fatal infant diarrhoea [264].
The main characteristics of EPEC are:

e Intestinal histopathology known as the ‘attaching and effacing (A/E) lesion’.
The bacteria attach tightly to the epithelium and promote changes in the
cytoskeleton of eukaryotic cells, which results in the effacement of microvilli
and the formation of pedestal-like structures on which the bacteria perch
(Figure 10a). This characteristic is encoded by different genes located in the
‘locus of enterocyte effacement’ (LEE) of a pathogenicity island (PAI) which
contains information on other virulence factors. EHEC strains also exhibit A/E

histopathology.

e The presence of the EAF plasmid (EPEC adherence factor), which encodes for
type IV pilus (also called bundle-forming pilus (BFP)), and the per locus
(plasmid encoded regulator). BFP mediates bacteria-bacteria and bacteria-
enterocyte adhesion in a characteristic pattern termed ‘localised adherence’
(LA), forming clusters or microcolonies on the surface of host cells. An LA

pattern is a feature of EPEC strains and, therefore, has been used widely as a
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diagnostic tool. In turn, the per locus regulates the bfp operon and most genes
in the LEE.

e Only some EPEC produce enterotoxins.

e Major virulence factors in EPEC:

» Adherence bfp (Bundle-forming pilus)
eae (Intimin)
LifA (Lymphostatin)
Paa (Porcine attaching-effacing associated protein)
P> Protease EspC
P Regulation Ler
Per
P Secretion system TTSS (Type lll secretion system)
P Toxin CDT (Cytolethal distending toxin)
EAST1
» Type lll translocated Cif (Cycle inhibiting factor)
protein EspA, B, D, F, G, H (Effector secretion proteins)

Map (Mitochondria-associated protein)

NleA/Espl (Non-locus-of-enterocyte-effacement-encoded
effector A)

NleC, D (Non-locus-of-enterocyte-effacement-encoded
effector C, D)

Tir (Translocated intimin receptor)

P> Pathogenicity islands EspC island
LEE (EPEC)

5.2.2 Enterohemorrhagic E. coli (EHEC)

EHEC cause bloody diarrhoea, non-bloody diarrhoea and the haemolytic uremic
syndrome. Strains of the O157:H7 serotype are the most EHEC pathogens in the
USA, the United Kingdom, and Japan; however other specific serotypes, such as
the 026 and O111 serogroups, are known to cause disease [265] in many other

countries.
The main characteristics of EHEC are:

e Production of Shiga toxin (Stx), also known as verocytotoxin (VT) (Figure
10b). There are two subgroups, Stx1 and Stx2, which are 55% homologous.
Stx induces apoptosis in intestinal epithelial cells. When these toxins travel via
the bloodstream to the kidney, the damage to renal endothelial cells leads to

inflammation and probably further haemolytic uremic syndrome.

*» Most EHEC also contain a LEE pathogenicity island that encodes type III
secretion systems and effector proteins homologous to those that produce
EPEC strains. Those strains that produce Stx but lack a LEE pathogenicity
island are called Shiga toxin-producing E. coli (STEC). The majority of STEC
do not cause disease, indicating the importance of LEE. In fact, it is thought
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that the EHEC pathovar evolved from an LEE-containing EPEC which
acquired Stx-encoding bacteriophage.

e Major virulence factors in EHEC:

» Adherence ECP (E. coli common pilus)
Efa-1/LifA (Lymphostatin)
eae (Intimin)
Paa (Porcine attaching-effacing associated protein)
ToxB
» Iron uptake Chu (E. coli hemin uptake)
P> Protease EspP
StcE (Secreted protease of C1 esterase inhibitor from
EHEC)
» Regulation Ler
P Secretion system TTSS (Type lll secretion system)
- Toxin Hemolysin
Stx (Shiga toxin)
» Type lll translocated Cif (Cycle inhibiting factor)
protein EspA, B, D, F, G, H (Effector secretion proteins)

Map (Mitochondria-associated protein)
NleA, C, D /Espl (Non-locus-of-enterocyte-effacement-
encoded effector A, C, D)
Tir (Translocated intimin receptor)
» Pathogenicity islands LEE (EHEC)

5.2.3 Enterotoxigenic E. coli (ETEC)

ETEC cause mild to severe watery diarrhoea. In developing countries, EPEC are
important infectious agents for infant diarrhoea, whereas in developed countries
they are the main cause of travellers’ diarrhoea. EPEC colonise the ileal mucosa
and secrete enterotoxins that promote intestinal secretion, thus leading to

diarrhoea ([265] and references therein).
The main characteristics of ETEC are:

e Production of heat-labile enterotoxins (LTs) and/or heat-stable enterotoxins
(STs). LTs are similar in function and structure to the cholera enterotoxin. LT-
I is associated with human disease and LT-II with animal disease. LTs consist
of a single A subunit responsible for enzyme activity and five B subunits
which mediate the adhesion of the toxin to the enterocytes via GM1 and GD1b
cell surface gangliosides (Figure 10c). LTs promote the increased secretion of
Cl by secretory crypt cells through an adenylate cyclase-mediated signalling
cascade. LTs can also stimulate prostaglandin synthesis and the enteric
nervous system; all these effects give rise to increased secretion and decreased
absorption. STs are single peptide proteins that comprise STa (only found in
humans) and STb (associated with animals) disease types. The final result of
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both toxins is increased intestinal secretion, but each ST type has its own
mechanism.

e (Colonisation is mediated by one or several colonisation factors (CFs) that are
mainly fimbrial or fibrillar proteins. These factors are commonly designated
CFA (colonisation factor antigen).

e ETEC strains typically possess multiple plasmids. The genes encoding CFs

are generally found on a plasmid that also encodes ST and/or LT.

e Major virulence factors in ETEC:

» Adherence Adhesive fimbriae (21 different CFs, but around 75% of
human ETEC express either CFA/I, CFA/Il or CFA/IV).
P> Toxin Heat-labile toxin (LT)

Heat-stable toxin (ST)

5.2.4 Enteroaggregative E. coli (EAEC)

EAEC are the cause of persistent diarrhoea in infants and adults in developing
and industrialised countries. No specific virulence factor has been described for
all EAEC strains to date. In fact, this pathovar seems to contain a package of
plasmid-borne and chromosomal virulence factors similar to those of other enteric
pathogens. Furthermore, both pathogenic and non-pathogenic strains are included
within this pathotype.

The main characteristics of EAEC are:
e Absence of LT and ST enterotoxin secretion.

» Autoaggregative (AA) adhesion to intestinal cells, in which bacteria adhere to
each other in a ‘stacked-brick’ configuration (Figure 10d). Aggregative
adherence fimbriae (AAFs) permit interbacterial adherence, which gives rise
to biofilm formation and adherence to intestinal cells. However, not all the
EAEC strains adhere by means of AAFs and other structures that may be
involved in their adhesion have been described (e.g. dispersin, and EAEC
flagellins).

o ‘Typical EAEC’ are considered to be those carrying the transcriptional
activator AggR, which regulates the transcription of several EAEC virulence
factors, whereas ‘atypical EAEC’ are those lacking AggR as proposed by
Kaper and Nataro [265].

» Synthesis of enterotoxins and/or cytotoxins.
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Major virulence factors in EAEC:

» Adherence AAFs (Aggregative adherence fimbriae)
Dispersin (anti-aggregation protein)
» Toxin EAST1 (EAEC heat-stable enterotoxin 1)

Pet (plasmid-encoded enterotoxin)
Pic (protein involved in intestinal colonisation)
ShET1 (Shigella enterotoxin 1)

5.2.5 Enteroinvasive E. coli (EIEC)

EIEC are very close to Shigella spp., both genetically and pathogenically. They

can be distinguished by a few minor biochemical features. Normally, EIEC cause

watery diarrhoea that is indistinguishable from that due to infection by other

DEC. However, EIEC can cause invasive inflammatory colitis and, occasionally,

dysentery clinically indistinguishable from that caused by Shigella, spp ([265]

and references therein).

The main characteristics of EIEC are:

Intracellular pathogen. EIEC penetrate epithelial cells followed by the lysis of
endocytic vacuole and further intracellular multiplication. They then move
through the cytoplasm by nucleation of cellular actin and extend to adjacent

cells (Figure 10e).

Virulence genes are coded in a large plasmid also present in all Shigella
species. One third of the plasmid contains insertion sequence elements which
contribute to its evolution. The rest encode for a type III secretion system and
an outer membrane protein involved in the nucleation of the cellular actin.
Proteins secreted by the type III secretion system mediate epithelial signalling
events, cytoskeletal rearrangements, cellular uptake, lysis of endocytic
vacuole, and cellular pore formations. Additional virulence genes of EIEC and
Shigella spp. that are plasmid- encoded, chromosomally-encoded and PAIs-

encoded have been described.

Major virulence factors in EIEC and Shigella spp.:

P Actin-based motility IcsA (VirG) (Intercellular spread)
» Endotoxin LPS (Serotype converting genes)
P Iron uptake Aerobactin
P> Protease IcsP (SopA)

Pic (Protein involved in intestinal colonisation)
SigA (Shigella 1gA-like protease homology)
P Secretion system TTSS (Type lll secretion system)
» Toxin ShET1 and ShET2 (Shigella enterotoxins 1 and 2)
- Pathogenicity islands SHI-1, SHI-2, and SHI-3
SRL (Shigella resistance locus)
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5.2.6 Diffusely adherent E. coli (DAEC)

DAEC have been implicated in infant diarrhoea, especially in children more than
one year old [264, 268], as well as in many cases of UTIs ([269] and references

therein).
The main characteristics of DAEC are:

e Distinctive diffuse pattern of adherence (DA) to HEp-2 cell monolayers
(Figure 10f).

e Two subclasses of DAEC strains: diffusely adhering enteropathogenic E. coli
(DA-EPEC) harbouring a LEE island, and DAECs expressing adhesins of the
Afa/Dr family, which are responsible for UTIs.

e Major virulence factors in DAEC:

» Adherence Afa/Dr family including afimbrial adhesins AfaE-l, Afak-lll
and Dr-ll as well as the fimbrial Dr and F1845 adhesins
P> Pathogenicity islands LEE

5.2.7 Uropathogenic E. coli (UPEC)

UPEC are the most common cause of community-acquired (70-95%) and
nosocomial (50%) urinary tract infections [270]. UPEC generally colonise the
bladder, causing cystitis, but they can also ascend into the kidneys and cause
pyelonephritis. UPEC bind host tissue and invade urothelial cells, where they are
trafficked into membrane-bound acidic compartments similar to lysosomes [271].
UPEC can replicate intracellularly, forming biofilm-like communities. Infected
bladder cells are primed to exfoliate, leaving immature bladder cells exposed and
more susceptible to infection. Late endosome-like compartments of immature
bladder cells contain UPEC in a quiescent state that may serve as a reservoir for
recurrent UTIs [272].

UPEC harbour more virulence associated genes, usually encoded in PAIs, than
commensal E. coli isolates. The principal virulence factors of UPEC encode for
capsule antigens, iron acquisition systems, adhesins, and secreted toxins. Despite
the fact that DEC pathotypes also harbour numerous virulence genes in PAIs,
their nature is different from those of UPEC.
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Major virulence factors in UPEC are:

» Adherence Dr adhesins
F1C fimbriae (foc)
P fimbriae (pap)
S fimbriae (sfa)
Type | fimbriae (fim)
P Iron uptake Enterobactin siderophores
Aerobactin siderophores
IroN (Salmochelin siderophore)
Chu (E. coli hemin uptake)
Sit (Iron/manganese transport)
fyuA (Yersiniabactin siderophore)
P> Protease Pic (Protein involved in intestinal colonisation)
Sat (Secreted autotransporter toxin)
Tsh (Temperature sensitive hemagglutinin)
P> Toxin CNF-1 (Cytotoxic necrotising factor 1)
Hemolysin
- Pathogenicity islands PAl Is3s, PAI IcFro7s, PAI llszs, PAI llls3s

The above-mentioned virulence factors can be present at different frequencies
among various subgroups of UPEC. In addition, a single UPEC strain can
accumulate several virulence genes associated with adherence or iron uptake. For
example, UPEC strains can carry more than 10 fimbrial gene clusters, and the
environmental conditions determine the expression of one pilus or another. This
process is known as ‘phase variation’. Among adhesive organelles, type 1 pilli
are highly conserved and common among all E. coli, both the pathogenic and
commensal isolates. FimH adhesin is known to play an important role in bacterial
adherence to and invasion of host cells, and to contribute to intracellular biofilm
formation in UPEC [273, 274]. With regard to the secreted toxins, instead of the
type III secretion system, UPEC often use the type I, for which a-haemolysin is
the prototypical secreted toxin, and type V secretion systems, which includes
toxins known as autotransporters. This arsenal of toxins may promote cell lysis,
apoptosis, inflammatory responses, and cytopathic effects such as vacuolation

and swelling.
5.2.8 Meningitis/sepsis-associated E. coli (MNEC)

MNEC is the main cause of gram-negative neonatal meningitis, with a high
mortality rate (15-40%) and severe neurological defects in most survivors. The
transmission of NMEC to the central nervous system occurs haematogenously.
Increased levels of bacteraemia confer a risk of meningitis ([265] and references

therein).

A restricted number of serotypes represent the MNEC pathovar, with the K1
capsule type being present in 80% of the strains, and O18:K1:H7 the prototypic
MNEC. The K1 capsule confers invasiveness, modulates trafficking of E. coli-
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containing vacuoles and enhances intracellular bacterial survival in brain
microvascular endothelial cells.

Major virulence factors in MNEC are:

» Adherence S fimbriae (sfa)

P Invasion AslA
Ibe A, B and C (Invasion of brain endothelial cells)
K1 capsule
OmpA (Outer membrane protein A)
Tral
P> Toxin CNF-1 (Cytotoxic necrotising factor 1)

5.2.9 Adherent-invasive E. coli (AIEC), an emergent E. coli pathotype

associated with Crohn’s disease

Although considerable effort has been expended in studying the E. coli
populations of CD patients, none of the above intestinal pathogenic E. coli have
been found to be associated with the disease. Nevertheless, in 1998 Darfeuille-
Michaud et al. [263] observed that adherent E. coli strains colonised the ileal
mucosa of CD patients more frequently than in control groups. Further studies
indicated that these adherent E. coli strains had other pathogenic traits which
differentiated them from the rest of the E. coli pathovars, and they therefore
designated a potentially new E. coli pathovar named adherent-invasive E. coli
(AIEC) [275].

The main characteristics of AIEC are:

o Ability to adhere to and to invade intestinal epithelial cells. The invasion
occurs through a macropinocytosis-like process which is dependent on actin
microfilaments and microtubules recruitment [276]. In addition, the AIEC
type 1 pilus induces the elongation of the epithelial cell membrane
surrounding the bacteria at the point of contact. The interaction between AIEC
and cultured intestinal epithelial cells leads to an upregulation of IL-8 and
CCL20 expression, giving rise to the transmigration of polymorphonuclear
leukocytes and dendritic cells [277] and provoking some changes in the

epithelial cell structure, leading to reduced barrier resistance [278].

e Ability to survive and to replicate extensively within macrophages without
triggering host cell death and inducing the release of TNF-a [279]. Moreover,
one study reports the formation of granuloma*-like cell aggregates after the
infection of an in vitro model of human granuloma by AIEC [280].

e Absence of known invasive determinants.
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No specific virulence factors characteristic of the AIEC pathovar are known to
date. However, some genes and regulatory processes have been implicated in the
pathogenesis of the prototypic AIEC strain LF82. Type 1 pili play an important
role in AIEC colonisation, being responsible for adhesion to the
carcinoembryonic antigen-related cell adhesion molecule 6 (CEACAMO6)
expressed on the apical side of enterocytes. Interestingly, whereas a type 1 pilus
is necessary for AIEC to invade host cells, the expression of type 1 pili in non-
pathogenic E. coli K12 is not sufficient to confer invasiveness [276]. Moreover,
fim gene sequencing revealed that LF82 produce a variant of type 1 pili in
comparison to those of E. coli K12 [276]. Flagella also play a direct role in the
adhesion-invasion processes of LF82 via motility and an indirect role via
regulating type 1 pili and other unknown factors [281]. Lipoprotein NIplI is
thought to be involved in the regulatory pathway of flagella, type 1 pili and other
unknown virulence genes [282]. In turn, lipoprotein YfgL. was reported to be
required for the invasiveness of LF82, independently of the type 1 pilus and
flagellum but in association with the release of outer membrane vesicles [283].
Recently, Rohlion et al. [284] proposed a model in which the outer membrane
protein C (OmpC), a porin regulated by EnvZ/OmpR, is involved in the
adherence-invasiveness of AIEC involving type 1 pili, flagella and other
unknown virulence factors. Interestingly, type 1 pili and flagella encoding gene
regulation were opposite in AIEC LF82 and non-pathogenic E. coli K12. Finally,
the oxidoreductase DsbA [285] and HtrA [286] stress protein have been
implicated in the ability of LF82 to survive and replicate within macrophages.
Both genes are present in E. coli K12 as well, but a differential regulation

dependent on LF82 genetic background marks the difference.

A model explaining the putative mechanism of pathogenesis of AIEC is shown in
Figure 11. AIEC adhere via type 1 pili to the CEACAMS6 receptor, which is
abnormally expressed in epithelial cells from CD patients [287]. Once adhered,
flagellin recognition by TLRS induces IL-8 cytokine secretion, leading to the
transmigration of polymorphonuclear leukocytes and dendritic cells. AIEC then
cross the mucosal barrier thanks to their ability to invade epithelial cells.
Macrophages engulf translocated bacteria, which resist macrophage phagocytosis
and replicate within large vacuoles, inducing TNF-a secretion. The presence of
intracellular AIEC plus the secretion of TNF-a and interferon (IFN-y) promote
the overexpression of the CEACAMG6 receptor, thus enhancing AIEC
colonisation and intestinal inflammation.

The AIEC pathovar has achieved greater significance as a potential etiological

agent in CD since a number of independent studies from several countries —
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France [288], the United Kingdom [289], and the USA [207, 278] — reported a
higher prevalence of intramucosal or mucosa-associated E. coli with invasive

properties in CD patients than in control subjects.

IL-8 synthesis

Pili 1(FimH)

;
CEACAMS6

£ :'L!‘ﬂagella/ TLRS
.

IL-8 synthesis

Macrophage

Figure 11. Putative pathogenic mechanism of adherent-invasive E. coli (AIEC). Source:
Glasser and Darfeuille-Michaud, 2008 [290].
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Objectives

Chapter 1: Description of the bacterial community in Crohn’s disease patients
and the search for compositional differences with respect to control subjects

By the time this work began, evidence already existed that intestinal microbiota
was in some way implicated in Crohn’s disease (CD). However, whether bacteria
played a direct or indirect role in the disease was still controversial because no
pathogenic agent had been demonstrated as being the cause. Some researchers
suggested that the mainly culture-based methodology used up until then and that
fecal samples were being used rather than biopsies, were limiting factors that
might have been misleading researchers looking for a putative etiologic agent.
For that reason, the main goal of the first part of our study was to use a
molecular-based approach to analyse the enteric microbial community in CD
patients, focusing on those bacteria close to the intestinal mucosa and making
comparisons with control subjects and patients suffering from other inflammatory

bowel diseases (IBD). The specific objectives were:

e To find bacterial species that characterise Crohn’s disease and that could play

an etiological role in the disease due to their proximity to host mucosal cells.

e To search for possible variations in the mucosal bacterial community along
the gastrointestinal tract, in inflamed/non-inflamed areas and in

ulcerated/non-ulcerated mucosa.

e To determine whether or not the localisation and severity of the disease, type
of medication, resection and other clinical data of CD patients had an effect

on resident intestinal microbiota.

Chapter 2: Characterisation of Escherichia coli populations associated to the
intestinal mucosa of Crohn’s disease patients and control subjects

Several bacterial species and phylogenetic groups were found to be associated
with the intestinal mucosa of CD patients during the first part of the study.
Phylotypes belonging to vy-Proteobacteria, especially to the family
Enterobacteriaceae, were found to be more prevalent in CD patients than in
control groups. Among them, Escherichia coli was the species most frequently
detected. At the same time, there was a growing body of evidence from other
researchers indicating that this bacterium could be playing an important role in
CD, in particular a very recently described pathovar: adherent-invasive E. coli
(AIEC). For that reason, we focused on the E. coli population and designed a

second study with the following aims:
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e To describe and compare the E. coli populations associated with the intestinal

mucosa of CD patients and control subjects in search of CD-specific clones.

e To compare the richness, abundance and diversity of E. coli subtypes and to

look for ecologic imbalances at a subspecies level.

e To compare the pathogenic features of E. coli subtypes isolated from CD
patients and non-IBD controls, by characterising the strains phenotypically

and genotypically.

e To determine the prevalence of AIEC in our set of patients and compare this
with studies from other countries in order to test the hypothesis that AIEC is

implicated in CD.

Chapter 3: Characterisation of adherent-invasive E. coli strains isolated from
the intestinal mucosa of Crohn’s disease patients and control subjects

During the second part of the study, we observed that the E. coli populations from
CD patients and control subjects differed only in quantity. No specific clones
were detected in CD patients; there were no differences in terms of the richness
and diversity of E. coli subtypes; no virulence genes were found to be more
frequent in the E. coli from CD patients and neither was any difference observed
in the phylogenetic origin of the strains. In contrast, when we identified AIEC
over the entire E. coli collection gathered in this work, we found a correlation
between CD patients and a higher prevalence, abundance and richness of AIEC
strains. Finally, AIEC strains have been reported to be similar to other pathogenic
E. coli responsible for extraintestinal infections. Therefore, for the third part of
our study, we focused on a more detailed characterisation of the AIEC and non-

AIEC strains obtained in the second part. The main aims of this chapter were:

e To characterise the AIEC collection by identifying additional virulence traits,

including virulence-associated genes and biofilm formation capacity.

e To determine whether a collection of the main urinary pathogenic E. coli and
sepsis-meningitis pathogenic E. coli strains share the phenotypical traits that

characterise the AIEC pathovar.

e To search for a common phylogenetic origin between those intestinal and

extraintestinal AIEC strains.
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Description of the bacterial community in Crohn’s
disease patients and the search for compositional
changes with respect to control subjects



Chapter 1. Mucosa-associated bacterial composition in CD patients and control subjects

Introduction

Crohn’s disease (CD) is a chronic disorder with chronic morbidity characterized
by patchy inflammation of the gastrointestinal tract [1]. Although the specific
etiology remain elusive, clinical and experimental data define CD as a complex
trait [2] that arises from the interaction between the host’s genetic background
(susceptibility) [3] [4], mucosal immunity and the resident bacterial flora [5]. The
most popular theories suggest that an imbalance in the immune system of people
with CD leads to a local intolerance to the intestinal microbiota. During this
process, it is the accumulation of white blood cells in the intestinal lining that

leads to inflammation and ulceration.

Most ecological studies of CD have provided evidence of differences in the
intestinal microbiota of healthy and diseased individuals [6-9]. However, despite
intensive efforts, it is not known whether the bacteria associated with CD are
primary etiologic agents of the disease, or secondary opportunistic colonizers that
arise in a previously altered colon. Several lines of circumstantial evidence
support an active role for bacteria in the development and/or progression of the
disease: first, patients with inflammatory bowel disease (IBD) have increased
amounts of bacteria attached to their gastrointestinal epithelial surfaces when
compared to healthy individuals [10], and lesions in CD tend to appear in regions
where bacterial counts are higher [11]: second, enteric bacteria can trigger the
mucosal inflammation in IL-10, IL-2 and T cell receptor (TCR)-a deficient
animal models [12], and none of these mutants developed intestinal disease when
maintained under germ-free conditions: and third, specific agents such as
Mycobacterium avium sbsp. paratuberculosis have been cultured from ulcers of
CD 1, 13-18].

Key to understanding the role of bacteria in the etiology of CD is an accurate
knowledge of the bacterial communities inhabiting such a complex ecosystem as
the human colon. Our goal was to compare the microbiological profile of the
intestinal mucosa from healthy volunteers and CD patients, and to identify any
bacterial species characteristic of CD patients. DGGE is capable of separating
nucleotide sequences that differ by as little as one nucleotide, and here we have
used it to separate 16S rRNA gene fragments that correspond to the most
dominant bacterial species present in the mucosal community. Sequence analysis
of individual DGGE bands has also enabled us to identify individual bacterial

species characteristic of CD patients.
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Materials and Methods

Patients

Mucosal samples were obtained during colonoscopy from 19 CD patients with
ileal, ileocolonic and colonic involvement, and 15 non-IBD controls (C). Thirty-
six biopsies were taken from different locations of CD patients, 19 from
inflammed and 17 from apparently normal mucosa, and 25 biospies from

different locations from non-IBD controls (Table 7).

Table 7. Id codes of subjects and biopsies introduced in this study. Origin of the biopsies and
mucosal state of the tissue are also indicated.

Patient Age Gender Biopsy Mucosa state Biopsy location
co1 57 female COla unaffected colon
Cco2 53 female C02a unaffected colon
Cco3 51 female CO03a unaffected colon
Cco4 36 female CO4a unaffected colon
C05 58 male CO5a unaffected colon

CO6a unaffected ileum
co6 29 female CO6b unaffected colon
C07a unaffected colon
co7 40 female CO7b unaffected colon
CO7¢c unaffected colon
Cco8 51 female C08a unaffected rectum
C09a unaffected rectum
09 53 male CO9b unaffected colon
C10 65 female C10a unaffected colon
Cc11 48 female Clila unaffected rectum
Cl2a unaffected colon
C12 50 female C12b unaffected rectum
C12¢ unaffected colon
C13 46 male C13a unaffected colon
Cl4a unaffected colon
C14b unaffected ileum
c14 14 female Cl4c unaffected colon
C14d unaffected rectum
C15a unaffected colon
€15 36 male C15b unaffected sigmoid colon
CDO1a unaffected colon
cpo1 44 female CDO1b affected colon
CD02a unaffected ileum
CD02 26 female CD02b affected ileum
CD02¢ affected ileum
CDO3 27 male CDO03a affected colon
CDO4a unaffected colon
D04 28 male CDO4b affected colon
CDO5 32 female CDO5a affected colon
CDO6a unaffected colon
D06 39 female CDO6b affected ileum
CDO7a unaffected ileum
CDO7 35 female CDO7b affected colon
CDO7¢ unaffected colon
CD08 30 male CD08a unaffected colon
CDO09 35 male CDO09a affected duodenum
CD10a unaffected rectum
CDh10 62 male CD10b unaffected ileum
CD10c affected colon
CDh11a unaffected colon
b1t 48 female CD11b affected colon
CDh12a unaffected ileum
D12 35 male CD12b affected ileum
CD13a unaffected colon
D13 23 female CD13b affected ileum
CD14a unaffected colon
Cb14 25 female CD14b affected colon
CD15a affected colon
D15 & male CD15b unaffected colon
CD16a affected ileum
CcD16 15 male Cbh16b unaffected colon
Cb17 44 female CD17a affected not known
CD18a affected ileum
cb18 28 male CD18b unaffected colon
CD19a unaffected colon
D19 42 female CD19b affected colon
1CO1 49 female ICO1a unaffected not known
ucola unaffected colon
uco1 35 female UCO1b unaffected colon
uco2 27 male uco2a unaffected ileum
UC02b unaffected colon

Unaffected refers to non-inflammed tissue in non-IBD controls and apparently normal mucosa in IBD patients.
Affected refers to inflammed mucosa of IBD patients.
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Control subjects underwent colonoscopy either for familial studies or
hemorrhoidal rectorrhagia. On average, patients included in this study presented a
8.5 £ 2.2 year evolution, with CDAI, VanHees and CDEIS indexes of 203.5 +
10.0, 123.8 £ 6.4, and 14.7 £ 3.1, respectively. Antibiotic treatment within the
two months prior to colonoscopy was the only exclusion criterion. Samples were
similarly obtained from two patients with UC (Ulcerative colitis) and one with IC
(Ischemic colitis). Characteristics and clinical data of patients and non-IBD

controls analyzed are shown in Table 8.

Table 8. Characteristics and clinical data of IBD patients and non-IBD controls analyzed.

Group n Age Gender Main characteristics
C 15 45.8 + 3.59 F: 73.3% familial CRC: 6.70%
M: 26.7% constipation: 26.70%
hemorrhoids: 33.30%
UAD: 33.30%
CD 19 36.7 £ 3.72 F: 52.6% years of disease: 85+2.2
M: 47.4%  CDAL: 203.5 +£10.0
VanHees: 123.8+6.4
CDEIS: 14.7 + 3.1
Medication: 52.63% @/local/mesalazine

5.26% corticosteroids
36.84% immunosuppressor
5.26% anti-TNF

uc 2 31+2.37 F: 50%

IC 1 27 Female

C: Control; CD: Crohn’s disease; UC: ulcerative colitis; IC: Ischemic colitis; UAD: Unspecific abdominal discomfort,
CRC: Colorectal cancer

Bowel preparation and Sampling

Colon cleansing was ensured by using a biphosphate compound (Fleet Phospho
Soda ®) and following the company’s instructions. Two doses of 45 ml were
given the day prior to the colonoscopy with the first dose taken in the late
afternoon followed by 2 litres of water at little swallows. This procedure was

repeated 4 hours later.

Biopsies were taken from ascendant, transversal and descendant colon, ileum,
sigma and rectum. In ulcerative inflammations, biopsies were taken from both
ulcerated and non-ulcerated mucosa. All samples were immediately placed in
sterile tubes containing 0.5 ml of PBS and stored at —20°C.

Sample treatment and DNA extraction

Biopsy samples were subjected to three mild ultrasounds-wash cycles in order to
discard both transient and loosely attached bacteria. Each cycle consisted of 30
seconds at 50 Hz followed by a wash with 1 ml of PBS (phosphate buffered
saline). After washing, tissue samples were then re-suspended in 0.5 ml of TENS
buffer (0.05 M TrisHCI, 0.1 M EDTA pH=8, 0.1 M NaCl and 2% SDS) in the
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presence of 1 ng pl™' proteinase K and incubated overnight at 37°C to remove
cellular material. Afterwards, DNA was extracted and purified using the phenol-
chloroform method [19, 20]. Two steps of Phenol:Chloroform:Isoamil acohol
(25:24:1) and a further step of Chloroform:Isoamil acohol (24:1) were applied.
DNA was precipitated with absolute ethanol and sodium acetate 3M. Pellets were
resuspended in 10 mM TrisHCI, pH=7.4 and stored at —80 °C until use. DNA
concentration 1in all extracts was determined fluorimetrically by using
PicoGreen'  (Molecular Probes, Eugene, Oreg.) and compared to a standard curve

made up with DNA from herring sperm (Sigma-Aldrich).

Bacterial 16S rRNA gene amplification and Denaturing Gradient Gel
Electrophoresis (DGGE)

For DGGE fingerprinting purposes, the 16S rRNA gene was partially amplified
from extracted genomic DNA using universal bacterial primers GC-357F 5°-
CGCCCGCCGLGLreeaeaeeecaaeecaeeaeceeecaecee-cer ACG
GGA GGC AGC AG-3’ (341-357) [21] and 907R 5’-CCG TCA ATT CCT TTG
AGT TT-3" (907-926) [22] flanking a ca. 580 bp fragment that includes variable
regions V3 to V5. PCR reactions were prepared as follows: 5 ul 10 X Buffer (II)
(Applied Biosystems, Foster City, CA), 3 ul MgCl, (25 mM; Applied
Biosystems), 4 ul deoxyribonucleoside triphosphates (10 mM), 1 pl forward
primer and lul reverse primer (25 pmol ul™' each), 0.2 ul AmpliTag® DNA
polymerase (5 U pl™', Applied Biosystems) and 50 ng of genomic DNA as
template in a total volume of 50 ul. PCR was performed using a GeneAmp® PCR
System model 9700 cycler (Applied Biosystems). The following step-down
cycling program was used: 2 min of initial denaturation at 96 °C followed by 5
cycles of 30 sec at 94°C, 1 min at 56 °C (annealing) and Imin at 72 °C plus 25
cycles of 30 sec at 94°C, 1 min at 54°C (annealing) and 1min at 72 °C (extension)
with a final extension of 10 min at 72 °C. Amplification products were cleaned
using Montage ™ PCR centrifugal filter columns (Millipore) and stored at -20 °C.
Products were visualized by gel electrophoresis on 1.5% (wt/vol) agarose gels in
0.5 x TBE buffer [45 mM Tris-borate (pH 8.0), | mM EDTA] and staining with
ethidium bromide (0.5 pg ml™).

DGGE was carried out using an Ingeny phorU DGGE system (Vlissingen, The
Netherlands) at 60 °C in 0.5 x TAE buffer. Approximately 2 ug of DNA were
loaded in each lane into a 6% polyacrylamide gel containing a vertical denaturing
gradient ranging from 30% to 70% Urea/Formamide. The electrophoresis was run
for 16 hours at 120V. The gel was then stained with ethidium bromide (1 pg ml™)

for 30 min, placed on a UV transilluminator, and photographed. To standardize

72



Chapter 1. Mucosa-associated bacterial composition in CD patients and control subjects

the relative positions of bands, three lanes containing a mix of four 16S rRNA

gene fragments from different known species were run in each DGGE.

Sequencing

After analyzing gel images, main bands were excised with a sterile scalpel. Pieces
of polyacrylamide containing the band of choice were then placed on a tube with
200 pl of 10 mM Tris-HCl pH 7.4 and heated at 60°C for 30 minutes and
vigorously vortexed every 10 min. Supernatants were used for the reamplification
of the 16S rRNA gene fragment contained in the excised band. PCR was
performed as described above, but this time the forward primer 357F 5°- CCT
ACG GGA GGC AGC AG-3’ was used without the GC-clamp. PCR products
were cleaned, and sequenced in both directions (forward and reverse) by
Macrogen Inc (Seoul, Korea) with an ABI 3730XL Automatic DNA Sequencer.

Sequence editing and analysis

High-quality consensus sequences were obtained and manually refined using the
Bioedit software package [23]. Alignments were carried out with ClustalW [24]
software. Consensus sequences were compared to those in GenBank and the
Ribosomal Database Project by using BLASTN 2.2.10 [25]. Sequences were
grouped in Number of operational taxonomic units or phylotypes with the
DOTUR program [26], using the furthest neighbor method at a precision level of
0.01, i.e. 99% minimum similarity for any pair of sequences to belong to the
same phylotype, on a distance matrix with the Jukes-Cantor correction calculated
with the DNADIST program of the Phylip software package [27].

GenBank accession numbers

Sequences obtained in this study were deposited in the EMBL/GenBank database
under the accession numbers AM75626 through AM75766.

Statistics

Fingerprints on DGGE gels were translated into a presence-absence band matrix.
Bands that fell at the same position in the gel and further confirmed to be the
same sequence were considered ‘genuine bands’. These bands were seacrhed in
all patients and their presence or absence constructed the binary matrix. Statistical
analysis was performed using the SPSSx version 11.0. Clustering of band patterns
was performed using a hierarchical analysis by the Ward’s [28] method based on
the pattern difference coefficient. The same binary matrix was used in a
correspondence analysis using those bands occurring two or more times.

Significance of distances/similarities between groups was checked using an
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ANOVA analysis. Pearson chi-square test was used to compare the prevalence of

genus and species between controls and CD patients.

Results

DGGE fingerprinting comparison

The banding pattern obtained by DGGE represents the major constituents of the
analyzed community [29]. Species that contribute less than 1% of the total
population would not be readily detected by this molecular approach [21]. On a
first visualisation, band patterns of samples from the same individual, either from
affected or unaffected mucosa, were virtually identical. In addition the number of
common, recognizable bands was found to be higher among the healthy
individuals with some bands being consistent to most of the healthy individuals.
By contrast, DGGE banding from CD patients, displayed uneven profiles, which

were difficult to associate with a given pattern (Figure 12).

Figure 12. Eubacteria PCR-DGGE fingerprints of mucosa associated bacteria obtained from
15 non-IBD controls (CO1-C15) and 19 CD patients (CD01-CD19). Different biopsies from the
same patient are identified as ‘a-d’ and biopsies obtained from inflammed mucosa of CD
patients in italics. White dots indicate the main bands subjected to re-amplification and
sequencing.
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Hierarchical analysis of the banding patterns confirmed the initial visual
observations; a first level of grouping was obtained after comparing DGGE
profiles of the same individual (>99% similarity), regardless of the mucosal status
(Figure 13). At the second level, two main clusters were obtained. In the first
cluster, 64.7% of the profiles corresponded to samples from healthy individuals
(84.6% of controls analyzed), 17.6% from CD patients, 11.7% from UC patients
and 5.8% from IC patients. In the second cluster, 88.2% of the profiles
corresponded to samples obtained from CD patients (83.3% of CD patients
analyzed). Noticeably, of the three samples grouped in the first cluster, two

corresponded to CD patients in remission.
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Figure 13. Hierarchical distance clustering of biopsy DGGE profiles. The scale bar describes
DGGE similarity between profiles. C: non-IBD control; CD: Crohn’s Disease; UC: ulcerative
colitis; IC: Ischemic colitis; (): samples from CD lesions (inflammed mucosa); a-d: different
biopsies from the same patient.

The existence of two clusters, with a healthy pattern clearly differentiated from
the CD one, was statistically corroborated by a correspondence analysis (Figure
14, p<0.001). In addition, a larger inter-patient variability (P<0.001) within the
CD cluster was observed, which confirms the observation that DGGE profiles
from CD were more heterogeneous and disperse (Figure 15). This variability was
not correlated with any patient variable such as age, gender, smoking habit,
disease activity index, age at the onset of disease, years of evolution and

treatment.
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Figure 14. Correspondence analysis using DGGE profiles. (): non-IBD controls; @: Crohn’s
disease (CD) patients; @: Ulcerative colitis (UC); A: ischemic colitis (IC). Dimension 3
separates specimens according to their diagnostic (P <0.001) and dimension 1 displays the
higher DGGE profile dispersion within CD patients.
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Sequence analysis and bacterial composition

One hundred forty-one partial 16S rRNA gene sequences were obtained from
both non-IBD and CD samples. The results of their best BLAST matches can be
consulted in annexed Table 1. These fell into 58 different phylotypes (< 99%
sequence identity from one phylotype to the next), of which 8§ were novel
(sharing < 95% similarity with any GenBank sequence) (Table 9). Firmicutes
(69%) and Bacteroidetes (13.8 %) were the dominant phylogroups, as expected
from other studies of the gut microbiota [30-32]. By contrast, Proteobacteria,
Actinobacteria and Fusobacteria were remarkably less abundant accounting for
6.9%, 5.1%, and 5.1% of phylotypes retrieved, respectively.

The genus Faecalibacterium was found to be significantly more prevalent in non-
IBD controls than in CD patients (P=0.029) (Table 10). In particular,
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Faecalibacterium prausnitzii (formerly Fusobacterium prausnitzii [33]), was
found in 12 out of 15 healthy subjects (80%) whereas the prevalence in CD
samples was significantly reduced to 42.1%. As for particular phylotypes,
AMO75691 was 98% similar to Faecalibacterium prausnitzii, and was found in
80% of controls and only in 15.8% of CD patients (P<0.001). Other sequences
belonging to the same phylotype as AM075670, whose closest related bacterium
also is Faecalibacterium prausnitzii, were more frequently found in the healthy
cluster (P< 0.05).

Table 10. Prevalence of bacterial taxonomic groups in CD patients (N=19) and controls
(N=15).

Genus cC CD P Family cC CD P Phylum C CD P
Atopobium 1 0 0.253 Coriobactericeae 1 1 0.863 Actinobacteria 1 2 0.694
Collisinella 0 1 0.367

Corynebacterium 0 1 0.367 Corynebacteriaceae 0 1 0.367

Bacteroides 3 4 0.940 Bacteroidaceae 3 4 0.940 Bacteroidetes 5 6 0.914
Alitispes 1 2 0.694 Rikenellaceae 2 2 0.801

Rikinella 1 0 0.253

Clostridium 1 8 0.020 Clostridiaceae 13 13 0.203 Firmicutes 13 16 0.616
Faecalibacterium 12 8 0.029

Enterococcus 0 2 0.195 Enterococcaceae 0 2 0.195

Eubacterium 4 5 0.982 Eubacteriaceae 4 5 0.982

Catenibacterium 1 1 0.863 Lachnospiraceae 7 12 0.336

Roseburia 0 1 0.367

Ruminococcus 6 11 0.300

Staphylococcus (0] 1 0.367 Staphylococcaceae 0 1 0.367

Fusobacteriunm 1 2 0.591 Fusobacteriaceae 1 2 0.591 Fusobacteria 1 2 0.591
Enterobacter 0 1 0.367 Enterobacteriaceae 1 7 0.039 Proteobacteria 1 8 0.020
Escherichia 1 6 0.074

Klebsiella 0 1 0.367

Proteus 0 1 0.367

Haemophilus 0 1 0.367 Pasteurellaceae 0 1 0.367

Of the Proteobacteria, all those identified belong to the gamma subgroup and
mainly to Enterobacteriaceae family, were found more consistently in CD
patients (P = 0.020 and P = 0.039 respectively). At the genus level, Clostridium
(P = 0.020) and Escherichia (P < 0.075) were found more frequently in CD
patients. Taking into consideration the high heterogencity of Clostridium genus,
the prevalence of this organism was calculated according to their phylogenetic
affiliation [34] and their pathogenic behavior. The most relevant difference
corresponded to Cluster XIV a, which was more prevalent in CD patients (P =
0.042). This cluster is known to contain the less harmful species. Nevertheless,
pathogenic species belonging to this cluster have been recently reported [35]. The
sequences of some opportunistic pathogenic vy-Proteobacteria such as
Enterobacter, Proteus, Haemophilus and Klebsiella were occasionally found in
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CD patients, but never in the healthy subjects. As for the phylotypes, sequences
corresponding to the same phylotype as AM075639 sequence (98% similarity to
Ruminococcus torques) were only found in CD patients (P = 0.059).

On BLAST analysis against the GenBank, 25.5% of the 141 sequences showed a
match with previously cultivated bacteria, whereas the other 74.5% were similar
to environmental sequences from bacteria that have never been cultivated. Of
these a vast majority were sequences obtained from human (88.7%) or animal
(7.6%) fecal or intestinal microbiota. A minor portion of sequences (3.7%) was
similar to anaerobes from other environments. Notably, some of the sequences
(CD0302, CD1103 and CD1701) were similar to those also retrieved from CD

stools in a previous study [7].

Discussion

We used a PCR-DGGE-sequencing approach to show that the profile of dominant
bacteria present in the intestinal mucosa of CD patients differs from that of
healthy subjects. Moreover, within the group of CD patients the patient-to-patient
variability is greater than that seen within the group of healthy subjects (Figure
14). The etiology of CD is characterized in part by the genetic makeup of the
individual, and mutations in several genes, including NOD2 and other IBD genes,
predispose the carrier to imbalances in the mucosal immune system leading to
CD [2, 36, 37]. We postulate that individuals that are predisposed to CD are less
able to regulate the microbial makeup of their intestines and this leads to an
unstable microbial population, reflected in the large variability seen within the
group of CD patients. This is borne up by the observation that the microbial
profiles vary much less between one healthy individual and the next, implying a
host factor in maintaining the microbial population of healthy individuals. To
what extent the microbial imbalance contributes to, or reflects the damaging
inflammatory response seen in CD patients is not clear. A good candidate for
such host factors might be for example the alpha-defensins that constitute the
mucosal immune system, and described recently [38]. Recent reports have
implied a role for bacterial components such as flagellins, lipopolysaccharides,
peptidoglycan or lipoproteins as part of the causal chain of events leading to the
disease symptoms [39] and therefore a specific role for one or more bacteria in

the ethiology of this disease cannot be ruled out.
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Table 9. Different phylotypes found as calculated by DOTUR with the furthest neighbour method using a 99% similarity threshold.

DGGE band  Phylum OTUs* Accession number 1t Similarity (%) Nearest Description Source
sequence

CD0605 Bacteroidetes 1 AMO075633 941t AY986341 Uncultured bacterium clone D741 human intestinal microbiota
CD0404 Firmicutes 5 AMO075643 941t AY916138 Uncultured bacterium clone KS90 human intestinal microbiota
CD1801 Firmicutes 1 AMO75677 941 AY452007 Uncultured bacterium clone Muc3-18 human intestinal microbiota
CD1802 Firmicutes 1 AMO75676 95% AY916258 Uncultured bacterium clone E108 human intestinal microbiota
CD1908 Firmicutes 3 AMO75733 95% AF371609 Uncultured bacterium clone p-334-a3 animal intestinal microbiota
UC0203 Bacteroidetes 1 AMO75736 95% AY895203 Bacteroides thetaiotaomicron strain 8736 Pure culture
CD0505 Firmicutes 1 AMO75746 95% AF132260 Uncultured bacterium adhufec310 human intestinal microbiota
CD0801 Firmicutes 1 AMO75756 95% AY977866.1 Uncultured bacterium clone LF64 human intestinal microbiota
CD0O704 Firmicutes 1 AMO075631 96 AY981791 Uncultured bacterium isolate HUCC43 human intestinal microbiota
C0704 Bacteroidetes 1 AMO75669 96 AY126616 Bacteroides massiliensis strain B84634 Blood cluture of newborn
C0404 Bacteroidetes 1 AMO75694 96 AY919925 Uncultured bacterium clone Eldhufec050 human intestinal microbiota
CD0406 Firmicutes 1 AMO75700 96 AF153858 Uncultured bacterium adhufec80.25 human intestinal microbiota
CD0211 Firmicutes 1 AMO75714 96 AJ315487 Uncultured bacterium isolate HuCC43 human intestinal microbiota
uUC0104 Firmicutes 2 AMO75740 96 AY452007 Uncultured bacterium clone Muc3-18 human intestinal microbiota
CD1603 Firmicutes 1 AMO75637 97 DQO057466 Uncultured bacterium ic1337 animal intestinal microbiota
C0304 Firmicutes 1 AMO075688 97 AY4T71654 Uncultured bacterium clone AdhufecO15khh Crohn's disease patients microbiota
CD0O716 Firmicutes 2 AMO75706 97 AY916138 Uncultured bacterium clone KS90 human intestinal microbiota
CD0206 Firmicutes 2 AMO75708 97 X94964 Ruminococcus schinkii strain Bie 41 Rumen of suckling lambs
CD0O507 Bacteroidetes 1 AMO75743 97 AY986226 Uncultured bacterium clone D593 human intestinal microbiota
CD0502 Firmicutes 1 AMO75748 97 X94967 Ruminococcus gnavus bacterium from the rumen
CD0601 Firmicutes 4 AMO75626 98 AY920077 Uncultured bacterium clone Eldhufec202 human intestinal microbiota
CD0O714 Firmicutes 4 AMO75651 98 AY983968 Uncultured bacterium clone MC49 human intestinal microbiota
CD0103 Firmicutes 2 AMO75655 98 AY850358 Enterococcus faecalis strain SFL 16S human intestinal microbiota
C0302 Firmicutes 3 AMO75679 98 AY984355 Uncultured bacterium clone B256 human intestinal microbiota
C0305 Firmicutes 1 AMO75687 98 AF530354 Uncultured bacterium clone cadhufec18d05sav Crohn's disease patients microbiota
CD1401 Firmicutes 5 AMO75632 99 AY986349 Uncultured bacterium clone D750 human intestinal microbiota
CDO705 Firmicutes 6 AMO75634 99 AY985177 Uncultured bacterium clone C012 human intestinal microbiota
CD1102 Fusobacteria 1 AMO075635 99 M58686 Fusobacterium varium ATTC 8501 Type strain
CD1601 Firmicutes 2 AMO075636 99 AY305313 Butyrate-producing bacterium SM7/11 human intestinal microbiota
CD0101 Firmicutes 8 AMO75639 99 AY452007 Uncultured bacterium clone Muc3-18 human intestinal microbiota
CD1003 Firmicutes 1 AMO75641 99 Y12669 Clostridium perfringens Pure culture
CD0405 Firmicutes 6 AMO75644 99 AF153858 Uncultured bacterium adhufec80.25 human intestinal microbiota




Table 9. (Continued)

CD0408
CD0102
CD1103
CD1402
CD1201
C0502

Cc1001

C0402

CD0702
CD0504
CD1101
CD1604
CD0607
CD0201
CD0202
CD1005
CDO717
C0702

C0902

C0405

CD0207
CD1904
CD1007
CD0802
UC0206
CDh1701

Firmicutes
Proteobacteria
Firmicutes
Proteobacteria
Proteobacteria
Firmicutes
Fusobacteria
Firmicutes
Bacteroidetes
Bacteroidetes
Bacteroidetes
Firmicutes
Firmicutes
Firmicutes
Firmicutes
Proteobacteria
Actinobacteria
Firmicutes
Firmicutes
Actinobacteria
Actinobacteria
Firmicutes
Firmicutes
Fusobacteria
Firmicutes
Firmicutes
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AMO075645
AMO75657
AMO75659
AMO075660
AM075662
AMO75668
AMO75675
AMO75691
AM075702
AMO75742
AMO075630
AMO75638
AMO75647
AMO075653
AMO75654
AMO075656
AMO75658
AMO75670
AMO75678
AMO75695
AMO75710
AMO75732
AMO75752
AMO75754
AMO75761
AMO75765

99
99
99
99
99
99
99
99
99
99
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100

AJ315487
AF527825
AF530331
AY362908
AJ301682
AY983727
AY684430
AY986207
AY985751
AY643082
AY985581
X94967
AY452003
AY305314
Y10028
AY292865
AY388411
AY985486
AY592220
AJ251324
AJ012838
AY985152
AY030342.1
AY684430.2
AY985642.1
AF530337

Uncultured bacterium isolate HUCC43
Escherichia coli strain RREC Il

Uncultured bacterium clone cadhufec20a04yvb
Haemophilus parainfluenzae strain CCUG 12836
Proteus mirabilis strain CIP1031181T
Uncultured bacterium clone NQ77

Uncultured bacterium clone HURC28
Uncultured bacterium clone D569

Uncultured bacterium clone C783

Alistipes finegoldii strain 4401054

Uncultured bacterium clone C568
Ruminococcus gnavus ATCC29149

Uncultured bacterium clone Muc3-10
Butyrate-producing bacterium SM4/1
Clostridium sp. strain DR6A

Klebsiella pneumoniae isolate 521

Uncultured bacterium clone Adhuright30
Uncultured bacterium clone C447

Uncultured bacterium Kazan-4B-06/BC19-4B-06
Atopobium oviles

Corynebacterium simulans strain UCL557
Uncultured bacterium clone BB76
Staphylococcus epidermidis strain KL-096 16S
Uncultured bacterium clone HURC28
Uncultured bacterium clone C643

Uncultured bacterium clone cadhufec17cO2sav

human intestinal microbiota

Bovine feces

Crohn's disease patients microbiota
Pure culture

Pure culture

human intestinal microbiota

human intestinal microbiota

human intestinal microbiota

human intestinal microbiota

Blood culture, patients with colon cancer
human intestinal microbiota

Type strain

human intestinal microbiota

human intestinal microbiota

animal intestinal microbiota

Human feces

human intestinal microbiota

human intestinal microbiota

Kazan mud volcano

Pure culture

Human clinical samples

human intestinal microbiota

Pure culture

human intestinal microbiota

human intestinal microbiota
Crohn's disease patients microbiota

1 Novel phylogroups with identities <95% to any NCBI/EMBL sequence are indicated. BLAST performed in 2006.
* Number of sequences of this particular phylotype

1 Representative for the phylotype




Chapter 1. Mucosa-associated bacterial composition in CD patients and control subjects

Although the CD patients analyzed were being treated with different medications;
mesalazine (9), corticoids (1), moderate immunosuppressors (7), and anti-TNFs
(1), no effect of medication on the microbiota composition can be deduced from
our data. We also confirm previous findings that the bacterial composition does
not change significantly along the tract of the large intestine [40], irrespective of

the disease state of the individual.

Sequence analysis revealed that some species have different prevalence in the CD
and in the healthy clusters. In addition to Faecalibacterium prausnitzii, a
butyrate-forming bacterium [41] which was found to be characteristic of non-IBD
controls, the higher presence of y-Proteobacteria in CD samples also help to
explain the observed hierarchical grouping obtained from DGGE profile analysis.
In particular, Enterobacteriaceae were more prevalent in agreement with
previous works [6-8]. Clostridium spp. higher prevalence in CD patients can be a
result of an opportunistic development of this genus in an altered colonic
ecosystem. Some other opportunistic pathogens such as Proteus, Haemophilus,
and Enterobacter have been found only in the group consisting of CD patients.
Of particular note, Escherichia coli was found in 31.6% of CD patients,
compared with just 6.7 % in healthy people (P = 0.074). This finding corroborates
recent and early research suggesting a possible link between this bacterium and
the pathogenesis of Crohn’s Disease [42-49], and it has been reported that
infection by E. coli O157:H7 may mimic right colonic Crohn's disease in its

presentation [50].

Interestingly, the four biopsies of mucosa obtained from the two UC patients fall
into the group of what we considered a “healthy” pattern. A posterior analysis of
the eubacterial-DGGE fingerprints of 5 additional UC patients and 5 CD patients
by using the software GelComparll was performed in other to corroborate this
result (complete data not shown in this section). Using these data two main
clusters appeared separating UC patients from CD patients with the exception of
one CD patient that grouped in the “UC” cluster (Figure 16). Although more data
are needed, this implies that CD and UC might actually be similar clinical
manifestations of different problems. In agreement with this, recent studies have
shown that patients with CD differ from those with UC in their immunological
response to bacterial flagellins [51], supporting our tentative observation that the
microbiological manifestation of these diseases appear to differ from each other.
One might speculate that, in IBD, the colon microbiota is not an epiphenomenon

of the inflammatory process.
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Molecular studies on the bacterial composition of colonic mucosa from CD
patients using fresh biopsies are scarce. Most similar works published to date
used either stools or fixed histological material from Pathological Anatomy
laboratories as specimens. An important methodological issue of this work was to
ensure that bacteria to be analyzed were those intimately associated with the
mucosa, and that transient luminal bacteria were removed prior to any analysis.
This obeys to the assumption that mucosa-associated bacteria are more likely to
be involved in the inflammatory response of the colon than luminal counterparts,
due to their close proximity to the host epithelium. Moreover, any bacterium
should be found intimately associated to the mucosa to be considered a causative
agent of CD and it should be in a number high enough to be detected by

molecular methods.

~100

85
90
95

B275_CD55
B279_CD57
B40_CDO04
1 B91_CD22
B254_UC49
B297_UC63
B44a_CDO02
. B276_UC56
B252_UC48
J. B298_UCe4

Figure 16. Hierarchical cluster of Eubacterial-DGGE fingerprints of 5 CD patients and 5 UC

patients by using GelComparll.
Similarity coefficient: Different bands; Dendogram type: Ward; Optimisation: 1.00%; Tolerance: 0.5%

Concluding remarks and clinical implications

Our results indicate that CD patients harbor a specific microbiota, which is
distinguishable from that of healthy subjects. A deeper knowledge of the CD
microbiology may help in the search for an adequate therapeutic strategy.
Moreover, the different microbiota in CD mucosa may indicate a possible

relationship between some bacteria and the etiology of this disease.

Finally, the different prevalence of Escherichia coli, Clostridium and
Ruminococcus torques could potentially serve as indicators of CD. In contrast
Faecalibacterium prausnitzii can be considered as a good indicator of healthy
colonic mucosa. Thus, we found that the simultaneous presence of Clostridium
spp. and Escherichia coli and absence of Faecalibacterium are as much as 100
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times more likely to be found in CD patients than in healthy people. With further
studies, it might also be possible to use these techniques to differentiate CD from
UC and might be useful as complementary information to help with diagnosis of

the inflammatory bowel diseases.
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Chapter 2. Characterisation of E. coli populations in CD patients and control subjects

Introduction

The etiopathogenesis of inflammatory bowel diseases (IBDs) remains uncertain;
however, several genetic, immunologic, and environmental factors have been
implicated [1- 5]. Among environmental factors, microorganisms have been
extensively reported to be involved in the onset or perpetuation of inflammation
[6-11]. Intestinal microbiota may be involved in Crohn’s disease (CD) in two
ways: 1) a low-grade infection by a persistent pathogen, either traditional or
opportunistic; ii) dysbiosis of the commensal microbiota, in which protective

bacteria decrease as harmful bacteria increase.

Several studies on fecal [12, 13] and mucosa-associated bacterial communities
[14-16] have shown that the microbiota of patients with CD differ from those of
healthy controls, as well as those of patients with ulcerative colitis (UC) [17, 18].
Although the reported changes are not always consistent, numbers of
Proteobacteria, in particular Escherichia coli, are generally increased, whereas
Firmicutes are scarcer in CD patients [12-14, 18, 19]. Whether these changes are
causative factors [20] or consequences of inflammation [21] remains

controversial.

To date, several pathogens have been proposed as causative agents. In particular,
adherent-invasive E. coli (AIEC) is achieving increasing relevance since it has
been reported to be more prevalent in CD patients than in controls in several
countries: France [22], the United Kingdom [23], and the USA [19, 24].

Moreover, new pathogenic traits have been recently discovered [25-27].

In this work, we compared the E. coli subtype diversity in the human gut of
healthy individuals to that of CD patients by analyzing the clonality of
approximately 100 E. coli isolates per patient. All subtypes were further
characterized by focusing on genetic and phenotypical pathogenic features.
Furthermore, all E. coli isolates were tested to assess whether they belonged to
the AIEC group, thus obtaining the prevalence, abundance, and richness of this

pathovar. Finally, the collection of AIEC strains was seropathotyped.

Materials and Methods

Clinical data of patients and sample treatment

Patients with clinically confirmed IBD were recruited between 2002 and 2007 in

two hospitals. The subjects were not exposed to antibiotics for 2 months prior to

89



Martinez Medina, M — Intestinal microbiology in Crohn’s disease

colonoscopy. Three sets of IBD patients and controls were subjected to three
methodological approaches (Table 11). Control subjects were asymptomatic and
did not present inflammation and/or evidence of polyps during colonoscopy.
Rectorrhagia or hemorrhoids (60%), irritable bowel syndrome (28%),
diverticulitis (3%), and colorectal cancer patients’ relatives (9%) comprised the
control group. Among CD patients, 39% had Crohn’s colitis (C-CD), 35% had
Crohn’s ileitis (I-CD), and 26% had ileal/colonic disease (IC-CD). Patients with
different levels of endoscopic activity (from remission to severe inflammation)

and on different medications for the treatment of IBD were included.

Biopsies were taken from the ileum and/or colon with sterile forceps,
immediately placed in sterile tubes without any buffer, and maintained at 4°C for
E. coli isolation and at —20°C for DNA extraction. Biopsies were subjected to
three mild ultrasound-wash cycles in order to discard both transient and loosely
attached bacteria. Each cycle consisted of 30 seconds at 50 Hz, followed by
washing with 1 ml of 1X PBS (phosphate buffered saline).

Table 11. Sample size, clinical data and biopsy origin of subjects.

Gender Zone sampled (N patients/ N biopsies)
Age
Diagnose N (MeaﬁiSD) (% Males) ileum colon ileum + colon duodenum
Set used for E. coli quantification by RTi-PCR
C 17 46.4 + 13.6 23% 1/1 14/ 21 2/4
CcD 26 36.4+12.8 48% 4/7 16/ 23 5/11 1/2
uc 8 31.2+11.1 62.5% - 7/8 1/2
Set used for analysis of diversity and characterisation of the entire E. coli population
C 12 49 + 20 42% 2/2 10/ 10 -
CcD 10 34 +85 30% 1/1 /7 2/4
Set used for analysis of diversity and characterisation of the AIEC population
C 28 447 +16.1 43% 9/9 11/ 11 8/ 16
CD 20 335+94 30% 4/4 9/9 7/14

E. coli quantification by Real-Time PCR
DNA extraction and quantification was performed as described previously [14].

The previously reported 16S rDNA-based primers and probe were used for E. coli
quantification [28]. The PCR conditions were slightly modified as follows:
amplification reactions were carried out in a total volume of 20 ul containing 1x
Tagman Buffer A, 6 mM MgCl,, 200 uM dNTPs, 300 nM of each primer, 100
nM of probe, and 1 U of AmpliTaqGold (Applied Biosystems). Treatment of
AmpliTaqGold with DNAase I was performed to avoid contamination with
residual E. coli DNA. DNAase I was used at 5x10* U/ul and incubated at room

temperature for 5 minutes, followed by a deactivation step carried out by heating
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at 99°C for 10 minutes. Amplification of PCR reactions was carried out in a 7500

Real-Time PCR System (Applied Biosystems).

Samples were analyzed in triplicate, and an additional tube with an inoculum of
DNA of known concentration was added as internal standard in order to detect
the possibility of reaction inhibition. Ct values were translated into colony-
forming units (CFU). To normalize the biopsy size, human cell quantification was
performed using the control RTi-CKFT-18S kit (Eurogentec).

Isolation of mucosa-associated E. coli from fresh biopsies

Biopsies were directly streaked onto Tryptone Bile X-Glucuronide Medium
(TBX, Oxoid). In order to release any intracellular bacteria, a mild osmotic shock
was applied to biopsies by incubation for 5 minutes in distilled water, during
which time eukaryotic cells are disrupted, while bacterial cells resist the osmotic
shock (data not shown). Afterwards, the biopsies and a fraction of the
supernatants were also cultured in TBX. All colonies were collected and

confirmed using the indole assay.
Molecular characterisation of isolates:

Rep-PCR: The initial step in subtyping

The first step in analyzing E. coli clonality was performed using the Insertion
Element IS3-Based PCR subtyping method and primers IS3A and IS3B together,
as described previously [29]. Rep-PCR profiles were compared using the
GelComparll software (Applied Maths). The clonality of one isolate being
representative of each cluster was further confirmed by PFGE. An example of the
dendrogram resulting from the 1S3-based Rep-PCR profiles of E. coli isolates

from a single patient is shown in annexed Figure 17.

Pulsed-field gel electrophoresis: confirmation of clonality and molecular
epidemiology

PFGE was performed as described elsewhere [30] using two different enzymes:
Xbal and Spel. Restriction reactions were incubated at 37°C for at least 4 h,
according to the manufacturer’s instructions (Takara Bio Inc.). Electrophoresis
was carried out in a CHEF-DR® III System (Bio-Rad). TIFF images were
analyzed using GelComparll software (Applied Maths). Similarity indices were
estimated using the Dice method, with a band position tolerance of 1.5%. A
pairwise distance matrix among subtypes was the basis for cluster analysis by

UPGMA. The similarity percentage cut-off to distinguish clonally distinct groups
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was 90%. A clone type defined for each group of clones was further characterized

by phylotyping and seropathotyping.

Phylotyping and virulence genotyping by PCR

Determination of the major E. coli phylogenetic group (A, B1, B2 and D) was
performed as previously described by Clermont et al. [31].

Virulence genotyping of all E. coli subtypes was performed as described
elsewhere [32, 33] using primers specific for 11 genes that encode extraintestinal
virulence factors characteristic of EXPEC. These included six adhesins
(pyelonephritis-associated pili (papC), S and F1C fimbriae (sfa/focDE), afimbrial
Dr-binding adhesins (afa/draBC), type 1 fimbriae (fimH), and type 1 variant of
avian pathogenic E. coli strain MT78 (fimAvyr7s)); three toxins (hlyA, cnfl, and
cdtB); and one aerobactin gene (iucD). They also included two
protectin/invasion-encoding genes that corresponded to K1 kps variant (neuC)
and brain microvascular endothelial cell invasion gene (ibeA). Specific genes for
diarrhoeagenic E. coli pathovars were also screened (Stx1, stx2, eae, bfpA, ipaH,
pCDV432, eltA, and est).

Phenotypic characterisation:

Serotyping

Determination of O and H antigens was carried out using the method previously
described by Guinée et al. [34].

Adhesion and invasion assays in Intestine-407 epithelial cells

Cell culture of the epithelial cell model Intestine-407 (ATCC CCL-6™) was

performed as described previously [35].

A first qualitative screening of the invasion capacity of all isolates was
performed in 96-well plate cell cultures. Intestine-407 was seeded at a density of
1x10° cells/well and incubated for 20 hours. Before infection, cell monolayers
were washed twice with 100 ul of PBS and 100 ul of EMEM medium (Cambrex)
supplemented with 10% heat-deactivated FBS (Cambrex) was added. Inoculation
of bacteria was performed with a 96-deep-well replica plater (Edge BioSystems).
Three hours after infection, the medium was replaced with fresh medium
containing 100 pg/ml gentamicin (Sigma) and incubated for 1 hour. The cells
were then lysed with 100 pl of 100% TritonX-100 (Sigma). Five-microliter spots
of direct cell lysates were applied to a square LB plate. Once grown, the spots
were classified in four categories according to density, from 0 to 3, ranging from

less to more invasive (Figure 17). A portion of isolates of densities 2 and 3 was
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quantitatively confirmed (50% of category 3 isolates with a maximum of five per
patient and 10% of category 2). Some isolates with a density of 1 were also
checked, but none were confirmed to be invasive.

Figure 17. Qualitative invasion assay
in 96-well plates. Four categories of
invasion capacity were defined
accordingly to density of the spots: O,
1, 2, and 3, from less to more
invasive.

Quantitative analyses of adhesion and invasion properties were performed in
24-well plates as described previously [22]. Briefly, 24-well plates containing
4x10° cells/well incubated for 20 hours were infected at a multiplicity of
infection of 10. Duplicated plates, for adhesion and invasion assays were
incubated for 3 hours at 37°C. For bacterial adhesion assays, cell monolayers
were washed 5 times with PBS and lysed with 1% Triton X-100. Adhered
bacteria were quantified by plating them in nutrient agar. Plating was performed
in a maximum period of 30 minutes to avoid bacterial lysis by Triton X-100.
Adherence ability (I ADH) was determined as the mean number of bacteria per
cell. For bacterial invasion assays, monolayers were washed twice with PBS after
3 hours of infection, and fresh cell culture medium containing 100 pg ml™' of
gentamicin was added for 1 hour to kill extracellular bacteria. After cell lysis with
1% Triton X-100, the number of intracellular bacteria was also determined by
plating. All assays were performed in triplicate. The invasive ability was
expressed as the percentage of intracellular E. coli compared with the initial
inoculum, taken as 100%: I INV (%) = (intracellular bacteria / 4x10° bacteria
inoculated) x 100.

Survival and replication in J774 macrophages

The macrophage-like J774A.1 cell line (ATCC TIB-67™) was used as model for
E. coli survival and replication assays. Adherent and invasive E. coli isolates

were evaluated for their ability to survive and replicate inside macrophages, as

93



Martinez Medina, M — Intestinal microbiology in Crohn’s disease

previously described [36]. Macrophages were seeded at 2x10° cells per well in
two 24-well plates and incubated for 20 hours. Once overnight medium was
removed and fresh medium was added, bacteria were seeded at a multiplicity of
infection of 10. Centrifugation at 900 rpm for 10 minutes, plus an additional
incubation at 37°C for 10 minutes, was performed to assist the internalisation of
bacteria within macrophages. Phagocytosed bacteria were killed with gentamicin
(20 pg ml™), and intracellular bacteria were quantified as for invasion assays
after 1 and 24 hours of infection. All assays were performed in triplicate. Results
were expressed as the mean percentage of the number of bacteria recovered after
1 and 24 h post-infection compared with the initial inoculum, taken as 100%:
I REPL (%) = (cfu mI™" at 24h / cfu ml™" at 1h)x 100. Those strains with I INV >
0.1 and I REPL > 100% were classified as AIEC in this study.

Statistical analyses

Quantitative parameters, such as richness, abundance and diversity, were
compared by one-way ANOVA. In those cases for which the interaction between
several factors was of interest, a factorial ANOVA was applied. Diversity was
calculated using the Shannon Index (H’). For prevalence values, we used the
Pearson-X” test. Data with high variability between subjects were log transformed

prior to statistical analysis.

Results

Mucosa-associated E. coli in the human gut: abundance, subtype richness
and diversity, and characterisation of strains

The subset of patients included for E. coli quantification is summarized in Table
11. Mucosa-associated E. coli numbers were significantly higher in CD patients
than in controls and UC patients, as revealed by quantitative PCR (Figure 18A).
In particular, patients with Crohn’s ileitis harboured higher counts in comparison
with C-CD and IC-CD patients, regardless of the zone sampled (Figure 18B). No
differences were observed between the four categories defined inside the control
group. In UC patients, when the activity of colitis and the onset of the disease
were contrasted, 10 times less E. coli abundance was detected on newly

diagnosed patients (P=0.02), and no correlation with the activity was observed.
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Figure 18. Mucosa-associated E. coli quantification by RTi-PCR. A: On average, E. coli was
approximately 10 times more abundant in Crohn’s disease (CD) patients than in controls (C).
B: The subgroup Crohn’s ileitis (I-CD) showed higher quantities of E. coli than other
subgroups within CD patients.

To characterize the E. coli population, the clonality of 1,769 isolates obtained
from 12 controls and 10 CD patients (Table 11) was analyzed, resulting in a total
of 40 E. coli subtypes. No genetic relatedness was observed between E. coli
subtypes from CD patients or healthy subjects, as evidenced by macro-restriction
analysis. Figure 19 shows the pulsotypes* of the 40 ECGsubtypes and their
relative abundance within the E. coli population of a given patient, serotype,
phylogenetic origin, AIEC determination, and ExPEC-like virulence gene
carriage. A mean value of 2.0 + 1.0 E. coli subtypes (subtype richness) was found
in the mucosa of healthy controls. Similarly, CD patients harboured from 1 to 6
subtypes (2.3 £ 1.5). In terms of diversity, which takes into account the relative
abundance of subtypes (see annexed Table 2), both groups of subjects also
showed similar characteristics (CD: H> = 3.1 £ 3.1; C: H> = 4.5 £ 5.3). The
majority of E. coli subtypes were found to be unique to any given patient; only 4

were simultaneously detected in two individuals of the same group (C or CD).

Typically, E. coli subtypes were consistently found in the intestinal mucosa
sampled along the intestinal tract, in both ulcerated and non-ulcerated tissue.

No differences in virulence gene frequency were found between E. coli subtypes
isolated from CD patients (CD-EC) and healthy controls (C-EC) (Table 12),
except for a decreased prevalence of the iucD gene in CD-EC (P=0.027). The
majority of mucosa-associated E. coli subtypes carried at least one adhesin (95%
and 91% in C-EC and in CD-EC, respectively), with fimnH being the most
common (95% and 90%, respectively), followed by papC (55% and 40%,
respectively). Around 30% of E. coli subtypes carried at least one gene encoding
a toxin (28% in C-EC and 34% in CD-EC).
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Figure 19. Consensus UPGMA dendrogram generated from Dice coefficients of Spel and Xbal PFGE profiles of the 40 E. coli clonal types detected (ECGtypes).
Listed are their abundances within the E. coli population for each patient, as well as their genetic and phenotypic characterisation.
The EXPEC-like column indicates the presence of more than two virulence genes characteristic of EXPEC. Nd: not determined. Nt: Non typeable.
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Table 12. Summary of the genetic and phenotypic characterisation of E. coli subtypes
isolated from 12 healthy subjects (C) and 10 Crohn’s disease (CD) patients.

. E. coli subtypes isolated E. coli subtypes isolated
Characteristic P
from 12 C (n=20) from 10 CD (n=20)
EXPEC-like strains 70% 50% NS
Virulence genes richness 3.4+17 29+19 NS
Adhesins papC 55% 40% NS
sfa/focDE 20% 15% NS
afa/draBC 5% 15% NS
fimH 95% 90% NS
fimAvwrrs 25% 20% NS
Capsule formation neuC 15% 20% NS
Iron transport iucD 75% 40% 0.027
Invasion ibeA 10% 15% NS
Toxins hiyA 20% 15% NS
enfl 20% 15% NS
cdt 5% 5% NS
DEC EAEC 5% 0% NS
Phylogroup A 10.5% 15% NS
B1 15.8% 20% NS
B2 42.1% 30% NS
D 31.6% 35% NS

The prevalence of virulence genes and the phylogroup origin expressed as percentages. The mean + standard
deviation is provided for general virulence gene carriage. EXPEC-like: strains with >2 virulence genes typical from
extraintestinal pathogenic E. coli. NS: no significant differences.

Conversely, several genes were characteristic of certain phylogroups. In
particular, E. coli subtypes belonging to the B2 phylogroup carried a higher
richness of virulence genes (B2-EC: 4.7 = 0.3; D-EC: 3.20 + 0.3; A-EC: 2.0 =
0.5; B1-EC: 1.0 £ 0.5; P = 0.000). A high prevalence of ExPEC-like subtypes
(more than 2 virulence genes characteristic of EXPEC) was also characteristic of
B2- and D-EC subtypes (87% of B2-EC; 75% of D-EC; 40% of A-EC; 0% of B1-
EC; P = 0.001). However, the phylogroup distribution was similar between CD
patients and controls, with B2 and D being the most prevalent in both groups.
Consequently, the virulence gene content of mucosa-associated E. coli was

similar between CD patients and controls.

Comparison of AIEC prevalence and subtype abundance, richness, and
diversity between CD patients and controls

The presence of AIEC was screened in over 4,314 E. coli isolates obtained from
ileum and colon samples of 20 CD patients and 28 controls (Table 11).
Approximately 353 colonies were identified as putative invasive E. coli by the
qualitatively analysis of invasion (categories 2 and 3), of which 136 were selected
for confirmation as AIEC by quantitative methods (Table 13). The 53 isolates
finally confirmed as AIEC were used for posterior analysis of clonality by PFGE.

The prevalence of AIEC was higher in CD patients than in controls, both in the

colon and ileum (Figure 20), regardless of the localisation of the disease.
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The abundance of AIEC, defined as the percentage of AIEC within the E. coli
population, was also higher in CD patients than in controls (P = 0.05). On
average, for colonic samples, AIEC isolates represented 5.34% of the E. coli
population in CD patients and 0.95% in controls; however, variability was
notable in both cases (SD values of 12.27% and 2.68%, respectively). In the
ileum, the difference in abundance was not as great as that in the colon between
CD patients and controls (CD: 4.84% + 13.53; C: 3.58% + 12.51) (Figure 20).
Among CD patients, an increased abundance of AIEC was observed especially in

I-CD, although it was not statistically significant.

A total of 22 AIEC subtypes were identified by PFGE (Figure 21). AIEC richness
(number of AIEC subtypes per patient) was higher in CD patients than in controls
(CD: 0.8 +1.4;C:0.2+0.4; P=0.015) (Figure 20). In contrast, due to the large
number of cases presenting only one subtype per patient, thus with a Shannon
diversity index of zero, no significant differences between CD and C subjects

were found in terms of AIEC subtype diversity.

Within a given patient, the same AIEC subtypes were detected in ulcerated and
non-ulcerated mucosa (Figure 22). Furthermore, in most cases, several isolates
with an identical pulsotype* demonstrated different adherence and invasive

properties (Figure 23).

AIEC and non-AIEC characterisation

The seropathotypes® and phylogroups of 16 CD-AIEC subtypes and 6 C-AIEC
subtypes obtained in the present study are shown in Table 14. Two serogroups,
06 and 022, comprised approximately 45% of the AIEC subtypes. However, a
high variability of O:H serotypes and pulsotypes* was observed within the AIEC

population.

Seventy-three percent of the AIEC subtypes were classified as EXPEC-like and
none of them carried the signature virulence genes for the six diarrhoeagenic E.
coli pathotypes. We compared the phylo-pathotype of the 22 AIEC subtypes with
a subset of 38 mucosa-associated E. coli without adherent-invasive properties
derived from the previous study of the entire E. coli population (non-AIEC).
Interestingly, the frequency and distribution of virulence genes was similar
between AIEC subtypes isolated from CD patients and controls, as well as
between AIEC subtypes and non-AIEC subtypes. The B2 phylogroup was more
prevalent within the AIEC population in comparison with non-AIEC subtypes (P
=0.044) (Table 15).
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Table 13. Estimation of adherent-invasive E. coli abundance in the ileum and colon of CD patients and controls.

Id aFrequency of putative bFreq. of confirmed cEstimated abundance of Range replication  dEstimated abundance
Diagnose Localisation N  patient invasive E. coli invasive E. coli invasive E. coli Range invasion indices indices of AIEC
Ccbh lleum 4 120 2/91 2/2/2 2/91 0.284 1567 and 1688 2/91
123 4/91 1/4/4 1/91 0.568 2362 1/91
79 0/97
150 5/92 0/4/5 0/92
lleum + colon 7 109 i:1/60-c: 1/66 0/2/2
110 i:6/91-c¢:0/39 2/3/6 i:4/91 0.125 to 0.284 343 to 592 4/91
111 i:1/91-¢:5/80 i:1/1/1-c:4/4/5 i:1/91 - ¢:5/80 i: 0.625 - ¢:0.211 to 2.636 1053 t0 2174 i:1/91 - ¢:5/80
112 i:0/88-c¢:0/91
113 i:1/63-c:2/87 0/3/3
114 i:1/91-¢:9/86 i:1/1/1-c:4/6/9 i:1/91 - ¢:6/86 i:0.117 - ¢:0.159 to 0.802 704 t0 2733 i:1/91-c:6/86
132 i:41/90 - ¢:50/88 i:7/7/41-¢:1/7/50 i:41/90 -¢c:7/88 i:0.2t0 1.4 - c:0.148 660 to 981 i:41/90 - c:7/88
Colon 9 61 3/148 1/3/3 1/148 0.259 150 1/148
72 0/40
77 2/2 1/2/2 1/2 0.109 1297 1/2
89 2/24 1/2/2 1/24 0.142 100 1/24
92 0/92
118 11/81 0/11/11
122 2/31 2/2/2 2/31 0.216 and 0.309 1625 and 2562 2/31
115 0/8
53 14/273 12/12/14 14/273 0.170t0 2.627 639 t0 1726 14/273
C lleum 9 124 2/93 2/2/2 2/93 0.565 and 0.663 1692 and 2296 2/93
125 47/91 5/5/47 47/91 0.285 t0 3.330 293 to 1561 47/91
126 1/14 1/1/1 1/14 0.226 1413 1/14
156 2/92 0/2/2 0/92
158 0/23
159 1/92 0/1/1 0/92
163 2/70 0/2/2 0/70
164 3/92 0/3/3 0/92
165 0/30
lleum + colon 8 128 i:2/7-c:6/28 i:0/2/2-¢:3/5/6 c:3/28 c:0.134 t0 0.177 233210 2749 c:3/28
117 i:0/20-c:0/22
130 i:0/16 - c:0/9
142 i:16/91-¢:9/91 i:0/4/16-c:1/4/9 c:2/91 c:0.172 100 2/91
144 i:2/69 -¢:3/82 i:0/2/2-¢:0/2/3 i:0/69 - ¢:0/82
151 i:0/92 - ¢c:0/62
152 i:2/90-¢:7/92 i:0/2/2-¢:0/5/7 i:0/90 - ¢:0/92
133 i:0/18 - ¢:0/13
Colon 11 69 0/73
71 0/96
70 0/96
81 0/14
80 0/156
82 0/16
83 0/96
84 0/96
119 66/91 1/14/66 4.7/91 0.111 1568 4.7/91
127 17/91 0/2/17
88 2/94 0/2/2

aNumber of isolates of category 3 and 2/ Total E. coli isolates. i: ileum; c: colon. P Num. of confirmed invasive E. coli/ Num. of putative invasive E. coli tested/ Total putative invasive E. coli.
¢Num. of confirmed invasive E. coli/ Total E. coli isolates. 4Num. of confirmed AIEC/ Total E. coli isolates.
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Discussion

A large number of mucosa-associated E. coli isolates per patient were analyzed in
the present study to allow for a better comparison of mucosa-adhering bacteria
between controls and IBD patients. By determining whether they belonged to the
AIEC group, it was possible to compare the pathogenic features of a large
collection of AIEC and non-AIEC subtypes. New information about the
ecological parameters of the whole E. coli population and AIEC pathovar is
provided for healthy subjects and CD patients. Virulence genotyping of the
twenty-two different AIEC subtypes collected contributes to a better description
of the AIEC pathovar.

Table 14. Molecular characterisation of the AIEC collection obtained from 16 Crohn’s
disease (CD) patients and 6 control subjects (C) including serotype, virulence gene carriage
and phylogroup.

AIEC type  Patient Serotype Phylo EXPEClike papC sfa/foc DE afa/draBC fimH fimAvwrss neuC iucD ibeA hlyA cnfl cdtB

AIECO4  c125 O6:HNT B2 + + + - + + - + - + + -

AIECO6  c128 06:H5 B2 + + + - + - - - -+ o+ o+
AIECO8  c142 025:H4 B2 + + - - + - - + + - - +
AIECI0  Cc126 0159:H34 A - - - - + - - - - _
AIEC19  c119 ONT:H- A + - - - + - + - - _ _
mECO7  S1% ozom7 % + + - _ + _ s
AIECO1  CD120  06:H1 B2 + - + - + - - + - - - -
AIECO2  cD114 08H21 B2 + + - - + - + - - - = _
AIECO5  CcD114  O1:H- B2 + + - - + - + - - - _ -
AIECO9  CD122  ONT:H- B2 + + - + - + - _
AIEC11  CcD132 022:H1 B2 + - + + - + - -
AIEC12  CcD89  026:H- B2 + + - + + - - + - - - -
AIEC14-1 cD132 022:H1 B2 - - - - + - - - - - — _
AIEC15-1 cD132 022H1 B2 - - - - + - - - - - = _
AIEC16-2 CD132 022:H1 B2 - - - - + - - - - - — _
AIEC17  CD111 ONT:HNT + - - - + - - - _ _
AIEC20  CD110 011:H18 + + - + - + - - -
AIEC21  cD77 06:H1 B2 + + - - + - - + - _
AIEC22  cD61 0119:H21 D - - - - + - - + - - -
AIEC23  ©D123  O5:HNT A - - - - + - - - - - = _
AIEC24  CD122  ONTH- A + - - - + -+ - - -
AIEC25 D53  06:H31 B2 + - - + - - - - _

Quantitative-PCR revealed higher E. coli counts in I-CD patients in comparison
to C-CD, IC-CD and controls, which is in agreement with previous studies [19,
37]; these results were irrespective of the zone sampled along the bowel.
However, no difference in E. coli diversity was found between CD patients and
controls. In fact, E. coli subtypes were found to be host-specific, and the same
clones were associated with the ulcerated and non-ulcerated mucosa of CD
patients. Although a genetic relationship among E. coli isolated from CD patients
has been already described by ribotyping [38], no genetic relatedness was
observed by PFGE in this study, in agreement with the recent results of Sasaki et
al. [24]. Moreover, phylogenetic groups A, Bl, B2, and D were equally
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distributed in CD patients and healthy subjects, with B2 being the most abundant.
The majority of mucosa-associated E. coli from both CD patients and controls
showed “uropathogenic” features, which are characteristic of B2 and D
phylogroups [39-41]. These features have already been described for the resident
colonic microbiota in normal mucosa [42] and are thought to possess a fitness or

colonisation function [43].

Table 15. Virulence-associated genes frequencies and phylogroup distribution of AIEC and
non-AlEC strains isolated from Crohn’s disease (CD) patients and controls (C).

Virulence gene/ AIEC non-AlEC CD- AIEC C- AIEC

Phylogroup (n=22) (n=38) P value (n=16) (n=6) P value
EXPEC-like 73 58 NS 83 69 NS
papC 50 47 NS 44 67 NS
sfa/focDE 18 18 NS 13 33 NS
afa/draBC 14 11 NS 19 0 NS
fimH 100 92 NS 100 100 NS
fimAvmrrs 18 21 NS 13 33 NS
neuC-K1 14 16 NS 19 0 NS
iucD 55 58 NS 50 67 NS
ibeA 9 11 NS 6 17 NS
hlyA 23 18 NS 19 33 NS
cnfl 23 18 NS 19 33 NS
catB 9 5 NS (0] 33 NS
DEC (EAEC) 0 3 NS 0 0 NS
A 18 13 NS 13 33 NS
B1 5 18 NS 0 17 NS
B2 64 38 0.044 69 50 NS
D 14 30 NS 19 0 NS
ATYPICAL 0 3 NS 0 0

Values expressed in percentages. EXPEC-like: strains with >2 virulence genes typical from extraintestinal pathogenic
E. coli. EAEC: Enteroaggregative E. coli.

The distribution of virulence genes between E. coli subtypes from CD patients
and controls was very similar, except for iucD, which was found less frequently
in CD-EC subtypes. This gene is involved in the biosynthesis of the siderophore
aerobactin. Since active CD patients present impaired intestinal iron absorption at
the intestinal level [44], iron availability will likely increase in the intestinal
mucosa. Therefore, E. coli in CD could lose portions of their iron-absorption-
related genetic pool without any ecologic cost. This change in iron availability
could also potentially drive changes in the entire composition of the microbial

population.

The AIEC prevalence was higher in CD patients than in controls in both the
ileum and colon. Moreover, an increase in AIEC prevalence was observed in
comparison with previous studies [19, 22, 23], probably due to our
methodological approach, which enabled us to obtain a more accurate prevalence

value by analyzing a greater number of E. coli per patient.
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In the present study, we assessed the abundance of AIEC within the E. coli
population, an analysis that has never been performed in any studies reported thus
far. Although the mean AIEC abundance was low and variable, AIEC was more
abundant in CD patients than in controls, and this difference was greater for
Crohn’s ileitis patients. This could be partially explained by an increase in
CEACAMBG receptors in the ileal mucosa of CD patients, as described by Barnich
et al. [45]. However, while we observed a higher prevalence and abundance in
both the ileum and colon, Barnich et al. observed that colonic specimens
expressed CEACAMG6 at similar levels in CD patients and controls. The factors
determining AIEC colonisation in the colonic mucosa of CD patients could be
diverse. Upstream colonisation of the ileum might be a cause, in the sense that the
composition of the ileal microbial population would determine the colonic

mucosa. However, other host and/or environmental factors could be involved.

The greater richness of AIEC in CD patients suggests that this pathovar might be
more permanent in CD intestinal mucosa owing to better host-environmental
conditions. Greater persistence in the environment could eventually contribute to
the diversification of clones. In particular, patient CD132 harboured up to 8
distinct AIEC clones, 7 of which were grouped within the same PFGE cluster
(Figure 21), indicating minor changes that could be attributed to clonal turnover
[46].

The frequency and nature of genetic virulence determinants were similar between
AIEC and non-AIEC subtypes. Moreover, both E. coli types exhibited
extraintestinal pathogenic features. Phylogroup B2 was more prevalent in AIEC
subtypes than in non-AIEC. As expected, fimH was present in all AIEC subtypes,
and papC was widespread within the pathovar, which is in accordance with
previous studies [19, 23] but in contrast to others [24]. No CD-associated E. coli
was positive for cnfl/hlyA in previous studies [47], whereas 23% of the AIEC
subtypes from our CD population were positive for this gene. In addition, known
invasive determinants of APEC (ibeA) already described for AIEC [19] were
present in 9% of our AIEC collection, as well as in the LF82 AIEC reference
strain. As revealed by other investigators [19, 23, 38, 47, 48], these results
suggest that AIEC could be a novel group of EXPEC associated with IBDs,
distinguishable from the mucosa-associated E. coli of patients with colorectal
cancer and healthy subjects. It would be interesting in further work to identify
AIEC properties within a collection of the most important ExXPEC strains and
compare their virulence genotypes more extensively. The definition of virulence
within EXPEC remains unclear. Recently, genes associated with the virulence of

B2 strains have been speculated to be involved in complex host-commensal niche
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colonisation, with virulence arising as a by-product [49, 50]. The presence of
AIEC in healthy subjects suggests that AIEC are facultative pathogens that can

cause disease in susceptible hosts.

Interestingly, several E. coli isolates belonging to the same clonal group showed
different invasive properties (Figure 23). This could be explained in several ways,
for example, differences in gene expression, the existence of single nucleotide
polymorphisms not detectable by PFGE, or the loss or gain of DNA by horizontal

gene transfer.

In conclusion, greater AIEC prevalence, abundance, and richness are present in
CD patients, supporting the hypothesis that this pathovar might play an etiologic
role in Crohn’s disease. Molecular characterisation of this pathovar revealed great
internal variability of serotypes, genotypes, and pulsotypes* sharing pathogenic
features of extraintestinal pathogenic E. coli. In contrast, phylogeny was less
variable, with the B2 phylogroup exhibiting greater prevalence. Further research
on the differences between clonally identical isolates and different invasive
properties could provide useful information about the genes characteristic of
AIEC.
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Characterisation of adherent-invasive E. coli
strains isolated from the intestinal mucosa of
Crohn’s disease patients and control subjects



Chapter 3.1. Adherent-invasive E. coli can form biofilms

3.1

Biofilm formation as a novel phenotypic feature of
adherent- invasive Escherichia coli (AIEC)

Introduction

Crohn’s disease (CD) is a chronic-relapsing inflammatory bowel disease (IBD)
that can affect the entire gastrointestinal tract. The incidence rate varies from 1 to
20 cases per 10° people per year and is still rising in some countries [1]. Although
the aetiology of CD remains elusive to date, it is widely accepted that several
factors are involved in the onset or perpetuation of the disease. These factors
include genetic and immunologic features that confer host susceptibility, and
external or environmental factors such as microorganisms and lifestyle [2, 3].
Environmental factors play an important role because there is a low concordance
between identical twins, both for CD and ulcerative colitis (UC) [4]. The
involvement of microbes in the onset or perpetuation of inflammation has been
extensively studied [5-10]. To date, some pathogens have been proposed as
causative agents. In particular, adherent-invasive E. coli (AIEC) is increasing in
relevance because it has been reported to be more prevalent in CD patients than in
controls in several countries (France [11], United Kingdom [12], USA [13, 14],
and Spain [15]). AIEC strains have the ability to adhere to and to invade intestinal
epithelial cells in vitro as well as to survive and replicate within macrophages
without inducing host-cell death and promoting tumour necrosis factor (TNF) a
release. No unique genetic sequences have been described for AIEC, nor have
specific genes of diarrhoeagenic pathovars been detected yet for AIEC, but they
do carry many virulence-associated genes characteristic of extraintestinal
pathogenic E. coli (EXxPEC) [13, 15, 16]. For that reason, AIEC pathovar has been
speculated to be closely related to EXPEC pathovar.

In a previous work, we observed that some CD patients showed a high diversity
of AIEC subtypes associated to their intestinal mucosa [15]. In a given patient,
we could detect up to 8 different clones as assessed by pulsed field gel
electrophoresis. On the other hand, AIEC abundance, richness and diversity were
lower in non-IBD controls. We hypothesized that the higher diversification of
clones could be explained by a long-term colonization of AIEC in CD. Biofilm
formation can be a way to persistently colonize the intestinal mucosa [17], as has

been reported for commensal microbiota in healthy subjects [18]. Moreover, for
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certain organisms such as the species belonging to the uropathogenic E. coli
pathovar (UPEC) — which form intracellular biofilms [19] — and to the
enteroaggregative pathogenic E. coli pathovar (EAEC) — which form thick
biofilms that adhere to the apical side of enterocytes [20]-, active biofilm
formation is feature of their pathogenesis. For that reason, the primarily aim of
this work was to determine the biofilm formation capacity of AIEC strains and

non-AIEC strains, both isolated from the intestinal mucosa.

We herein report a new phenotypic feature of the recently described AIEC
pathovar which is the ability to form biofilms in vitro. In addition, we illustrate
those seropathotypes and phylotypes more frequently found amongst biofilm

producers.

Materials and methods

Bacterial strains

Amongst the collection of 65 E. coli strains, sixty-one (93.8%) were isolated from
human intestinal mucosa in previous studies [15, 21]. In particular, 35 strains (16
of them were AIEC) came from CD patients, one (which belonged to AIEC
pathovar) came from a patient suffering from ulcerative colitis, and 25 (of which
6 were AIEC) came from non-IBD controls. Also included were four additional
AIEC strains that came from patients with extraintestinal infection (two with
sepsis and two with urinary tract infection [22, 23]). AIEC reference strain LF82
and the isogenic mutant LF82-AfliC were used as controls. Relevant
characteristics of the strains that were known prior to this study are compiled in
Table 16.

All procedures were approved by the ethics committee of clinical investigation of

the Hospital Josep Trueta of Girona in compliance with the Helsinki declaration.

Biofilm formation assay

Biofilm formation assays were performed using a previously described method
[24] with some modifications [25]. Strains were grown overnight in Luria-Bertani
broth with 5 g I'" of glucose (Sigma-Aldrich, St. Louis, USA) at 35.5°C, then
1/100 dilutions were made in M63 minimal medium (US Biological, Swampscott,
USA) supplemented with 8 g I'' (0.8%) glucose. Then, 130-pl aliquots were
placed in wells of non-cell-treated polystyrene microtiter plates (Greiner Bio-one,
Stuttgart, Germany) and incubated overnight at 30°C without shaking.
Afterwards, growth optical densities (OD) were read at 630 nm; then the wells
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were washed once, adhered bacteria were stained with 1% crystal violet
solubilised in ethanol, and ODs read at 570 nm. Biofilm measurements were
calculated using the formula SBF = (AB-CW)/G, in which SBF is the specific
biofilm formation, AB is the ODs7oum Of the attached and stained bacteria, CW is
the ODs7onm Of the stained control wells containing only bacteria-free medium (to
eliminate unspecific or abiotic OD values), and G is the ODg30nm 0of cell growth in
broth [26, 27]. For each assay, 16 wells per strain were analyzed, and the assays
were performed in triplicate, which resulted in a total of 48 wells per each tested
strain and control. The degree of biofilm production was classified in three
categories: weak (SBF<0.5), moderate (0.5>SBF<1), and strong (SBF>1).

Adhesion and invasion assays in epithelial cells Intestine-407

Adhesion (I ADH) and invasion indices (I_INV) were determined as explained in
chapter 2 (quantitative analysis) following the gentamicin protection assay

previously described elsewhere [21].

Survival and replication in macrophages J774

Intra-macrophage replication index (I REPL) was performed as explained in
chapter 2, following the method previously described elsewhere [11, 28]. Those
strains with I INV > 0.1 and I REPL > 100% were classified as AIEC in this
study (AIEC-phenotype).

Serotyping

Determination of O and H antigens was carried out using the method previously
described by Guinée et al. [29]. Strains which failed to achieve motility on

semisolid medium were considered nonmotile and designated H—.

Phylotyping and virulence genotyping by PCR

Determination of the major E. coli phylogenetic group (A, B1, B2, and D) was
performed as previously described by Clermont et al. [30]. Virulence genotyping
was performed as explained in chapter 2 following the methods described
elsewhere [25, 31].
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Table 16. Phenotypic and genotypic characteristics of the bacterial strains used in this study.

AIEC

Id Strain Origin phenotype Serotype Phylogroup Virulence gene carriage

AIEC19 C + ONT: H- A iucD, fimH, fimAvyrzs

AIECO7 C + 022: H7 B1 papC, iucD, fimH

AIECO4 C + 06: HNT B2 papC, sfa/focDE, iucD, hlyA, cnfl, fimH, fimAvyrzs
AIEC10 C + 0159: H34 A fimH

AIECO6 C + 06: H5 B2 papC, sfa/focDE, hlyA, cnfl, fimH, cdtB
AIECO8 C + 025:H4 B2 papC, iucD, ibeA, fimH, cdtB

AIEC25 cD + 06: H31 B2 papC, hlyA, cnfl, fimH

AIEC21 cbD + 06: H1 B2 papC, iucD, hlyA, cnfl, fimH

AIEC12 cD + 026: H- B2 papC, afa/draBC, iucD, fimH

AIEC20 cD + 011: H18 D papC, afa/draBC, iucD, fimH

AIEC17 CcD + ONT: HNT D neuC, ibeA, fimH

AIECO5 cD + 01: H- B2 papC, neuC, fimH

AIECO2 cD + 08: H21 B2 papC, neuC, fimH

AIECO1 cb + 06: H1 B2 sfa/focDE, iucD, fimH

AIEC09 cD + ONT: H- B2 papC, sfa/focDE, iucD, hlyA, cnfl, fimH, fimAvyrzs
AIEC24 cD + ONT: H- A iucD, fimH, fimAvyrzs

AIEC23 cb + 05: HNT A fimH

AIEC11 cD + 022: H1 B2 afa/draBC, iucD, fimH

AIEC15-1 cD + 022: H1 B2 fimH

AIEC14-1 cbD + 022: H1 B2 fimH

AIEC16-2 cD + 022: H1 B2 fimH

LF82 cD + 083: H1 B2 ibeA, fimH, fimAvyrzg

AIEC13 uc + 025: H4 B2 papC, iucD, hlyA, cnfl, ibeA, fimH, cdtB
PP16 SEPSIS + 083: H1 B2 ibeA, fimH, fimAvyrzg

FV7563 uTl + 025: H4 B2 afa/draBC, iucD, fimH

OL96A uTl + 06: H1 B2 papC, sfa/focDE, iucD, hlyA, cnfl, fimH
PP215 SEPSIS + 06: H1 B2 papC, sfa/focDE, iucD, hlyA, cnfl, fimH
ECG-046 C - ONT: H29 B1 iucD, pCDV432

ECG-060 C - 0102: H6 D papC, iucD, fimH

ECG-037 C - 01: H- D papC, neuC, iucD, fimH, fimAvyrzs
ECG-016 C - 055: H- A neucC, iucD, fimH

ECG-017 C - 022: H18 B2 sfa/focDE, fimH

ECG-022 C - 015: H- A afa/draBC, neuC, iucD, fimH

ECG-043 C - 083: H1 B2 ibeA, fimH, fimAvyrzg

ECG-041 C - 02: H- B2 papC, sfa/focDE, iucD, hlyA, cnfl, fimH, cdtB
ECG-012 C - 018: H1 B2 papC, sfa/focDE, iucD, hlyA, cnfl, fimH
ECG-025 C - 06: H31 B2 papC, hlyA, cnfl, fimH

ECG-049 C - 015: H16 B2 papC, iucD, fimH

ECG-031 C - 0161: H4 D iucD, fimH

ECG-023 C - ONT: H- Atypical iucD, fimH, fimAvyrzs

ECG-054 C - 014: H- D papC, iucD, fimH

ECG-008 C - 014: H7 B2 papC, iucD, ibeA, fimH, fimAvyrzs
ECG-004 C - 022: H7 B1 fimH

ECG-013 C - 018: H1 B2 papC, sfa/focDE, iucD, hlyA, cnfl, fimH
ECG-055 C - 017: H18 D papC, iucD, fimH

ECG-024 C - 0174: H- B1 fimH

ECG-064 cD - 0166: H21 B1 fimH

ECG-042 cD - 07:H6 B2 fimH, fimAvyrzg

ECG-001 cbD - 06: H31 B2 papC, hlyA, cnfl, fimH

ECG-005 cDh - 04: H5 B2 papC, sfa/focDE, hlyA, cnfl, fimH
ECG-065 cD - 0141: H- A fimH, fimAvyrzg

ECG-047 cD - 0119: H21 D iucD, fimH

ECG-019 cD - ONT: H- A

ECG-018 cD - ONT: H- A iucD

ECG-002 cD - 0175: H- B1 fimH

ECG-034 cD - 0127: H28 D iucD, fimH

ECG-021 cD - 054: H21 B1 fimH

ECG-063 cD - ONT: H21 B1 fimH

ECG-056 cDh - ONT: H18 D papC, afa/draBC, iucD, fimH

ECG-057 cD - 011: H18 D papC, afa/draBC, iucD, fimH

ECG-053 cD - 011: H- D papC, afa/draBC, iucD, fimH

ECG-059 cbh - ONT: H18 D papC, iucD, fimH

ECG-026 cD - 01: H- B2 papC, neuC,ibeA, fimH, fimAvyrzs
ECG-015 cD - 02: H6 B2 papC, sfa/focDE, neuC, hlyA, cnf, fimH
ECG-009 CcD - 083: H1 B2 sfa/focDE, neuC, iucD, ibeA, fimH, fimAvurzs, cdtB

Abbreviators: CD: Crohn’s disease; UC: ulcerative colitis; C: non-IBD control, UTI: urinary tract infection. AIEC
phenotype +: strains that adhere to and invade Intestine-407 cells and that were able to survive and/or replicate
within J774 macrophages in vitro. ONT: serogroup non-typeable, HNT: flagellar antigen non-typeable. H- : nonmotile

strain.
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Table 17. AIEC phenotype and category of biofilm formation ability of the strains.

1d Strain AIEC I_ADH I_INV I_REPL SBF Biofilm formation
phenotype (mean + SD) (mean + SD) (mean + SD) (mean + SD) category
AIEC19 + 240 +0.65 0.111 +0.016 1568.1 +1726 0.053  +0.019 w
AIECO7 + 20.00 +13.50 0.565 +0.392 1692.6 +296.8 2391 +0.317 S
AIECO4 + 21.50 +9.00 0.320 +0.016 584.7 +4185 0.772 +0.132 M
AIEC10 + 6.00 +0.98 0.226 +0.192 1413.7 +51.4 0.610 +0.175 M
AIECO6 + 10.25 +3.25 0.177 +0.019 1717.7 +307.9 1212 +0.233 S
AIECO8 + 113 +0.18 0.172 +0.066 104.8 +49.7 0.397 +0.133 w
AIEC25 + 275 +1.33 0.482 +0.129 7759 +£1283 0.437 +0.129 w
AIEC21 + 17.00 +7.75 0.109 +0.013 1297.1 +6252 0.558 +0.205 M
AIEC12 + 22.25 +4.00 0.142 +0.017 193.7 +55.9 0.125  +0.052 w
AIEC20 + 14.25 +6.25 0.125 +0.098 3439 +2446 0.284 +0.116 w
AIEC17 + 21.75 +17.50 0.266 +0.055 1053.0 %75.0 0.840 +0.286 M
AIECO5 + 950 +2.25 0.202 +£0.042 7049 £7140 0.181 +0.072 w
AIECO2 + 0.85 +1.03 0.802 +0.035 2187.8 +4.8 0.106  +0.035 w
AIECO1 + 16.00 +9.25 0.284 +0.106 1566.7 + 1060 0.700 +0.177 M
AIEC09 + 5.25 +4.00 0.216 +0.010 2562.3 +240.6 0.068 +0.035 w
AIEC24 + 1.98 +1.40 0.309 +0.138 1625.6 +1156 0.076 +0.044 w
AIEC23 + 9.75 +0.70 0.568 +0.148 2362.1 +250.2 0.300 +0.093 w
AIEC11 + 0.83 +0.19 2125 +1.164 7394 +4774 0537 +0.129 M
AIEC15-1 + 25.00 +15.75 2261 +1.349 776.9 +304.8 1.090 +0.407 S
AIEC14-1 + 425 +3.50 0.508 +0.081 847.9 +512.8 0.654 +0.153 M
AIEC16-2 + 10.00 +1.425 0305 +0.159 659.7 +437.0 0.502 +0.134 M
LF82 + 25.00 +5.25 2261 +0.011 7769 +2524 1641 +0.326 S
AIEC13 + 120 +4.25 0.104 +0.000 10459 +1816 0.772 +0.211 M
PP16 + 8.00 +0.98 1.400 +0.081 2259 +5412 1.012 +0.268 S
FV7563 + 6.75 +6.00 0.129 +0.072 470.0 +264.0 0.518 +0.226 M
OL96A + 525 +5.00 0.388 +0.159 4575 £259.3 1.208 +0.202 S
PP215 + 0.83 +0.60 0.453 +0.350 14254 +229.4 0546 +0.139 M
ECG-046 - - <0.1 - 0.004 +0.010 W
ECG-060 - - <0.1 - 0.127  +0.041 w
ECG-037 - - <0.1 - 0.042  +0.024 w
ECG-016 - - <0.1 - 0.134  +0.085 w
ECG-017 - - <0.1 - 1.074 +0.286 S
ECG-022 - - <0.1 - 0.143  +0.090 W
ECG-043 - - <0.1 - 1.187 +0.511 S
ECG-041 - - <0.1 - 0.301  +0.123 w
ECG-012 - - <0.1 - 0.741  +0.259 M
ECG-025 - - <0.1 - 0.154  +0.043 w
ECG-049 - - <0.1 - 0.384 +0.160 W
ECG-031 - - <0.1 - 0.067  +0.024 w
ECG-023 - 090 +0.65 0.052  +0.003 - 0.038  +0.020 w
ECG-054 - - <0.1 - 0.209 +0.128 w
ECG-008 - - <0.1 - 0.817 +0.288 M
ECG-004 - - <0.1 - 1.113  +0.234 S
ECG-013 - - <0.1 - 0.516  +0.332 M
ECG-055 - - <0.1 - 0.108  +0.033 w
ECG-024 - - <0.1 - 0.037  +0.016 w
ECG-064 - - <0.1 - 0.553 +0.171 M
ECG-042 - - <0.1 - 0.348  +0.147 w
ECG-001 - - <0.1 - 0.299  +0.106 w
ECG-005 - - <0.1 - 0.404  +0.103 w
ECG-065 - - 0.061 +0.070 - 0.026  +0.022 w
ECG-047 - 1.93 +1.95 0.259 +0.084 - 0.007 +0.016 W
ECG-019 - - <0.1 - 0.439  +0.057 W
ECG-018 - - <0.1 - 0.058  +0.042 w
ECG-002 - - <0.1 - 0.039  +0.023 w
ECG-034 - - <0.1 - 0.293  +0.101 w
ECG-021 - 6.00 +4.00 0.033 +0.011 - 0.311 +0.117 W
ECG-063 - - <0.1 - 0.195 +0.064 w
ECG-056 - - <0.1 - 0.124  +0.047 w
ECG-057 - 11.75 +7.25 0.013 +0.011 - 0.241  +0.094 w
ECG-053 - - <0.1 - 0.262  +0.083 w
ECG-059 - - <0.1 - 0.200  +0.137 W
ECG-026 - - <0.1 - 0.418 +0.189 w
ECG-015 - 525 +2.75 0.038 +0.004 - 1.035 +0.219 S
ECG-009 - <0.1 - 1.346  +0.205 S

Adhesion, invasion, intra-macrophage replication, and biofilm formation indices are specified. Abbreviators: AIEC
phenotype +: strains that adhere to and invade Intestine-407 cells and that were able to survive and/or replicate within
J774 macrophages in vitro. I_ADH: adhesion index; I_INV: invasion index; I_REPL: replication index; SBF: specific biofilm

formation index; W: weak biofilm producer; M: moderate biofilm producer; and S: strong biofilm producer.

117



Martinez Medina, M — Intestinal microbiology in Crohn’s disease

Statistical analyses

Quantitative parameters, such as SBF, adhesion, and invasion indices were
compared by one-way ANOVA. In cases for which the interaction between
several factors was of interest, a factorial ANOVA was applied. Correlation
between quantitative variables was assessed by Pearson correlation coefficient.
Fisher’s exact test (small contingency tables) or Pearson’s X tests (frequencies
higher than five within cells) were used to measure the significance of frequency

values.

Results

AIEC strains are stronger biofilm producers than non-AlEC strains isolated
from the intestinal mucosa

The present study involved a collection of 65 E. coli strains, 27 of which (41.5%)
were classified as AIEC by their ability to adhere to and invade intestinal

epithelial cells, and to survive and replicate within macrophages, as previously
described [11] (Table 16).

Within the category of weak biofilm producers, 74.4% of strains were non-AIEC,
whereas 65.4% of moderate to strong biofilm producers were AIEC (P=0.002).
Amongst these AIEC strains, 22.2% were strong biofilm producers, and 40.7%
were moderate biofilm producers (Table 17). Similar results were obtained when
SBF index values were compared. As shown in Figure 24, the mean SBF index
was higher in AIEC strains than in non-AIEC (SBFArc=0.65+0.53; SBFyon-
Alec=0.36+0.36; P=0.012).

o P=0.012 Figure 24. Specific biofilm
formation (SBF) index of AIEC and
non-AlEC strains isolated from
intestinal mucosa. The mean SBF
of AIEC strains was higher than
for non-AIEC, as corroborated by
one-way ANOVA (p=0.012).
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Interestingly, higher adhesion indices from both AIEC and non-AIEC strains
correlated with higher SBF indices (P=0.009). Moreover, the correlation was
even stronger between the invasion and biofilm formation capacities of AIEC
strains (P=0.003). No correlation was observed with the ability of AIEC strains to

survive and replicate within macrophages (Figure 25).

Figure 25. Correlations between biofilm formation and the adhesion, invasion, and intra-
macrophage replication abilities of both AIEC and non-AIEC strains.
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Adhesion and invasion indices correlated positively with biofilm formation capacity, whereas intra-macrophage
survival and replication did not. Adhesion index was calculated as: I_ADH= attached bacterial cells/intestinal cell;
invasion index as: I_INV(%) = (intracellular bacteria / 4x106 bacteria inoculated) x 100; and replication index as:
I_REPL= (cfu ml-1 at 24h / cfu ml-* at 1h)x 100.
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Nonmotile strains were unable to form biofilms and, amongst motile strains,
those with H1 flagellar type showed the highest biofilm formation indices

An additional factor that was associated with biofilm formation was the motility
of the strains. Regardless of adhesion and invasion abilities, motile strains
showed higher SBF indices than nonmotile strains (SBFyorig= 0.61£0.48,
SBFnonmoriie = 0.14£0.13; P<0.001). All strains producing moderate-strong
biofilms were motile, whereas strains classified as weak biofilm producers were
heterogeneous in their motility capacities. In concordance, the isogenic mutant
LF82-AfliC which is nonmotile, non-flagellated and express only few type 1 pili,
did not display the ability to form biofilms (SBF= 0,393 + 0,084) in contrast to
LF82 wild type (SBF=1.641 + 0.326).

Moreover, SBF indices were specifically higher for the H1 serotype as shown in
Figure 26. All H1 serotypes were moderate-strong biofilm producers. In contrast,
only 12 out of 33 (36.4%) of strains with other H types were classified within this
category (Table 18).

Figure 26. Mean SBF index of motile and nonmotile strains irrespectively of their AIEC
phenotype.
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SBF indices were higher in motile strains, especially H1 serotypes, than nonmotile strains. H-: nonmotile strains; H1:
motile and H1 flagellar type; Hx: motile and any flagellar type except for H1.

To determine whether motility and AIEC-like phenotype were intrinsically

related factors, the frequency of motile and nonmotile strains within AIEC and
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non-AIEC strains was calculated. Although the majority of AIEC strains were
motile (81.5%), no significant differences were observed in comparison to non-
AIEC strains (65.8%). Moreover, no interaction among these factors was detected
by applying a factorial ANOVA. Therefore, motility and adherence/invasion

capacity were independent factors associated with biofilm formation.

Table 18. Frequency of strains according to their mobility capacity and flagellar antigen type
within biofilm producers and non-producers.

Biofilm formation category

Moderate-Strong Weak
Motility/H type (N= 26) (N=39) P
N (%) N (%)
H- (N=18) 0 (0) 18 (46.2) <0.0014,0.003»
H1 (N=14) 14 (53.8) 0 (0) <0.0012,<0.001¢
Hx (N=33) 12 (46.2) 21 (53.8) <0.001¢,0.003"

Abbreviators: H-: nonmotile strains; H1: motile and H1 flagellar type; Hx: motile and any flagellar type except
H1.asignificance between H- and H1; bsignificance between H- and Hx; csignificance between H1 and Hx.

Serogroups associated with higher biofilm producing abilities

As shown in Figure 27, O83, followed by 022, showed the highest mean SBF
indices. Regardless the AIEC phenotype and origin of the strains (intestinal or
extraintestinal and non-IBD or CD associated), all the strains of 022 and O83

serogroup were found to be moderate-strong biofilm producers.

Other serogroups with mean SBF that fell into the ‘moderate’ category were: O2,
06, 014, 018, 025, 0159, and O166. However, some strains that were unable to
form biofilms were detected amongst these serogroups. For some serogroups such
as O2 and O14 those strains classified as weak biofilm producers were
particularly those nonmotile O2/014 strains. In turn, strains with weak to strong
biofilm formation abilities amongst the O6 strains belonged to a certain serotype
(O6:H31) and this serotype was not present amongst the categories ‘moderate’ or
‘strong’ biofilm producers. Nevertheless, very few strains have been analyzed for
some of these serogroups (02, O14, O18, 025, 0159, and O166) due to the
nature of the strains isolated from the intestinal mucosa, thus no robust

conclusions can be extracted for them.
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Figure 27. Mean SBF index of the strains classified by their serogroup.
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White bars: Serogroups with mean SBF that falls into ‘weak’ biofilm formation category. Grey bars: Serogroups with mean SBF that falls into ‘moderate’ biofilm formation category. Black bars:
Serogroups with mean SBF that falls into ‘strong’ biofilm formation category. The serotype of those E. coli strains that showed different biofilm formation category than the mean SBF for the serogroup
is specified:

1: Only AIEC17 (ONT:HNT) strain was classified as ‘moderate’ biofilm producer (M).

2: Nonmotile ECG-041 (02:H-) strain was classified as ‘weak’ biofilm producer (W).

3: Three strains with 06:H31 serotype were classified as ‘weak’ biofilm producers, whereas strains with 06:H1, 06:H5 and O6:HNT serotypes were ‘moderate’ or ‘strong’ biofilm producers.

4: Nonmotile ECG-054 (014:H-) was ‘weak’ biofilm producer (W).

5: Three strains were ‘moderate’ (022:H1) and 4 strains ‘strong’ (022:H1, 022:H7, and 022:H18) biofilm producers.

6: AIECO8 (025:H4) was classified as ‘weak’ biofilm producer.
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Distribution of virulence-associated genes and phylogroups within biofilm
producers

Of the 65 E. coli strains used in this study, 45 (69.2%) harboured more than two
virulence-associated genes in addition to fimH; thus, these strains are considered
an extraintestinal pathogenic E. coli according to the definition of Johnson et al
[32]. Virulence-associated gene distribution was similar between biofilm
producers (moderate-strong) and non-biofilm producers (weak), with the
exception of adherence factor sfa/focDE (S or F1C fimbriac) and the invasion-
associated gene ibeA (Table 19), which were more prevalent in biofilm-forming
strains (P=0.003 and P=0.017, respectively).

Although the E. coli collection studied was mainly composed of B2 (52.3%) and
D (20%) phylogroups, significant differences were observed between the two
categories of biofilm producers. As shown in Table 19, the B2 phylogroup was
more frequent in moderate-strong biofilm forming strains (80.8% vs. 34.2%;
P<0.001), whereas A and D phylogroups were more frequent within weak biofilm

producers.

Table 19. Comparison of virulence gene prevalence and phylogroup between weak and
moderate-strong biofilm producers.

Biofilm formation category

Total Moderate-Strong Weak

Virulence gene (N=65) (N=26) (N=39) P

N (%) N (%) N (%)
Adhesin-encoding genes
papC 32 (49.2) 11 (42.3) 21 (53.8) 0.255
sfa/focDE 13 (20.0) 10 (38.5) 3 (7.7) 0.003
afa/draBC 8 (12.3) 2 (7.7) 6 (15.4) 0.301
fimH 62 (95.4) 26 (100) 36 (92.3) 0.209
fimAvwmrrs 14 (21.5) 6 (23.1) 8 (20.5) 0.520
Protectin/invasion-encoding genes
ibeA 9 (13.8) 7 (26.9) 2 (5.1) 0.017
K1 neuC 9 (13.8) 3 (11.5) 6 (15.4) 0.478
Siderophore-related genes
iucD 37 (56.9) 13 (50.0) 24 (61.5) 0.253
Toxin-encoding genes
hlyA 15 (23.1) 9 (34.6) 6 (15.4) 0.067
cnfl 15 (23.1) 9 (34.6) 6 (15.4) 0.067
cdtB 5 (7.7) 3 (11.5) 2 (5.1) 0.312
Phylogroup
A 9 (13.8) 1 (3.8) 8 (21.1) 0.052
B1 8 (12.3) 3 (11.5) 5 (13.2) 0.583
B2 34 (52.3) 21 (80.8) 13 (34.2) <0.001
D 13 (20.0) 1 (3.8) 12 (31.6) 0.006
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Discussion

In this work, we describe the biofilm formation capacity of a recently described
pathovar, adherent-invasive E. coli (AIEC), which is associated with Crohn’s
disease. The main result was that AIEC strains have stronger biofilm formation
abilities than other E. coli strains isolated from the intestinal mucosa (non-AIEC).
The latter share genotypic and phenotypic traits with AIEC [15] but lack the
properties described for the pathovar: (i) adhesion to and invasion of intestinal
epithelial cells in vitro, (ii) survival and replication capacity within macrophages
without causing host-cell death, and (iii) induction of TNF-a release [11]. We
also analyzed the relationship between biofilm formation, AIEC phenotype,

serotype, and phylogroup, and the presence of virulence-associated genes.

As observed by other authors [33, 34], motility was a crucial factor for biofilm
formation because none of the nonmotile strains were able to form biofilms
(Table 18). This observation was further supported by the experiments performed
with the isogenic mutant LF82-AfliC. Moreover, all 14 strains with H1 flagellar
antigen were moderate-strong biofilm producers, in contrast to 46.2% of motile
non-H1 types. Therefore, H1 flagellar antigen conferred, either directly or
indirectly, an advantageous trait to form biofilms. Although motility was a
necessary requirement for biofilm formation, it was not sufficient; 21 out of 47
motile strains were weak biofilm producers, indicating that additional factors are
needed. In addition, strains with O2, 06, O14, O18, 022, 025, 083, 0159 and
0166 serogroups were found amongst the biofilm producers, in accordance with
previous studies [25, 35]. Interestingly, the highest mean SBFs index was
achieved by four strains that belonged to the O83 serogroup, in particular the
083:H1 serotype, being all the strains classified as strong biofilm producers. This
group included two AIEC strains (AIEC reference strain LF82 [11], and the
sepsis-associated strain PP16) and two non-AIEC strains (ECG-009 (isolated
from two different CD patients) and ECG-043 (isolated from one non-IBD
control) [15].

Some associations between biofilm-formation potential and some virulence-
associated genes have been already described [24, 35-41]. In agreement with
previous studies [25], the adhesin-coding gene sfa/focDE was more frequently
detected amongst biofilm producers. In addition, the gene ibeA, required for
invasion in meningitis/sepsis-associated E. coli (MNEC) [42, 43], was more
prevalent amongst strong biofilm producers. Interestingly, ibeA, in conjunction
with fimH and fimAvurs, are virulence factors present in AIEC strain LF82 [16,
44].
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Phylogenetic analyses have shown that E. coli strains fall into four main
phylogenetic groups (A, B1, B2, and D) and that virulent EXPEC strains mainly
belong to group B2 and, to a lesser extent, group D, whereas most commensal
strains belong to group A [30, 42]. Although B2 was the most abundant
phylogenetic group within the E. coli collection, B2 strains were significantly
more prevalent amongst moderate-strong biofilm producers than weak biofilm
producers (P<0.001), which were enriched in strains belonging to A and D
phylogroups (P=0.052 and P=0.006 respectively). Of note, B2+D phylogroups
are also more prevalent amongst E. coli strains from patients with CD or

ulcerative colitis than in non-IBD controls [45].

The positive correlation between the levels of adhesion and invasion and the
higher SBF indices lead to postulate that the machinery implicated to achieve the
“AIEC phenotype” could share some factors necessary for biofilm formation,
such as type 1 pili and flagella. Another possibility is that both processes could be
related to a coordinated expression, for instance, by the EnvZ/OmpR regulatory
system. Rohlion et al [46] recently proposed a model in which OmpC, a porin
regulated by EnvZ/OmpR, has been implicated in the adherence-invasiveness of
AIEC, and this system is also known to play an important role in biofilm
formation [47]. The biofilm formation could also be dependent on the cyclic di-
GMP concentration which was recently reported to regulate the expression of
type 1 pili and flagella in AIEC reference strain LF82 [48].

Biofilms in the human gut are thought to play an agonistic role with the host [18],
being necessary to achieve an homeostatic situation and appropriate gut
physiology. Nevertheless, previous studies have highlighted the increased biofilm
formation in patients with CD with respect to control subjects [49]. Moreover, the
composition of the mucosa-associated microbiota is altered with respect to that of
non-IBD controls [50]. It is widely accepted that the intestinal microbiota is
essential to elicit the inflammation; however, the specific role of intestinal
biofilms in CD is still uncertain. Changes in the composition and abundance of
mucosa-associated biofilms have been proposed either to play a role in the onset
or perpetuation of CD [49, 51-53] or to be a consequence of the defective
immune regulation in CD patients [18, 54, 55]. Because we have analyzed the
biofilm formation capacity of a collection of AIEC and non-AIEC strains using
an in vitro method we can deduce that the ability of AIEC to form biofilms is
irrespective of host factors. However, in vivo experiments would give interesting
insights into the pathogenesis of AIEC in CD. Biofilm formation of AIEC in
human gut, if confirmed, would confer to the pathovar an advantage for

colonization of the intestine. Consequently, given the pathogenic behavior of
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AIEC, a more stable colonization would increase their probability of invading the
intestinal epithelium and further trigger mucosal inflammation and, possibly,
granuloma formation. In this sense, and speculatively, biofilm formation could
contribute to AIEC pathogenesis.

In conclusion, a novel phenotypic trait of AIEC pathovar was described in this
work. Biofilm production ability of AIEC strains could be an additional trait
involved in their pathogenesis. Further investigations to detect AIEC specific
genetic determinants involved in biofilm formation and to analyze the genetic
regulatory processes are essential to fully understand AIEC pathogenesis and
elucidate a possible role of AIEC in CD.
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3.2

Similarity and divergence among adherent-invasive E. coli
(AIEC) and extraintestinal pathogenic E. coli (ExXPEC)

Introduction

Enterobacteriaceae, especially Escherichia coli, have been repeatedly suggested
to play a role in the origin and/or perpetuation of Crohn’s disease (CD). In part,
this suggestion was based on the higher abundance of this bacterium in CD
patients than in control subjects [1-9]. Although considerable effort has been
devoted to the search for intestinal pathogenic E. coli associated with CD, to date
none of the six previously described pathovars [10] has been implicated in this
condition. Darfeuille-Michaud et al. [2] observed that E. coli strains with
adhesion and invasion properties colonised the ileal mucosa of CD patients more
frequently than that of control subjects. Darfeuille-Michaud et al. further
characterised these strains and proposed a new potentially E. coli pathovar
associated with CD, which was designated adherent-invasive E. coli (AIEC) [11].
The implication of AIEC in CD is achieving increasing relevance because several
independent studies from different countries have reported a higher prevalence of
invasive E. coli in CD patients [1, 5, 12-14].

The main characteristics of AIEC are: 1) the ability to adhere to and invade
intestinal epithelial cells, 2) the ability to survive and replicate expansively within
macrophages without triggering host cell death, and inducing the release of TNFa
[15], and 3) the lack of known invasive determinants [12]. Recently, Glasser et al.
[16] proposed a model explaining the mechanism of pathogenesis for AIEC
strains. The AIEC strains isolated to date are clonally diverse and belong to
distinct serotypes. Moreover, despite the fact that they primarily fall into the B2
phylogroup, AIEC strains belonging to the A, B1, and D phylogroups have also
been isolated [1, 5, 13, 14, 17]. Although no specific virulence factors have been
described for this pathovar, AIEC strains carry many virulence-associated genes
characteristic of extraintestinal pathogenic E. coli (EXxPEC) strains, which
suggests that the AIEC pathovar could be closely related to the EXPEC pathovar
[1, 12, 13].

The aim of this work was to determine the frequency of strains with ‘AIEC
phenotype’ amongst E. coli strains that cause extraintestinal infections, including
uropathogenic E. coli (UPEC), septicemic E. coli, and neonatal meningitis E. coli
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(NMEC). To achieve this objective, we determined the ability of a collection of
ExXPEC strains to adhere to and invade intestinal epithelial cells, as well as their
capacity to survive and replicate within macrophages. In parallel, we compared
the distribution of virulence-associated genes amongst ExXPEC and AIEC strains.
Furthermore, we searched for a common phylogenetic origin of the ExXPEC
strains that had an AIEC phenotype (referred to in this study as extraintestinal
AIEC) and a collection of AIEC strains, mainly isolated from the intestinal

mucosa of CD patients (intestinal AIEC).

Materials and methods

Bacterial strains

The present study involved a collection of 86 E. coli strains, some of which were
the same as those reported in previously published studies [12, 13, 18-23] (Table
20). Sixty-three (73.3%) were obtained from human extraintestinal infections (28
from urinary tract infections, 21 from sepsis, 12 from meningitis, 1 from intra-
abdominal pus, and 1 from a wound infection) and 23 were obtained from the
intestinal mucosa of patients with CD (16 strains) or ulcerative colitis (UC) (1
strain) and the intestinal mucosa of control subjects (non-IBD) (6 strains).
Control subjects were asymptomatic and did not present inflammation and/or
evidence of polyps during colonoscopy. Among CD patients, 39% had Crohn’s
colitis (C-CD), 35% had Crohn'’s ileitis (I-CD), and 26% had ileal/colonic disease
(IC-CD). Further information about the source of intestinal AIEC strains can be
obtained from reference [13]. The prototype AIEC strain LF82 was included in
this group of 23 intestinal AIEC strains.

Adhesion and invasion assays with Intestine-407 epithelial cells

Adhesion (I ADH) and invasion indices (I_INV) were determined as explained in
chapter 2 (quantitative analysis) following the gentamicin protection assay
previously described elsewhere [11].

Survival and replication in macrophages J774

Intra-macrophage replication index (I REPL) was performed as explained in
chapter 2, following the method previously described elsewhere [12, 15].

Those strains with I INV > 0.1 and I REPL > 100% were classified as AIEC

strains in the present study.
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Phylotyping and virulence genotyping by PCR

Determination of the major E. coli phylogenetic group (A, Bl, B2, or D) was
performed as described by Clermont et al. [24].

The presence of virulence genes was analysed as described elsewhere [13].
Primers specific for 10 genes and operons that encode extraintestinal virulence
factors characteristic of EXPEC were used. These genes included adhesins
(pyelonephritis-associated pili [papC], S and F1C fimbriae [sfa/focDE], Dr-
binding adhesins [afa/draBC], and type 1 fimbriae [fimH and fimAvy7s, the avian
pathogenic variant of fimA]), two toxins (hlyA and cnfl), and one aerobactin
(iucD). The analysed genes also included two protectin/invasion-encoding genes
corresponding to the K1 kps variant (neuC) and the invasion of brain endothelium
gene (ibeA). The papC-positive strains were tested for the papG I, papG II, and
papG III alleles. The E. coli were also screened for specific genes found in
diarrhoeagenic E. coli pathovars (stx1, stx2, eae, bfpA, ipaH, pCDV432, eltA, and
est).

Additional virulence genes (cdtB, cytolethal distending toxin; bmaE, M fimbriae;
gafD, G fimbriae; sat, secreted autotransporter toxin; cvaC, microcin (colicin) V;
traT, serum-resistance associated; malX, pathogenicity island marker; usp,
uropathogenic specific protein; focG, F1C fimbriae; sfaS, S fimbriae; iroN,
salmochelin receptor; kpsM-11, group 2 capsule, and kpsM-I11, group 3 capsule)
were investigated in those strains included in Figures 29 and 30. The
amplification procedures have been documented elsewhere ([25] and references

therein).

Serotyping

Determination of O and H antigens was carried out using the method previously
described by Guinée et al. [26].

Pulsed-field gel electrophoresis (PFGE)

PFGE was performed as described elsewhere [27]. Agarose-embedded DNA was
digested with 0.2 U/ul Xbal (Roche) according to manufacturer’s instructions.
The Xbal-digested genomic DNA was analysed by 1% agarose gel in 0.5x Tris-
boric acid-EDTA (TBE) buffer at 14°C using CHEF MAPPER (BioRad). The gel
was run for 21.30 h at 6 V/cm, with initial and final switch times of 2.16 s and
54.17 s, respectively. The gel was stained with ethidium bromide (I1pg/mL),
observed using a Gel Doc 2000 system (BioRad), and analysed with the
BioNumerics fingerprinting software (Applied Maths, St-Martens-Latem,

Belgium). Cluster analysis of the Dice similarity indices based on the unweighted
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pair group method using arithmetic averages (UPGMA) was performed to

generate a dendrogram describing the relationships amongst the PFGE profiles.

Multilocus sequence typing (MLST)

Multilocus sequence typing (MLST) was carried out as previously described [28].
Gene amplification and sequencing of the seven housekeeping genes (adk, fumC,
gyrB, icd, mdh, purA, and recA) were performed using the primers and protocol
specified at the E. coli MLST website (http://mlst.ucc.ie/mlst/dbs/Ecoli). The

sequences were reviewed by visual inspection with the BioEdit Sequence

Alignment Editor (version 7.0.9; Ibis Biosciences). The ClustalW2 programme
was used to align the sequences. The allelic profile of the seven gene sequences,
the sequence types (STs), and the sequence complexes (Cplx, defined as STs that
are linked by distances of one or two allelic differences) were obtained via the
electronic database at the E. coli MLST website.

Table 20. Collection of EXPEC and intestinal AIEC strains used in this study. For each strain,
the adhesion (I_ADH), invasion (I_INV), and intra-macrophage replication (I_REPL) abilities are
expressed as the mean and standard deviation of triplicate assays. Seropathotype,
phylogenetic affiliation, and type of extended-spectrum p-lactamase are also specified.
References indicate the origin of the strain isolation.

1For those strains of intestinal origin, specific zones from which the strains have been isolated
along the intestinal tract are indicated in parenthesis.

2Calculated as the mean number of bacteria per 1407 cell after 3 hours of incubation.

3Calculated as the percentage of inoculum surviving after 1 hour of gentamicin treatment:
I_INV (%) = (intracellular bacteria / 4x106 bacteria inoculated) x 100.

4Percentage of intracellular bacteria at 24 hours postinfection relative to the number after 1
hour of gentamicin treatment: I_REPL (%) = (cfu ml-1 at 24h / cfu ml-1 at 1h) x 100.
Abbreviators: El: extraintestinal; I: intestinal; I-CD: Crohn'’s ileitis; IC-CD: ileocolonic disease; C-
CD: Crohn’s colitis; UC: ulcerative colitis; non-IBD: controls without inflammatory bowel
disease; UTI: urinary tract infection; H-: non-motile strain; EXPEC-like: strains with > 2
virulence-associated genes regardless of the presence of fimH.

Those strains with I_INV > 0.1 and I_REPL > 100% were classified as AIEC strains in the
present study.
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Table 20. Collection of EXPEC and intestinal AIEC strains used in this study.

AIEC EXPEC- -
STRAIN ORIGIN? Country  phenotype |I_ ADH2 I_INV3 |_REPL# Serotype Phylo. like IactaBmase Virulence gene carriage Reference
15802 El  Intra-abdominal pus  Canada - 22 +27 0.009 +0.005 025:H4 B2 - CTX-M-15  jucD, fimH [23]
EC-1 El wound infection Spain - 1.2 +04 0.026 +0.009 06:H1 B2 + - papC, papGlll, sfa/focDE, hlyA, cnfl, fimH [22]
SM22 El  meningitis USA - 02 %03 0.005 +0.006 06:H1 B2 - - iuch, fimH [18]
H1166 El  meningitis France - 1.8 0.8 0.060 #0.057 06:H1 B2 + - papC, papGll, sfa/focDE, iucD, hlyA, fimH [18]
sM18 El  meningitis USA - 01 0.1 0.000 +0.000 OT:H- D + - papC, papGl-Gll, neuC, iucD, fimH (18]
SM21 El  meningitis USA - 08 +13 0.007 +0.003 016:H6 B2 + - papC, papGll, neuC, iuch, fimH, fimAvurzs [18]
SM43 El  meningitis France - 0.1 +0.1 0.013 +0.018 06:H1 B2 + - sfa/focDE, iucD, hlyA, cnfl, fimH [18]
SM57 El  meningitis USA - 06 +02 0.013  +0.004 083:H7 B2 + - sfa/focDE, neuC, iucD, ibeA, fimH, fimAvurzs [18]
SM63 El  meningitis USA - 05 +0.1 0.024 +0.016 O1:H7 B2 + - papC, papGl, neuC, iuch, fimH, fimAvwrrs [18]
SM69 El meningitis France - 1.8 +04 0.018 +0.011 018:H7 B2 + - papC, sfa/focDE, neuC, iucD, hlyA, cnfl, ibeA, fimH, fimAvurzs (18]
SM72 El  meningitis France - 0.2 +0.0 0.011 +0.005 045:H7 B2 + - papC, papGll, sfa/focDE, neuC, iucD, fimH, fimAvwrzs [18]
sM148 El  meningitis France - 01 +0.1 0.009 +0.012 018:H7 B2 + - sfa/focDE, neuC, iucD, ibeA, fimH, fimAvirrs [18]
SM168 El meningitis France - 0.8 +0.3 0.013 +0.011 018:H7 B2 + - sfa/focDE, neuC, iucD, hlyA, cnfl, ibeA, fimH, fimAvurzs [18]
SM177 El  meningitis France - 0.0 +0.0 0.000 +0.000 O1:H- D + - papC, papGl-Gll, neuC, iucD, hlyA [18]
H1088 El  sepsis Spain - 1.8 +2.0 0.043 +0.053 025:H4 B2 - - iucD, fimH This study
H109 El  sepsis Spain - 0.0 #0.0 0.002 +0.003 06:H10 A - - iucD This study
H685 El  sepsis Spain - 05 +0.1 0.021 +0.002 025:H4 B2 - - ibeA, fimH This study
H6166 El  sepsis France - 0.7 +0.2 0.023 +0.025 045:H7 B2 + - papC, papGll, sfa/focDE, neuC, iucD, hlyA, cnfi, fimH, fimAvurzs (18]
H6290 El  sepsis France - 05 +0.1 0.018 +0.004 045:H7 B2 + - papC, neuC, iucD, fimH, fimAvirrs [18]
FV7561 El  sepsis Spain - 13 +05 0.041 +0.030 025:H4 B2 + CTX-M-15  afa/draBC, iucD, fimH [23]
H169 El sepsis Spain - 1.5 +0.0 0.029 +0.009 018:H7 B2 + - sfa/focDE, neuC, iucD, ibeA, fimH, fimAvmrzs [21]
PP16 El  sepsis Spain + 12 +1.0 0.104 +0.081 10459 +541.2 083:H1 B2 + - ibeA, fimH, fimAvurzs This study
H102A El  sepsis Spain - 0.8 +03 0.031 +0.013 083:H1 B2 + - ibeA, fimH, fimAvurzs This study
H126 El  sepsis Spain - 03 +03 0.027 +0.011 083:H31 B2 + - iucD, ibeA, fimH This study
H106A El sepsis Spain - 0.2 0.2 0.001 +0.001 06:H31 B2 + - papC, papGlll, sfa/focDE, iucD, hlyA, cnfl, fimH This study
PP215 El  sepsis Spain + 0.8 +0.6 0.453 +0.350 1425.4 +229.4 06:H1 B2 + - papC, papGll, sfa/focDE, iucD, hlyA, cnfl, fimH This study
H219B El  sepsis Spain - 0.2 +0.1 0.006 +0.009 025:H4 B2 + - iucD, ibeA, fimH, fimAvurzs This study
H676A El  sepsis Spain - 01 +0.1 0.003 +0.004 025:H4 B2 + - papC, papGlil, iucD, hlyA, ibeA, fimH, fimAvurzs This study
H68a El  sepsis Spain - 0.1 +0.1 0.005 +0.000 06:H7 B2 + - papC, papGlll, sfa/focDE, hlyA, cnfl, ibeA, fimH [19]
H778 El  sepsis Spain - 1.7 +1.8 0.033 +0.039 025:H4 B2 + - afa/draBC, iucD, ibeA, fimH This study
H810A El  sepsis Spain - 0.3 #0.41 0.016 +0.013 025:H4 B2 + - iucD, ibeA, fimH This study
H858 El  sepsis Spain - 36 £20 0.083 +0.018 025:H4 B2 + - afa/draBC, ibeA, fimH This study
PP209 El sepsis Spain - 0.6 0.6 0.029 +0.002 06:H1 B2 + - papC, papGlI-Glll, sfa/focDE, iucD, hlyA, cnfl, fimH This study
PP42 El  sepsis Spain - 0.0 #0.41 0.019 +0.009 025:H4 B2 - - ibeA, fimH This study
PP89 El  sepsis Spain - 0.0 +0.0 0.030 +0.014 06:H10 A - - iucD This study
EC2 Bl UTI Spain - 30 0.1 0.038 +0.032 ONT:HNT B1 - - fimH [22]
VC1 El uTl France - 1.8 +19 0.035 +0.035 025:H4 B2 - - iucD, fimH This study
HDE3 ElUTI France - 0.1 +0.0 0.004 +0.001 025:H4 B2 - CTX-M-15  jucD, fimH [23]
17102 Bl UTl Canada - 52 +0.9 0.078 +0.043 025:H4 B2 - CTX-M-15  jucD, fimH [23]
OL52A ElUTI Spain - 0.0 0.0 0.004 +0.005 0101:H- A - - jucD [20]
OL8OA Bl uTl Spain - 02 +02 0.008 +0.004 051:H49 B2 - - fimH, fimAvwrzs [20]
OB59A ElUTI Spain - 02 +0.1 0.011 +0.006 083:H1 B2 - - ibeA, fimH [20]




c EXPEC- -
STRAIN  ORIGIN® Country  phenotype |_ ADH? I_INV3 |_REPL# Serotype Phylo. like IactaBmase Virulence gene carriage Reference
COR227 ElUTI Spain - 06 +0.8 0.037 +0.010 06:H25 B1 - - fimH [20]
FV7563 El UTI Spain + 69 59 0.129 +0.072 470.0 +264.0 025:H4 B2 + CTX-M-15  afa/draBC, iucD, fimH [23]
FV7569 El Ul Spain - 6.2 +25 0.083 +0.054 025:H4 B2 + CTX-M-15  afa/draBC, iucD, fimH [23]
FV7588  El UTI Spain - 2.7 £1.0 0.060 +0.028 025:H4 B2 + CTX-M-15  afa/draBC, iucD, fimH [23]
OL96A ElUTI Spain + 52 +5.0 0.388 +0.159 4575 +259.3 06:H1 B2 + - papC, papGll, sfa/focDE, iucD, hlyA, cnfl, fimH [20]
OL61A ElUTI Spain - 05 +0.2 0.026 +0.014 075:H7 B2 + - sfa/focDE, neuC, hlyA, cnfl, ibeA, fimH [20]
OL37A Bl UTI Spain - 01 +0.1 0.000  0.000 O1:H1 D + - papC, neuC, iucD, fimH, fimAvurzs [20]
OL65A ElUTI Spain - 14 +12 0.003 +0.004 06:H1 B2 + - sfa/focDE, iucD, hlyA, cnf1, fimH [20]
0B112A El uTl Spain - 05 0.3 0.005 +0.000 02:H- B2 + - papC, papGlI-Glll, sfa/focDE, iucD, hlyA, cnfl, fimH [20]
0B29A El uTl Spain - 0.2 0.2 0.029 +0.023 06:H1 B2 + - papC, papGlll, sfa/focDE, hlyA, cnfl, fimH [20]
OB4A El Ul Spain - 08 +0.2 0.017 +0.009 06:H1 B2 + - sfa/focDE, hlyA, cnf1 [20]
OL100A El uTl Spain - 02 01 0.000 +0.000 018:H- B2 + - papC, papGll, sfa/focDE, iucD, hlyA, fimH [20]
0B64A ElUTI Spain - 03 +03 0.002 +0.003 075:H5 B2 + - papC, papGlil, sfa/focDE, hlyA, cnfl, ibeA, fimH [20]
OL16A El  UTl Spain - 04 +0.4 0.000 +0.000 06:H- B2 + - papC, papGll, sfa/focDE, neuC, iucD, hlyA, cnf1, fimH [20]
0OB103A El uTl Spain - 1.2 +0.8 0.016 +0.008 06:H1 B2 + - sfa/focDE, hlyA, cnfl, fimH [20]
OL85A ElUTI Spain - 04 +02 0.024 +0.015 02:H1 B2 + - papC, papGlll, sfa/focDE, iucD, hlyA, cnfl, fimH [20]
0B23A El uTl Spain - 1.1 +0.1 0.072 +0.018 06:H1 B2 + - papC, papGlll, sfa/focDE, hlyA, cnfl, fimH [20]
0B123A El uTl Spain - 3.7 =05 0.039 +0.008 06:H1 B2 + - papC, papGllil, sfa/focDE, hlyA, cnfl, fimH [20]
0B79A ElUTI Spain - 05 +0.2 0.014 +0.008 083:H1 B2 + - ibeA, fimH, fimAvwrzs [20]
OL64A El uTl Spain - 0.0 0.0 0.000 +0.000 06:H31 B2 + - papC, papGlll, sfa/focDE, hlyA, cnfl, fimH [20]
OL118A ElUTI Spain - 02 +0.1 0.003 +0.004 06:H31 B2 + - papC, papGlil, sfa/focDE, hlyA, cnfl, fimH [20]
AIEC25 | C-CD (colon) Spain + 28 +1.3 0.482 +0.129 775.93 +128.3 06:H31 B2 + - papC, papGlil, hiyA, cnfi, fimH [13]
AIEC21 | I-CD (colon) Spain + 170 +7.8 0.109 +0.013 1297.1 +625.2 06:H1 B2 + - papC, papGll, iucD, hlyA, cnfl, fimH [13]
AIEC12 | IC-CD (colon) Spain + 223 +3.9 0.142 +0.017 93.697 +55.93 026:H- B2 + - papC, afa/draBC, iucD, fimH [13]
AIEC20 | IC-CD (ileum) Spain + 142 +6.2 0.125 +0.098 343.89 +244.6 011:H18 D + - papC, afa/draBC, iucD, fimH [13]
AIEC17 | I-CD (ileum+colon) Spain + 216 *175 0.266 +0.055 1053 +75 ONT:HNT D + - neuC, ibeA, fimH [13]
AIECO5 | D (ileum+colon) Spain + 94 +22 0.202 +0.042 70491 +714 01:H- B2 + - papC, papGll, neuC, fimH [13]
AIECO2 | CD (colon) Spain + 09 10 0.802 +0.035 2187.8 +4.794 08:H21 B2 + - papC, neuC, fimH [13]
AIECO1 | 1-CD (ileum) Spain + 159 +9.3 0.284 +0.106 1566.7 + 1060 06:H1 B2 + - sfa/focDE, iucD, fimH [13]
AIECO9 | IC-CD (colon) Spain + 54 +4.0 0.216 +0.010 2562.3 +240.6 ONT:H- B2 + - papC, sfa/focDE, iucD, hiyA, cnf1, fimH, fimAvwrzs [13]
AIEC24 | IC-CD (colon) Spain + 20 +14 0.309 +0.138 1625.6 +115.6 ONT:H- A + - iucD, fimH, fimAvurzs [13]
AIEC23 | C-CD (ileum) Spain + 9.7 +0.7 0.568 +0.148 2362.1 +250.2 O5:HNT A - - fimH [13]
AIEC11 | I-CD (ileum) Spain + 44 +34 0.508 +0.081 847.95 +512.8 022:H1 B2 + - afa/draBC, iucD, fimH [13]
AIEC15-1 | I-CD (ileum) Spain + 100 +1.4 0.305 +0.159 659.75 +437 022:H1 B2 - - fimH [13]
AIEC14-1 | I-CD (ileum+colon) Spain + 9.8 +5.2 0.238 +0.011 800.69 +252.4 022:H1 B2 - - fimH [13]
AIEC16-2 | I-CD (ileum) Spain + 9.7 +36 1.400 +0.424 921.05 +489.7 022:H1 B2 - - fimH [13]
AIEC13 | UC (colon) Spain + 79 +43 1.400 +0.000 22591 +181.6 025:H4 B2 + - papC, papGlll, iucD, hiyA, cnfl, ibeA, fimH [13]
AIEC19 | non-1BD (colon) Spain + 24 +0.7 0.111 +0.016 1568.1 +1726 ONT:H- A + - iucD, fimH, fimAvurrs [13]
AIECO7 | non-IBD (ileum) Spain + 20.0 +13.4 0.565 +0.392 1692.6 +296.8 022:H7 B1 + - papC, iucD, fimH [13]
AIECO4 | non-1BD (ileum) Spain + 216 +89 0.320 +0.016 584.69 +4185 06:HNT B2 + - papC, sfa/focDE, iucD, hiyA, cnf1, fimH, fimAvwrzs [13]
AIEC10 | non-IBD (ileum) Spain + 59 =10 0.226 +0.192 1413.7 +51.37 0159:H34 A - - fimH [13]
AIECO6 | non-IBD (colon) Spain + 102 +3.4 0.177 +0.019 1717.7 +307.9 06:H5 B2 + - papC, papGlll, sfa/focDE, hlyA, cnfl, fimH [13]
AIECO8 | non-1BD (colon) Spain + 11 +02 0.172 +0.066 104.75 +49.71 025:H4 B2 + - papC, papGlll, iucD, ibeA, fimH [13]
LF82 | 1-CD (ileum) France + 25.7 +15.7 2261 +1.349 776.88 +304.8 083:H1 B2 + - ibeA, fimH, fimAvurzs [12]
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Statistical analyses

The Fisher’s exact test (small contingency tables) or Pearson’s X test
(frequencies higher than five within cells) was used to measure the significance of

frequency values using SPSS 15.0 software.

Correspondence analysis was used to determine if a particular distribution of
virulence-associated genes correlated with the serogroup, phylogroup, AIEC
phenotype, EXPEC-like genotype (more than two virulence genes in addition to
fimH), origin of the strains (extraintestinal/intestinal), and/or disease caused
(intra-abdominal pus, wound infection, sepsis, meningitis, urinary tract infections
(UTIs), and IBD). The input variables were the presence/absence of virulence
genes: papC, sfa/focDE, afa/draBC, hlyA, cnfl, iucD, neuC, ibeA, fimH, and
fimAvmrss) and all 86 E. coli strains were included in the analysis.
Correspondence analysis was performed with the CANOCO programme (version
4.5 for Windows) using biplot scaling [29]. To corroborate the significance of the
dispersion of the samples in the plot according to their serogroup, phylogroup,
AIEC phenotype, EXPEC-like genotype and origin of the strains, an ANOVA test
was applied using Tukey’s Post-Hoc test for multi-comparisons of those variables
comprising more than two subgroups of samples. For quantitative variables, such
as adhesion (I_ADH), invasion (I INV), and intra-macrophage replication

(I REPL) indices, the Pearson correlation coefficient was used.

Results

Presence of AIEC-like strains amongst EXPEC strains

The genetic and phenotypic characteristics of the 63 ExPEC and 23 intestinal
AIEC strains used in this study are listed in Table 20 Strains belonging to
serogroups O1 (n=3), 02 (n=2), 06 (n=21), O7 (n=1), O16 (n=1), O18 (n=5),
025 (n=16), 045 (n=3), O51 (n=1), O75 (n=2), O83 (n=6), O101 (n=1), and
ONT (n=1), which were obtained from extraintestinal infections, were selected to
be compared with a collection of intestinal AIEC strains belonging to serogroups
Ol (n=1), O5 (n=1), 06 (n=5), O8 (n=1), O11 (n=1), 022 (n=5), 025 (n=2), 026
(n=1), 083 (n=1), 0159 (n=1), and ONT (n=4).

After determining the capacity of EXPEC strains to adhere to and invade intestinal
epithelial cells and their ability to survive and replicate within macrophages, we
classified four strains (6.35%) as AIEC strains (Table 21). These strains are

referred to as “extraintestinal AIEC” in this study. Two of these strains were
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isolated from patients suffering from sepsis, and the other two stains were
isolated from UTIs. The extraintestinal AIEC strains belonged to the O6:H1 (two
strains), O25:H4, and O83:H1 serotypes. These serotypes comprised 21.7%,
8.7%, and 4.3% of intestinal AIEC strains, respectively.

Thus, the majority of the EXxPEC strains that were tested did not exhibit the
phenotypic features that characterise the AIEC pathovar.

Table 21. Frequency of EXPEC strains with AIEC phenotype.

Total AIEC frequency
Extraintestinal infection N N (%)
Intra-abdominal pus 1 0 0
Meningitis 12 0 0
Sepsis 21 2 9.5
Urinary tract infections 28 2 7.1
Wound infection 1 0 0
63 4 6.35

Distribution of virulence genes in AIEC and ExXPEC strains

The distribution of virulence-associated genes in EXPEC strains was similar to
that obtained for AIEC strains isolated from human intestinal mucosa with the
exception of the sfa/focDE operons, which were more prevalent amongst ExXPEC
strains (P = 0.013) (Table 22). The distribution of phylogroups was also similar,
with B2 being the most abundant phylogroup (85.7% and 69.6% of ExPEC and
AIEC strains, respectively). Regarding the AIEC strains, all of the strains studied
in the present report harboured the fimH gene. The papC and iucD genes were
also prevalent, being present in more than 50% of the AIEC strains. The papGlI
and papGlll alleles were the most frequent alleles found amongst EXPEC and
AIEC strains.

Correspondence analysis for the presence of virulence genes in the strains
corroborated these observations (Figure 28). Neither the intestinal/extraintestinal
origin nor the AIEC phenotype was able to explain the segregation of the strains,
thus indicating that AIEC and EXPEC pathovars had similar genotypes (Figure
28A). Moreover, no correlation with adhesion, invasion, or intra-macrophage
replication indices was detected. Similarly, no segregation was observed between
strains that caused different diseases or between strains with distinct phylogenetic
origins. A more representative collection of strains from all phylogroups and
from all types of extraintestinal infections would be necessary to corroborate this
observation. The virulence gene profiles of the strains were primarily associated
with the serogroup, as shown in Figure 28B. The majority of O6 strains appeared

segregated from the O83 and O25 serogroups by Axis 1 (P < 0.001), whereas
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Axis 2 separated the O83 strains from the majority of O6 and O25 strains (P <
0.001). These results indicate that O6 and O83 strains clearly clustered separately
in the CA analysis by their virulence gene profile, whereas O25 strains showed a
higher variability of virulence gene sets. Two main clusters of O25 strains
appeared in the CA plot. The one situated in the upper-right side of the plot
grouped afa/draBC positive O25 strains, whereas the O25 strains clustering
closer to O6 and O83 strains were afa/draBC negative. In particular, those
virulence genes that had a better correlation with the O6 serogroup were hlyA
with a prevalence of 80.8% within the serogroup, cnfl and sfa/focDE, each with a
prevalence of 76.9%, and papC, with a prevalence of 65.4%. Amongst the O83
strains, 100% were positive for ibeA and 71.4% were positive for fimAvyrzs.
Finally, iucD and ibeA were present in 83.3% and 50% of the O25 strains,
respectively. Moreover, six out of the nine (66.7%) strains that were positive for
afa/draBC belonged to the 025 serogroup (P = 0.003).

Table 22. Frequency of virulence-associated genes by phenotype (AIEC, non-AIEC) and
origin (extraintestinal, intestinal).

Virulence

non-AlEC

AIEC

Extraintestinal

Intestinal

gene (n=59) (n=27) P (n=63) (n=23) P
papC 25(42.4) 14(51.9) NS 27 (42.9) 12 (52.2) NS
papGl 1 (4.0)t 0 NS 1(3.7) 0 NS
papGll 6 (24) 3(21.4) NS 7 (25.9) 2 (16.7) NS
papGlil 11 (44) 4 (28.6) NS 11 (40.7) 4 (33.3) NS
papGl-ii 2 (8.0) 0 NS 2(7.4) 0 NS
papGlH-il 2 (8.0) 0 NS 2(7.4) 0 NS
sfa/focDE 27 (45.8)  6(22.2) 0.031 29 (46.0) 4(17.4) 0.013
afa/draBC 5 (8.5) 4(14.8) NS 6(9.5) 3(13.0) NS
fimH 54 (91.5) 27 (100.0) NS 58 (92.1) 23 (100.0) NS
fimAvmrrs 16 (27.1)  6(22.2) NS 17 (27.0) 5(21.7) NS
neuC 15(25.4)  3(11.1) NS 15 (23.8) 3(13.0) NS
iuch 39(66.1) 15(55.6) NS 42 (66.7) 12 (52.2) NS
ibeA 19(32.2) 5(18.5) NS 20 (31.7) 4(17.4) NS
hiyA 25(42.4)  8(29.6) NS 27 (42.9) 6 (26.1) NS
enfl 21(35.6) 8(29.6) NS 23 (36.5) 6 (26.1) NS

'AIEC' includes intestinal and extraintestinal AIEC; 'non-AIEC' includes only EXPEC strains;
'Extraintestinal' includes AIEC and non-AIEC EXPEC strains; 'Intestinal' includes only intestinal AIEC
strains.

tFor papG alleles, percentages are calculated with respect to papC positive strains.

Percentages are indicated in parentheses.

Although they showed distinct phenotypes (in terms of adhesion, invasion, and
intracellular replication abilities), the AIEC and EXPEC strains shared similar

serotypes, phylogenetic origins, and virulence-associated gene distributions.
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Figure 28. Correspondence analysis of the distribution of 10 virulence-associated genes
(papC, sfa/focDE, afa/draBC, fimH, fimAvmrzs, neuC, iucD, ibeA, cnfl, and hlyA) in 63 ExPEC
strains and 23 intestinal AIEC strains.
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Eigenvalues (Eig.) and percentages of variance are provided for each axis. A: Extraintestinal/intestinal origin of the
strains and AIEC phenotype are specified in this plot. B: Serogroup was the sole factor that explained the
segregation of the strains (only the most frequent serogroups in our collection [06, 025 and 083] are specified). Axis
1 explains the segregation of 06 strains from the strains belonging to the 083 and 025 serogroups (P<0.001),
whereas axis 2 segregated 083 strains from the 06 and 025 serogroups (P<0.001).
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Clonality and phylogenetic relationships amongst 06:H1, 025:H4, and
083:H1 extraintestinal and intestinal AIEC strains.

Multilocus sequence typing (MLST) is a DNA sequencing-based method that has
become a popular tool for characterising pathogenic microorganisms including E.
coli [28]. Using MLST, the genetic relatedness of isolates can be compared, and
closely related organisms can be grouped together in clonal complexes. We
compared the four extraintestinal AIEC strains with five intestinal AIEC strains
of identical serotypes using MLST in order to check for a possible phylogenetic
relationship amongst them. Interestingly, the strains segregated into three distinct
sequence types (ST) according to their serotype, irrespective of their
intestinal/extraintestinal origin. In particular, the CD-associated strains AIECO1
and AIEC21, the UPEC OL96a strain, and the PP215 sepsis-associated strain all
belonged to the O6:H1 serotype and the B2 phylogroup, and they carried the
same combination of alleles across the seven sequenced loci corresponding to
ST73 of the ST73 Clpx. Additionally, AIEC LF82, isolated from a CD patient,
and the septicemic strain PP16 belonged to phylogroup B2, ST135 (no Clpx
association). Finally, two intestinal O25:H4 AIEC strains isolated from a UC
patient (AIEC13) and a non-IBD control (AIEC08) and the UPEC FV7563 strain
(025:H4 CTMX-15 positive) all belonged to phylogroup B2 and displayed
ST131 (no Clpx association).

As shown in Figure 29, all of the intestinal and extraintestinal AIEC strains
belonging to the O6:H1 (ST73), O83:H1 (ST135), and O25:H4 (ST131)
serotypes (and ST types) harboured the pathogenicity-associated island marker
malX and the uropathogenic-specific protein usp, and they all possessed a group
II polysaccharide capsule (kpsM-11). In contrast, the secreted autotransporter toxin
(sat) gene was detected in the four AIEC strains with O6:H1 serotype (ST73) and
also in one O25:H4 (ST131) extraintestinal AIEC strain. The serum-resistance
associated gene (traT) was identified in three AIEC strains belonging to O6:H1
serotype (ST73) and in two intestinal AIEC strains with O25:H4 serotype
(ST131).

We compared the Xbal PFGE macrorestriction profiles of the intestinal and
extraintestinal AIEC strains sharing the same ST and phylogroup. PFGE is a
highly discriminatory method and is useful for detecting small DNA differences
that rapidly accumulate in the bacterial genome. We used this tool to better
differentiate the compared strains by identifying clusters with different similarity
values. As expected, most strains of the same serotype, phylogenetic group, and
ST grouped together in the dendrogram (Figure 29). Thus, the macrorestriction

analysis demonstrated that the four strains of serotype O6:H1 B2 ST73 clustered
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together with 69.8% similarity. In particular, OL96a, AIEC21, and AIECOI
grouped with 74.6% similarity. The two O83:H1 B2 ST135 strains (intestinal
LF82 and ExPEC PP16) exhibited a similarity value of 77.8%. Finally, the two
intestinal O25:H4 B2 ST131 strains (AIEC08 and AIEC13) grouped together in
the dendrogram (75% similarity), while the UPEC FV7563 isolate (CT-X-M15
afa/draBC) appeared to be very different, exhibiting only 48.1% similarity.

Further PFGE analysis introducing additional intestinal and extraintestinal O83
strains demonstrated that a diversity of pulsotypes existed amongst this
serogroup, which segregated according to their flagellar H type and virulence
genotype. Thus, the six strains of serotype O83:HI1 (including intestinal and
extraintestinal AIEC strains and intestinal and extraintestinal non-AIEC strains)
grouped together with 75.2% similarity (Figure 30). Two clusters with
similarities >85% displayed a close genetic relationship; in particular, the AIEC
strain LF82 clustered together with the sepsis-associated strain H102A with
86.5% similarity, and the ECG043 intestinal strain clustered with the UTI strain
OB79A (88.2% similarity).

Therefore, although the majority of EXxPEC strains did not exhibit an AIEC
phenotype, a minority of strains that did have this phenotype were genetically

related to some intestinal AIEC strains, as revealed by MLST and, for certain
strains, by PFGE.

Discussion

Despite the AIEC pathovar has been repeatedly associated with CD [1, 5, 12-14],
some uncertainty exists regarding: i) the genetic relationship between AIEC
strains and other pathogenic and non-pathogenic E. coli strains; ii) its particular
identity as pathovar, and iii) the putative involvement of AIEC strains in
extraintestinal diseases in addition to their suspected role in inflammatory bowel
disease. For that reason, the aim of this work was to determine the AIEC
phenotype of a collection of EXPEC strains and further search for a common

phylogenetic origin for the intestinal and extraintestinal AIEC strains.
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Figure 29. Consensus UPGMA dendrogram generated from the Dice coefficients of Xbal PFGE profiles of the four extraintestinal AIEC detected in this study (OL96a,
PP215, PP16, and FV7563) and of the five intestinal AIEC strains of similar serotypes. Serotype, phylogroup, ST type and virulence-associated genes are specified.

PFGE-Xbal
Dice (Tol 1.0%-1.0%) (H>0.0% S>0.0%) [0.0%-100.0%]
2 Id Strain  Origin Serotype Phylo ST types Virulence gene profile
e LF 82  Intestinal, CD 0O83:H1 B2 STI135  ibeA fimAvyp, fimH malX usp kpsM-II
PP16  Sepsis 083:H1 B2 STI35 ibeA fimAv,, fimH malX usp kpsM-11
FV7563 UTI 025:H4 B2 STI131 afa/draBC iucD fimH sat malX usp kpsM-II
OL9%6a UTI 06:H1 B2 ST73 papGlI sfa/focDE(focG) iucD hlyA cnfl fimH sat malX usp iroN kpsM-11

AIEC 01 Intestinal, CD  O6:H1 B2 ST73 sfa/focDE(focG) iucD fimH sat traT malX usp iroN kpsM-I1

AIEC 21 Intestinal, CD  O6:H1 B2 ST73 papGll iucD hlyA cnfl fimH sat traT malX usp kpsM-II

PP 215 Sepsis 06:H1 B2 ST73 papGlI sfa/focDE(focG) iucD hlyA cnfl fimH sat traT malX usp iroN kpsM-11
AIEC 08 Intest., non-IBD 0O25:H4 B2 ST131  papGlll ibeA iucD fimH traT malX usp cdtB kpsM-11

AIEC 13 Intestinal, UC ~ 025:H4 B2 ST131  papGlIl ibeA iucD hlyA cnfl fimH cvaC traT malX usp iroN cdtB kpsM-I1

Figure 30. Consensus UPGMA dendrogram generated from the Dice coefficients of Xbal PFGE profiles of six 083 EXPEC strains and three 083 intestinal E. coli strains.

Id Strain ~ Origin AIEC Serotype Phylo Virulence gene profile

ECG043 Intestinal, non-IBD - O83:H1 B2 ibeA fimH fimAvy,, malX usp kpsM-11

OB79A  UTI — O83:H1 B2 ibeAfimH fimAvy,, malX usp kpsM-11

PP16 Sepsis + O83:H1 B2 ibeA fimH fimAv,; malX usp kpsM-II

OB59A  UTI — O083:H1 B2 ibeAfimH malX usp kpsM-I11

HI02A  Sepsis — O83H1 B2 ibeA fimH fimAvymalX usp kpsM-I1

LF82 Intestinal, CD + O83H1 B2 ibeA fimH fimAv,; malX usp kpsM-I1

ECGO009 Intestinal, CD — O83H- B2 sfa/ffocDE neuC iucD ibeA fimH fimAv,, cdtB malX usp iroN kpsM-II
SM57 Meningitis — O83:H7 B2 sfa/ffocDE neuC iucD ibeA fimH fimAv,,, cdtB tsh cvaC traT malX usp ir
H126 Sepsis — O083:H31 B2 iucD ibeA fimH cvaC malX usp iroN kpsM-11

Abbreviations of Figures 29 and 30: CD: Crohn’s disease; UC: ulcerative colitis; non-IBD: controls without inflammatory bowel disease; UTI: urinary tract infection. The ECG-043 and ECG-009 strains were used
only in this section; their characteristics are described elsewhere [13].
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Given the genetic similarity between the AIEC and ExPEC strains with regard to
their virulence gene profiles and phylogenetic origins (mainly B2 and D
phylogroups [30, 31]), we suspected that a high proportion of EXPEC strains
could also be classified as AIEC strains, but only 4 out of 63 (6.35%) ExPEC
strains from our collection were found to share the phenotypic characteristics that
describe the AIEC pathovar. These results suggest that the AIEC pathovar
comprise a particular group of E. coli that is closely related to the ExPEC
pathovar but is distinguishable by phenotypic traits [1], which give to the
pathovar a particular identity. Unfortunately, no specific genes involved in the
adhesion, invasion or intra-macrophage replication abilities of AIEC strains have
been discovered to date. Although some genes and regulatory processes have
been implicated in the pathogenesis of the prototypic AIEC strain LF82 [11, 32-
38], most of these genes are present in the non-pathogenic E. coli strain K12, thus
indicating that differences in gene expression or small sequence variations of

these genes might contribute to the AIEC phenotype.

A high diversity of serotypes and virulence gene profiles exists amongst ExPEC
strains, which complicates their classification into pathotypes. Although
correspondence analysis segregated the strains by their serogroup, AIEC and non-
AIEC strains of intestinal and extraintestinal origin were present in all clusters,
thus indicating that a variety of seropathotypes can also be found amongst AIEC
strains. In particular, those virulence genes that best correlated with O6 strains
were papC, sfa/focDE, cnfl, and hlyA, whereas fimAvryzs and ibeA correlated
with O83 strains, and afa/draBC, iucD, and ibeA correlated with O25 strains.
Nevertheless, some genes were constantly found in all O6, 025 and O83 AIEC
strains, both of intestinal and extraintestinal origin (malX, usp, and kpsM-II).
These genes have been already described for AIEC strain LF82 [39].

Several studies providing a complete description of the virulence-associated
genes of a variety of AIEC strains have been published to date, and all coincide
that the AIEC pathovar shows homology to human ExPEC strains [1, 5, 12, 13,
34, 39, 40]. The virulence genes fimH, fimAvyr7s, IpfA, papC, papGll, afaB-afaC,
sfa/focDE, ColV plasmid, iucD, iss, kpsMII, neuC, ibeA, malX, usp, chuA, hlyA,
cnfl, and UPEC PAIs 1Vs36,VIsss, Icrro7s, Hcrrors, characteristic of EXPEC
strains, have been detected at distinct frequencies in AIEC strains. In addition,
virulence genes of other pathogenic Enterobacteriaceae, such as Salmonella
(ratA), Yersinia (pMT1, fyuA, irp1 and 2) and Vibrio (hcp), have been detected in
LF82 and other AIEC strains [1]. The presence and prevalence of papC,
afa/draBC, and fimH within the AIEC collection used in this study agrees with
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previous descriptions of AIEC or intra-mucosal E. coli strains isolated by other
researchers [1, 5, 12]. In contrast, whereas some AIEC strains in this study
carried sfa/focDE, cnfl, and hlyA, these virulence genes have not been detected in
other collections of invasive E. coli strains [5]. In particular, the virulence factors
hlyD/cnfl (PAI Il;96) have been reported to be present in the genome of 40% of E.
coli strains isolated from colorectal cancer, whereas it was absent in 8 strains
isolated from CD patients [40]. In contrast, we detected six cnfl and hlyA positive
AIEC strains, five of which were isolated from colon specimens and one from the
ileum of a healthy individual. The heterogeneity of gene profiles found in
different studies can be explained by the great genetic diversity amongst AIEC
strains, by the fact that patients came from different geographical regions, or
because the E. coli collections used are not representative enough of the real E.
coli diversity present in CD patients. Nevertheless, such genes have been also
detected in non-pathogenic E. coli and are supposed to actually be contributing to

fitness or colonization [41].

A portion of AIEC strains, including the prototype AIEC LF82, showed virulence
genes (fimAvpr7s, NeUuC, ibeA or cdt) that are frequent amongst avian pathogenic
E. coli (APEC) strains belonging to the subcluster B2-1 defined by Moulin-
Schouleur et al [42]. Interestingly, these B2-1 APEC strains were reported to be
genetically and phenotypically close to certain human EXPEC as revealed by
MLST, serotyping and genotyping. The authors suggested that little or no host
specificity exist amongst these groups of human and avian E. coli strains, and
thus APEC might constitute a zoonotic risk. Because previous reports have
already addressed the similarity between both pathovars [1, 34, 40], in
conjunction with the fact that AIEC-like strains have been detected in
granulomatous Boxer dogs and cow mastitis, determining the distribution of
AIEC strains in different healthy and diseased animals is a research area that
could contribute in the understanding of AIEC epidemiology, host-specificity and

possible routes of transmission.

Noticeably, some strains belonging to the same phylogenetic group, having
identical serotypes and virulence gene profiles — for example, the five O83:H1 B2
ST135 strains harbouring fimH, fimAvyrzs, ibeA, malX, usp, and kpsM-I1 genes —
and having a close genetic relationship as determined PFGE (Figure 30)
displayed different adhesion, invasion, and intra-macrophage replication abilities
and thus different AIEC phenotypes. Similarly, in a previous study we observed
that isolates from a given subject had identical PFGE profiles but differed from
their AIEC phenotype [13]. This observation led us to postulate that the AIEC

phenotype is achieved by differences in gene expression, the existence of single
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nucleotide polymorphisms or the loss or gain of DNA by horizontal gene transfer.
We agree with the hypothesis that AIEC strains are members of the EXxPEC
pathovar, which usually reside the intestine [43], but that have evolved taken
advantage of the particular “IBD microenvironment” [44]. However, we would
remark that the genetic determinants implicated in the AIEC phenotype are at
least not detectable by PFGE, MLST or virulence genotyping of known virulence
factors. Baumgart et al. [1] and Bronowski et al. [40] have performed genome
subtraction in order to search for unknown AIEC specific genes. However, these
studies were designed to compare strains that are in fact very different from each
other (they used as “driver” non-pathogenic E. coli and UPEC strains), thus
obtaining a large number of subtracted genes in addition to those related with the
AIEC phenotype. Given the high genetic variability among E. coli, a more
targeted discrimination, searching for differences between genetically close
strains that only differ on their AIEC phenotype, would probably reduce the
number of differences and only those genes most involved in producing the AIEC

phenotype would appear in the subtraction library.

It should be emphasised that the four extraintestinal AIEC strains detected in our
collection, which belonged to the O6:H1, O25:H4, and O83:HI1 serotypes, were
found to belong to the same clonal groups as some intestinal AIEC strains with
the same serotypes, as revealed by MLST. These results suggest that some
intestinal AIEC could cause extraintestinal infections or vice versa. Interestingly,
one of the most representative clones from our AIEC collection, O6:H1-ST73, is
a frequent cause of urinary tract infections and septicaemia. The possible
implication of intestinal pathogenic E. coli in extraintestinal infections has been
suggested [45]. A recent study reports that 6.9% of the strains from a collection
of 225 ExPEC strains exhibited a diffuse-adhering phenotype, which is
characteristic of the intestinal pathogenic pathovar DAEC (diffuse-adhering E.
coli) [46]. Moreover, the authors also detected several virulence genes,
principally from EAEC (Enteroaggregative E. coli), in some EXPEC strains, thus
indicating that certain EXPEC strains may carry virulence properties of
diarrhoeagenic E. coli (DEC). All of these observations suggest that certain AIEC

strains might be involved in extraintestinal infections.

ExPEC strains may cause a wide range of extraintestinal infections, especially in
immunocompromised patients and in persons exposed to high infective doses or
persons who have co-infections [31]. Whether ExPEC strains should be
considered true pathogens or merely opportunistic commensal bacteria remains
controversial [31, 47, 48]. The same question is also posed for AIEC strains. The

presence of AIEC strains in control subjects suggests that additional host and/or
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environmental factors are needed for these bacteria to cause an infection even
though these strains should have the virulence features needed to cause disease.
Amongst the host factors, Crohn’s disease-specific genetic susceptibility loci,
such as NOD2/CARD15 (implicated in peptidoglycan recognition, tolerance to
bacteria, and bacterial clearance) and the autophagy-related genes ATG16L1 and
IRGM, could be involved in the management of AIEC infections [16].

We identified two intestinal AIEC strains and one extraintestinal AIEC strain, all
of which were of the O25:H4 serotype, which belonged to the emerging and
virulent clonal group ST131 [23, 45, 49-51]. Currently, this clonal pathotype is
the most prevalent amongst human EXPEC strains. Nicolas-Chanoine et al. [23]
recently reported the intercontinental emergence of an ExPEC 025:H4-ST131
clone that produces the extended-spectrum p-lactamase CTX-M-15. In the
present study, we found that only one (FV7563) of the seven assayed ExPEC
025:H4-ST131 strains producing CTX-M-15 had an AIEC phenotype. This
extraintestinal AIEC strain showed a different virulence profile and a very
different macrorestriction profile compared to the two intestinal AIEC strains
(AIECO08 and AIEC13) of the same clonal group. This is the first time that strains
belonging to clone ST131 have been shown to harbour the papC, papGlll, ibeA,
cnfl, and hlyA genes [23, 49, 51].

To conclude, the present study demonstrated that the EXPEC and AIEC pathovars
share similar virulence gene sets and that certain strains are phylogenetically
related. However, the majority of EXPEC strains did not behave like AIEC
strains, thus confirming that the AIEC pathovar is related to the EXPEC pathovar
but possesses virulence-specific features. These observations suggest that the
AIEC phenotype might be encoded by unknown virulence factors or might be the
result of differential expression of key genes. Further investigation of the genes
implicated in the AIEC phenotype is necessary.
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General discussion

Almost eighty years after Dr. Burrill B. Crohn described Crohn’s disease using
the term ‘Regional Ileitis’, its etiology remains uncertain despite the considerable
effort has been made since then. Several genetic factors that confer a higher risk
to acquire the disease have been described. However, the odds ratios of the
susceptibility loci are usually very low, indicating that a low frequency of patients
explains these correlations. Many evidences indicate that several environmental
factors can also contribute to the disease. However, the complexity of the enteric
bacterial community along with the huge variety in the diets and hygiene
practices of CD patients, as well as other environmental aspects, make it an
extremely complicated task to find a specific pathogen that causes CD. Moreover,
not only must the genetic and environmental factors be taken into account, but
also the interactions between them. The understanding of host-microbe
interactions acquires major relevance in an environment such as the intestine,
where large amounts of bacteria are in juxtaposition with cells from the host’s

epithelium and immune system.

The principal aim of this work was to describe which bacterial populations were
present in the intestinal mucosa of CD patients so that, by comparing them with
those of control subjects, we could identify putative etiologic agents. Some
research has already been done in this direction, but many studies used culture-
based techniques [257], fecal samples [100, 255] or paraffin-embedded tissue
[187, 216]. Culture is clearly limiting due to the complex nature of the bacterial
flora, as well as the fastidious nutritional requirements and strict incubation
conditions of a number of species. For this reason, we used a PCR-DGGE-
sequencing approach with primers covering the entire Eubacteria domain. DGGE
is, perhaps, one of the most commonly-used techniques among the culture-
independent fingerprinting techniques. It is usually the preferred technique for
assessing the structure and dynamics of microbial communities because it allows
the processing of a large number of samples in comparison with other molecular
techniques such as cloning, which is more precise but also more expensive and
time consuming. The microbial composition of feces is known to differ from
tissue samples as demonstrated in healthy subjects [90], which indicates that for
certain studies, samples of feces are a poor substitute for biopsies. As our aim
was to identify putative etiologic agents, we considered it essential to scrutinize
the mucosa-associated microbiota because of their proximity to the host cells and
immune system. Furthermore, we used fresh biopsies rather than formalin-fixed
or paraffin-embedded tissue (from which it is difficult to efficiently obtain pure
DNA extracts), thereby reducing the possibility of overlooking minority
populations [292].
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1 Alterations in the microbial composition of Crohn’s disease

patients

Microbial fingerprints associated with the intestinal mucosa of CD patients
appeared altered with respect to those from non-IBD controls. Moreover, CD
patients showed higher patient-to-patient variability of bacterial composition in
comparison with control subjects. In turn, the non-IBD controls shared several
common bands which, in general, the highest similitude was for
Faecalibacterium prausnitzii and this constituted a “healthy pattern”. Several
different clones of F. prausnitzii were detected in the intestinal mucosa of this
group of subjects. Among CD patients, there was a higher prevalence of
Enterobacteriaceae, in particular Escherichia coli, Clostridium spp. (Cluster
XIVa) and Ruminococcus torques, as well as the presence of uncommon
opportunistic pathogens unevenly distributed among patients. As a result of these
observations, several lines of investigation were then opened in our laboratory,
with the main focus on F. prausnitzii and E. coli. Those concerning the study of

E. coli populations are presented in this work and will be discussed later on.

Several independent studies using distinct technical approaches and sample types
have demonstrated that the microbial community of CD patients 1is
distinguishable from control subjects, and our approach confirms these
observations. Studies using culture-independent methods that have already
reported such imbalances include Kleessen et al. in 2002 [194] using FISH
(fluorescent in situ hybridisation), followed by Seksik et al. [100] using TTGE
(temporal temperature gradient gel electrophoresis), Mangin et al. [255]
(cloning), both using fecal samples, then Ott et al. [209] using SSCP (single
strand conformation polymorphism) and Prindville et al. [214] (cloning).
Together with and further to the publication of our study [205], many other
authors have confirmed the existence of dysbiosis in CD [180, 203, 204, 207,
210-213, 215, 217, 218, 220]. Nevertheless, we still need to pay particular
attention to those bacterial species that have been associated with CD patients, in

order to elucidate which candidates are of greater relevance to this disease.
1.1 Principal populations responsible for dysbiosis in Crohn’s disease
The results obtained by different laboratories concerning the main bacterial
populations involved in dysbiosis are discussed in this section. Although the

majority of studies report similar results, there are some discrepancies regarding

the specific microbiota associated with CD.
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1.1.1 Escherichia coli

Many works report higher prevalence (qualitative studies) or higher abundance
(quantitative studies) of aerobes and facultative anaerobes mostly belonging to y-
Proteobacteria, principally Escherichia coli, as a feature of a great portion of CD
patients. Our results are in agreement with these studies [204, 207, 211, 212, 214,
215, 218-220]. This widely accepted tendency fits well with the discovery of the
AIEC pathovar which has been associated with Crohn’s disease [288], thus
suggesting that certain strains of E. coli might be relevant in CD
pathogenesis. For that reason, we have focused further studies on revising the
ecological aspects of E. coli populations in CD patients (abundance, richness and

diversity) as well as on their pathogenic behaviour.
1.1.2 Faecalibacterium prausnitzii

F. prausnitzii belongs to the Clostridium leptum subgroup (Cluster IV) of the
phylum Firmicutes and is one of the most common bacterium in the human gut
[293, 294]. Our results coincide with previous observations [210, 214, 216] and
have been confirmed by studies elsewhere [204, 207, 211, 215, 218]. Depending
on the methodology used, these works have demonstrated imbalances at distinct
taxonomic levels, from phylum to species. Nevertheless, the F. prausnitzii
species has begun to attract much more attention and is the focus of interest of
very recent reports [219, 295]. Although this bacterium is present in all subjects,
it is not as abundant in CD patients as it is in control patients, particularly for
Crohn’s ileitis (I-CD) [219]. However, the reduction in F. prausnitzii abundance
is not CD-specific. Recently, it has been reported that patients suffering from
infectious colitis [295] and celiac disease [215] also have reduced levels of this
bacterium. In addition, some discrepancies have been found in UC patients.
Swidsinski et al. [215] found significant differences between these two types of
IBD, whereas Sokol et al. [295] did not. Probably, such apparently incongruent
results are due to distinct methodological approaches and, more specifically, to
the different types of samples used (feces and tissue respectively). Interestingly,
among CD patients, the levels of F. prausnitzii recover slightly during remission
[215, 295] and a reduction is associated with a higher risk of postoperative
recurrence of ileal CD [296].

Finding the exact cause of the decrease in F. prausnitzii and the implications of
such an imbalance for CD or other intestinal diseases will require further
investigation. However, high-dose cortisol therapy or Infliximab restored the

counts of F. prausnitzii in CD patients, thus suggesting that this bacterium is
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somehow suppressed by the host immune system [215]. Swidsinski and co-
workers also pointed out the possibility that this bacterium could be inhibited or

displaced by another bacterium such as an opportunistic pathogen.

F. prausnitzii is a gram-negative, non-spore-forming and strictly anaerobic
bacterium [297]. Along with other members of Clostridiaceae (including
Eubacterium rectale and Roseburia), F. prausnitzii forms short-chain fatty acids
(SCFAs) during fermentation and these have an important effect on colonic
health ([298] and references therein). Of note is butyrate, which serves as an
energy source for colonocytes, exerting direct effects upon gene expression in
mammalian cells, epithelial barrier integrity and immune regulation; furthermore,
it also prevents cancer and ulcerative colitis [298-300]. That is to say, butyrate
plays important roles in the metabolism and normal development of colonocytes

at several levels, thus contributing to colonic health.

Irrespective of the factors causing the reduction of F. prausnitzii in CD patients,
the implication of this loss to normal intestinal functioning is very important and
may be contributing to the pathogenesis of CD. Sokol et al. [296] have
recently reported anti-inflammatory properties of this bacterium using both in
vitro and in vivo models. This bacterium seems to be crucial for gut homeostasis
and, for that reason, a study of their applicability as a probiotic would be of
interest. However, such an objective might be very difficult to achieve since it is
highly oxygen sensitive, surviving for less than 2 minutes when exposed to air
[297]. It would be easier to design prebiotics that would enhance the development
of F. prausnitzii in the intestine. In fact, the fructan, inulin, has recently been
reported to have some stimulatory effect on F. prausnitzii [301]; however, this
needs further confirmation because contradictory results exist between distinct
laboratories [302].

1.1.3 Clostridium coccoides (Cluster XIVa)

There are some discrepancies between our study and other reports with respect to
Clostridium coccoides (subcluster XIVa). We reported a higher prevalence of this
taxon in CD patients, which is in agreement with a subsequent study in which C.
coccoides subgroup was found to be more abundant than C. leptum group in CD
mucosa [204]. Interestingly, a similar imbalance has been reported for patients
suffering from colorectal cancer, which showed higher bacterial diversity index
scores for the C. coccoides subgroup in comparison with controls [303].
Conversely, however, quite a lot of studies have associated this taxon with

control subjects [211, 216-218]. Such inconsistencies could be due to: 1)
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significant differences in the mean age of patients and controls among studies,
since differences in abundance and species diversity have been found in the C.
coccoides subgroup between adult and elderly subjects [304]; ii) the use of
universal or specific primers in molecular-based studies, which can lead to
distinct results for a certain sample [304]; iii) the problematic taxonomy of genus
Clostridium: a marked phylogenetic incoherence for the genus Clostridium was
reported by Collins et al. [305]; iv) the fact that comparisons between CD
patients and controls (prevalence, frequency, and/or abundance) are given at a

very high taxonomic level.

Due to the complexity of the family Clostridiaceae, which contains species that
are, not only genetically but also phenotypically, quite distant from each other,
any differences found between CD patients and healthy control subjects should be
checked at lower levels, with a more precise description given of those species
present in both groups of subjects. For example, Clostridiaceae contains species
which are both gram-positive and gram-negative, sporulating and non-
sporulating, mesophiles and thermophiles, and there is a wide range of distinct
metabolisms [305]. Moreover, commensal Clostridiaceae species include
butyrate-producing bacteria which are beneficial to the host and pathogenic
bacteria such as Clostridium colinum, which is known to cause ulcerative colitis
in chickens. In particular, it has been suggested that C. coccoides (subcluster
XIVa) is a suprageneric cluster [305].

In our study, the species grouped within the C. coccoides subgroup were C.
clostridiiforme (1 OTU), C. bolteae (2 OTUs), C. hathewayi (1 OTU) — these first
three all belonging to the “C. clostridiiforme group” [306] —, C. hylemonae (2
OTUs), C. nexile (1 OTU), and C. polysaccharolyticum (1 OTU). In addition, we
found 4 OTUs of C. spiroforme and 1 OTU of C. cocleatum, both belonging to
Cluster XVIII [305]. Interestingly, the “C. clostridiiforme group” has been
identified in several reported cases of bacteremia, rectorectal abscesses and
intraperitoneal sepsis ([306] and references therein). These observations lead to
think that some species of Clostridium could probably be implicated in certain
CD complications such as rectorectal abscesses. A very recent study, in which a
prospective analysis of C. difficile carriage in IBD patients was conducted,
reports that this bacterium was more prevalent among IBD patients under clinical
remission than non-IBD controls [307]. The authors attributed this higher
frequency to the underlying disturbances in innate immunity, to enteric bacterial
dysbiosis or to chronic mucosal inflammation and their study supports our results

indicating that some species of Clostridium may be associated with Crohn’s
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disease, despite the fact that — unlike C. coccoides — C. difficile belongs to cluster
X1 [305].

Considering all the above, the conclusion could be drawn that certain members
of Clostridium may act as opportunistic pathogens and may be involved in
certain phenotypes of Crohn’s disease. Thus, a detailed study of Clostridium
diversity at the level of different strains and their pathogenic behaviour in CD

might be a central subject to be addressed in further studies.
1.1.4 Bacteroidetes

A similar, and in some cases, more pronounced disagreement exists regarding the
role of Bacteroidetes. Whereas some researchers have found this phylum more
prevalent and/or abundant among CD patients compared to non-IBD controls
[203, 204, 211, 212], others found no such imbalances or even observed
increased abundance in control subjects [209, 213, 217, 218]. In our study, the
prevalence of sequences corresponding to Bacteroidetes was similar among CD
patients and controls. At the species level, we detected two strains of B. vulgatus
in both CD and non-IBD patients, a unique band identified as B. thetaiotaomicron
in a control subject and one corresponding to B. caccae in two CD patients. With
regard to B. vulgatus, conflicting results have been published elsewhere. While
Conte et al. [220] observed lower occurrence of this species in CD and UC
patients, Dicksved et al. [180] reported a higher abundance in CD patients. The
latter also found differences for other species, such as B. ovatus and B. uniformis,
which were associated to CD patients and control subjects respectively. Similar
contradictory results have been reported for B. fragilis [210, 212-214, 216, 217].
In addition, the Bacteroides species in the human gut have been reported to be
spatially distributed along an axis from the surface of colonocytes to the luminal
contents [308]. Thus, the Bacteroides composition can vary depending on the
zone sampled, what can be a contributing factor for discrepancies obtained

amongst different laboratories.

The work of Dicksved et al. [180] is useful because they performed a clone
library specific for Bacteroides spp. in a study based on twin pairs (concordant
and discordant) that suffered from different disease localisations. Interestingly,
they observed differences in the composition of Bacteroides between CD patients
with ileal involvement and those with CD of the colon. The libraries were very
different from one subset of patients to another, indicating large interpatient
variability. However, it has been shown that a large inter-individual variation
exists for Bacteroides even in healthy subjects [92].
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The phylum Bacteroidetes is the second most abundant in the human
gastrointestinal tract [86]. Bacteroides species, which are saccharolytic gram-
negative obligate anaerobes, are commonly considered to play a commensal role.
However, some virulent species like B. fragilis are frequently isolated from
clinical specimens, particularly from abdominal cavity infections. Certain strains
carry a variety of mobile genetic elements that might encode virulence factors, or
regulate their expression, such as the biosynthesis of capsular polysaccharides
and hemolysin proteins [309]. Capsular polysaccharides are known to be involved
in the formation of abscesses by B. fragilis and might confer an advantageous

system for evasion of host immune responses.

Given the above mentioned controversy, further studies are needed to elucidate
whether or not Bacteroides species are implicated in CD, at least in certain
phenotypes of CD. These studies should consider: 1) separating patients according
to disease localisation; i1) working at the species level; iii) studying those species
close to the mucosal surface; iv) searching for possible pathogenic features of the
strains present in CD mucosa and v) investigating the expression of these

pathogenic features by in vitro and/or in vivo models.
1.1.5 Ruminococcus torques

The association of Ruminococcus torques with CD patients found in this work
cannot be contrasted at present, because of the lack of studies reporting their
abundance or prevalence in CD patients. This might be because no significant
differences between patients and controls were found or, more probably, despite
being a member of the intestinal microbiota [92], it may have passed undetected
in previous studies due to the methodological approaches used. However,
Prindville et al. [214] observed an increased population of R. gnavus in the small
bowel of CD patients in comparison with controls, which would support our data.
Nevertheless, some attention should perhaps be paid to this bacterium due to its
mucin-degrading metabolism, as well as to other microorganisms with similar

metabolic activities.

Certain R. torques strains have been found to be numerically dominant
populations capable of degrading mucin oligosaccharides in the human colon due
to their constitutive production of glycosidases [310]. Bifidobacterium species
and Clostridium perfringens are also mucin-degrading bacteria found in the gut
[310, 311], and certain strains of B. fragilis produce a wide range of hydrolytic
enzymes that could also be involved in mucin degradation [312]. The mucus layer

of the gastrointestinal mucosa has important physiological roles such as, for
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example, enabling the stabilisation of some commensal bacteria and protecting
from the association of pathogens. On the other hand, mucin degradation could
serve as nutritional support for enteric bacteria, especially when other nutrients
are absent, and could alter the glycolipids and glycoproteins of colonocyte

membranes leading to alterations to the attachment sites for toxins and bacteria.

Therefore, an alteration in the mucus layer might have important consequences
for the maintenance of a homeostatic situation. These alterations can be either
quantitative (reduction of thickness) or qualitative (changes in mucin
glycosylation). Although mucin-degrading bacteria are present at low levels in
healthy humans (representing about 1% of total cultivable fecal bacteria), an
alteration of the microbial composition characterised by the enrichment in
mucolytic bacteria may occur under certain conditions. In a study that compared
the ileal microbiota of piglets fed by total parenteral nutrition with that of others
fed with total enteral nutrition, it was observed that the former had an increase in
mucolytic bacteria driven by the lower nutrient availability [313]. A reduction of
the mucus layer in IBD has been reported and is especially evident in UC patients
[215]. In addition, increased levels of fecal mucinase and sulphatase activity,
apparently of bacterial origin, were detected in UC fecal extracts [314, 315]. A
genetic component in the host was also suspected of being involved in the
production of certain mucins in UC patients [137]. In contrast, bacterial
glycosidase activities, especially B-galactosidase (B-gal), were reduced in feces
from patients with active CD [221, 316]. A possible role of the mucus layer in
IBD pathogenesis seems to be more probable for UC patients than CD patients.

The modification of glycans might also have significant consequences to the host-
bacteria relationship because novel adhesion sites for toxins and bacteria can
appear [310]. It has been suggested that changes in mucin glycosylation, due to
host-genetic alterations, may contribute to an increased association of bacteria
within the mucus [317]. Conte et al. [220] supported this idea and added that
changes in glycoprotein components of the intestinal mucosa could determine
loss or unmasking of certain receptors leading to a different selection of
microorganisms, for example decreasing B. vulgatus and favouring E. coli. An
alteration in microbial composition, such as occurs in CD, could also explain this
situation if certain microorganisms were responsible for the changes in enterocyte

glycosylation.

In conclusion, further studies are needed to better address this question, focusing
on mucosa-associated bacteria and aiming at: 1) the quantification of total

mucolytic bacteria in IBD patients and control subjects and ii) the identification
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of putative specific changes caused to the glycans of enterocyte membranes and
finding out which bacterial species are involved in such changes and what the

consequences are to the host.

1.2 Crohn’s colitis is microbiologically closer to ulcerative colitis than

Crohn’s ileitis

Crohn’s disease can involve any part of the gastrointestinal tract, but the terminal
ileum is most frequently involved — two thirds of CD patients — and a third of
patients have isolated ileal disease [5]. Recent studies have provided several lines
of evidence suggesting that Crohn’s ileitis is microbiologically distinct from

Crohn’s colitis. This evidence includes:

1) Dramatic changes in the global gut microbiota were particularly evident for
individuals with ileal CD as revealed by T-RFLP [180]. However, we should
consider that, to some extent, the misclassification of Crohn’s colitis and UC
patients could lead to a homogenisation of their microbial composition, thus
minimising the differences between both phenotypes. Occasionally, these
IBDs are incorrectly diagnosed because of their similar clinical
manifestations, so that doctors need to change the diagnosis of their patients

as the disease develops.

ii) Increased abundance of E. coli has been repeatedly reported for I-CD patients,
as evidenced by quantitative PCR [207, 219, 318]. In addition, we observed
that this increment was irrespective of the sampled zone along the bowel, thus
indicating that these differences were not from site-specific samples but from
CD phenotype-specific samples, as others have subsequently corroborated
[219].

iii) Decreased levels of F. prausnitzii were particularly significant in I-CD
patients [219]. But the results were not conclusive in IC-CD patients, since
two out of three patients turned out to be more similar to C-CD and one out

three closer to I-CD patients.

iv) The observation that the AIEC pathovar was especially associated with I-CD
[207, 288]. We later observed that the prevalence of AIEC was similar among
I-CD, C-CD or IC-CD patients; however, the pathovar was more abundant

and more diversified in CD patients with ileal localisation [318].

v) Reduced expression of a-defensins and reduced antimicrobial activity in I-CD
but not in C-CD, UC or pouchitis [144]. The reduction in a-defensin might
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have an influence on the entire bacterial community, by enhancing the
multiplication of bacteria, especially those species which are the target of this
antimicrobial peptide, thus favouring dysbiosis. A study of the effects of a-
defensins on E. coli and F. prausnitzii populations would help to elucidate
whether the alteration in a-defensin production is the primary cause of
dysbiosis in [-CD.

In addition to the specific microbial imbalances, Crohn’s ileitis is achieving a
distinct identity with respect to other IBD types due to the positive correlation

with several genetic risk factors ([319] and references therein):
1) CARD15-NOD2 frameshift mutation is particularly associated with ileal-CD.

1) There is a reduction of ileal a-defensin production in CD patients, which is in
turn associated to CARD15-NOD?2 deficiencies.

1i1) CEACAMG6, which is the receptor for type 1 pili-mediated adhesion of AIEC,

is overexpressed in the ileum of ileal-CD patients.

iv) The 300 A/A genotype of the autophagy-related gene ATG16L1 conferred
higher susceptibility to ileal disease than to CD of the colon.

Conversely, no specific bacterial species have been consistently described for
Crohn’s colitis, despite this group of patients showing an altered intestinal
microbial community. Nevertheless, a lower HBD2 gene copy number in the -
defensin locus has been described as predisposing the subject to colonic CD,
probably through diminished B-defensin expression, whereas it is strongly

expressed in UC patients [151].

In light of these observations, future research should differentiate each phenotype
of IBD to better describe the microbiological, environmental and genetic aspects
associated with them. Although most recent studies detail the type of CD
localisation, the results for CD are frequently analysed globally, which could lead
to a blurring of the putative differences. Alterations of the microbial community
structure in the gut have recently been described for other diseases, such as
colorectal cancer and polyposis [303, 320, 321], obesity [322], irritable bowel
syndrome [323, 324], celiac disease [325-328] and diabetes [329]. Given the
sensitivity of the intestinal microbiota, non-IBD controls must also be well
chosen, avoiding the inclusion of patients with these alterations in comparative
studies.
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1.3 Relevance and applicability of dysbiosis in Crohn’s disease

1.3.1 Applicability to alternative diagnostic tools for inflammatory bowel

diseases

The imbalances in the microbial community structure in IBDs can be used for
diagnostic purposes [180, 205, 212, 215, 219]. Occasionally, CD (especially
Crohn’s colitis) and UC are incorrectly diagnosed due to their similar clinical
manifestations, thus being misclassified or included within the category
‘indeterminate colitis’. Distinguishing between these types of IBDs is necessary
because important decisions depend on it, such as whether to use surgery or not,
or the dosage, administration route and type of medication to be used. For this
reason, new specific, reliable and sensitive tools that might help to diagnose the

different types of IBDs would be of great interest.

Molecular-based tools represent an advance in the investigation of microbial
populations from complex environments like the intestine. As the differences
between IBDs are often differences in quantity rather than presence/absence of
certain microorganisms, quantitative PCR is a promising tool for IBD diagnosis
based on the microbial community structure. It is a reliable and robust technique
that can be easily introduced in any laboratory and has the necessary specificity to
quantify a range from particular species up to higher taxonomic levels. The most
difficult step to overcome during the design of such a molecular diagnostic tool is
to find suitable bacterial (disease-specific) indicators and design specific primers
suitable for this task.

To date, the most consistent bacterial populations used to differentiate CD from
UC are F. prausnitzii and E. coli. However, differences in their abundances
appear to be useful for distinguishing I-CD from UC, but not C-CD from UC
[219]. This is an important limitation since the difficulty in diagnosing CD from
UC occurs mainly with C-CD patients. For this reason, an essential issue for gut
microbiologists is to find additional biomarkers that are specific for C-CD and
UC. It has been observed that F. prausnitzii abundances vary with disease activity
in CD patients [215], making it an effective biomarker for active CD patients
only. Nevertheless, the selection of unstable microbial populations as indicators
would be advantageous, since these biomarkers could be used as predictors of a
higher relapse-risk in IBD [295].

The fact that the mucosa-associated microbiota is stable along the digestive tract
[208], between ulcerated and non-ulcerated mucosa [206] and between inflamed

and non-inflamed areas [204] is an advantage because no specific sample site
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needs to be selected. Nevertheless, the possibility of using a non-invasive sample,
such as fecal samples, would definitely improve the applicability of the

diagnostic tool.

Swidsinski et al. [215] have already designed an alternative diagnostic tool based
on the quantification, using FISH, of F. prausnitzii and host leukocytes from fecal
samples. They achieved a high specificity and acceptable sensibility. However,
they did not separate CD patients according to disease localisation and they were
only able to distinguish with high certainty between active CD patients and UC
patients. Those patients with a remission period longer than one year could hardly
be differentiated from UC patients. Moreover, some overlap was observed
between CD and celiac disease. Their results show the difficulty in finding
specific, disease-activity-independent indicators. Including new Dbacterial
indicators could partially solve these limitations. On the other hand, using
quantitative PCR rather than FISH might facilitate the analysis and could be more

easily introduced into diagnostic laboratories.
1.3.2 Dysbiosis: cause or consequence?

Given the heterogeneity that characterises the CD-associated microbiota, the
question of whether dysbiosis is a cause or a consequence of the disease remains
unresolved [196]. Even defining whether the whole bacterial community is
involved, or if the presence of certain commensal or opportunistic pathogens are
responsible, or if simply a single pathogen is the cause, is still under debate.
Those works involving newly diagnosed patients and/or patients in remission
may help to shed light on this question, since putative changes in microbial
composition due to medication or inflammation are diminished. However, we
observed that neither the activity of the disease nor the type of medication could

segregate CD patients according to their microbial composition.

Lupp et al. [330], using animal models, demonstrated that inflammation is
sufficient to produce a dysbiosis favouring aerotolerant bacteria, such as E. coli.
This suggests that dysbiosis in CD is a consequence of the inflammatory process.
However, many studies based on IBD patients have produced results that go
against this theory and suggest a causative role for microorganisms, at least for
certain CD phenotypes. If inflammation was the cause of dysbiosis, then different
phenotypes of IBD (ileal CD, colonic CD, and UC) would share certain bacterial
compositional features, since they all involve inflammation. However, several
studies have demonstrated that UC and CD, especially ileal CD, show particular
microbial profiles [203, 207, 212, 219], which suggests that the microorganisms
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play different roles in each IBD phenotype. Moreover, when the microbiota of
inflamed and non-inflamed areas of CD-mucosa were compared, no differences
were observed [203, 205, 212, 214, 217]. Unveiling which factors determine the
patchy distribution of inflamed areas in CD is a difficult task. Nevertheless, the
answer may lie in a scenario in which a minimum bacterial density is reached and
where the GALT is more abundant.

Twin-based studies are helpful to understand the importance of microorganisms
in CD since differences in the gut microbiota are independent of host genetics.
Dicksved et al. [180] demonstrated that T-RFLP fingerprints were more similar
between CD- concordant twins than between discordant twins, suggesting that the
diseased individuals had a different microbial community structure from their
healthy twins regardless of their genetic similitude. Another study from the same
laboratory reported that, with regard to the abundance of certain specific bacterial
populations (F. prausnitzii and E. coli), discordant I-CD twins could be
segregated according to their disease phenotype rather than their twin pair. These
results confirmed their previous observation that intestinal microbiota is

associated with disease rather than host genotype.

It can be hypothesised that some species specifically associated with CD may
have a causative role by somehow damaging the host (for example, AIEC), others
may cause a loss of protection against pathogens (for example F. prausnitzii), and
other microorganisms may only be a consequence of the environmental changes
brought about by inflammation. Defining the specific role of each microorganism
is an extremely difficult task in such a complex community; especially if we
consider that synergistic relationships between microorganisms could also be
noteworthy in CD pathogenesis. Defining the sequence of the processes
chronologically is also complicated. Going back to the work of Lupp et al. [330],
although Enterobacteriaceae could be a consequence of a primary inflammation,
this would not rule out their putative implication in CD pathogenesis. These
bacteria could be a subsequent part of the etiology by triggering chronic
inflammation (considering that those clones better able to persist in the mucosa,
intra- and/or extracellularly, would be selected) or by worsening the clinical

symptoms (for example by granuloma formation).
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2 Role of Escherichia coli, especially adherent-invasive E. coli, in

Crohn’s disease

A number of culture-based and molecular-based studies support the theory that E.
coli is a microbiological factor implicated in CD. The higher abundance of E. coli
in CD patients, in conjunction with the detection of this bacterium inside
intestinal epithelial cells, mesenteric lymph nodes, and granulomas, point to a
putative etiologic role rather than a consequence of inflammation. Intestinal
microbiota may be involved in CD in two ways: 1) dysbiosis of the commensal
microbiota, in which protective bacteria decrease as harmful bacteria increase; ii)
a low-grade infection by a persistent pathogen, either traditional or opportunistic.
A putative role for E. coli in CD fits both hypotheses. Non-pathogenic E. coli are
common colonisers of the mucus layer of the intestinal tract and have a
mutualistic relationship with their hosts. They rarely cause disease, but in some
special situations they can cause infections, for example, when the host is
immunocompromised or when the intestinal barrier is broken. In turn, pathogenic
E. coli have acquired virulence factors that allow them to actively cause several
intestinal and extra-intestinal infections, in humans and animals. Finding the new
potential AIEC pathovar associated with CD supports the theory of a low-grade
infection by a persistent opportunistic pathogen, which is not mutually exclusive
with dysbiosis, because the reduction of protective bacteria such as F. prausnitzii
might contribute by worsening the situation. However, the precise role of E. coli
in CD must still be clarified, including putative complementary host factors or

host-bacterium / bacterium-bacterium interactions.

2.1 Evidence of AIEC implication in Crohn’s disease

The features of the AIEC strain LF82 described to date have been
comprehensively linked to many characteristics of CD pathogenesis, thus making
this pathovar the subject of numerous studies. First, the AIEC adhesion to and
invasion of intestinal epithelial cells induces inflammatory responses [277].
Second, AIEC are able to reduce barrier functions by disorganising F-actin and
displacing ZO-1 and E-cadherin from the apical junctional complex [278]. Third,
their ability to survive and replicate extensively in large vacuoles without

inducing cell host death and promoting the secretion of TNF-o indicates that
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AIEC may be involved in chronic antigenic stimulation and T-cell and

macrophage activation [279], as well as in the formation of granulomas [280].

The implication of AIEC in CD is achieving increasing relevance since several
independent studies have revealed a higher prevalence of this pathovar in CD
patients [207, 278, 288, 289, 318]. In comparison with previous works an
increase in the prevalence of AIEC was observed in our study [318]. It is
probably due to the methodological approach used, which enabled us to obtain a
more accurate prevalence value by analysing a greater number of E. coli per
patient. In addition, we have described for the first time the relative abundance,
richness and diversity of AIEC strains within the mucosa-associated E. coli
population. Although the AIEC abundance was low and variable, it was higher in
CD patients than it was in controls, especially in Crohn’s ileitis patients. This
could be partially explained by the increase in CEACAMG6 receptors described for
the ileal mucosa of CD patients [287]. In turn, the higher richness of AIEC
subtypes found in CD patients leads us to hypothesise that this pathovar might be
more permanent in CD intestinal mucosa, since a greater persistence in the

environment could eventually contribute to the diversification of clones.

2.1.1 Adherent and invasive E. coli strains in cow mastitis, granulomatous

colitis of Boxer dogs and human colorectal cancer

Similar adherent and invasive E. coli strains have also been associated with
persistent bovine mastitis [331] and granulomatous colitis in Boxer dogs [332].
These are important findings for research into models for comparing the
pathogenicity of adherent and invasive E. coli in IBD and other diseases, as well
as research into putative zoonosis. E. coli strains associated with persistent bovine
mastitis were found to be adherent, invasive and able to survive and replicate
within the MAC-T bovine mammary epithelial cell line. However, the majority of
them belonged to A phylogenetic groups, whereas CD-associated AIEC strains
belong principally to B2 and D phylogroups. In addition, E. coli strains isolated
from granulomatous colitis in Boxer dogs belonged mainly to the B2 phylogroup
and shared a variety of genes implicated in iron acquisition and some other
virulence factors characteristic of extraintestinal pathogenic E. coli, much like
CD-associated AIEC strains [207, 318]. Moreover, they had adhesion, invasion
and intra-macrophage replication properties similar to AIEC strain LF82, which
further supports the link between intra-macrophage replication and granuloma

formation.
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Adhesive and invasive mucosa-associated E. coli have also been detected in
colorectal cancer, especially beneath the colonic mucus layer. Martin et al. [289]
proposed that colorectal cancer may be the result of a low-grade continuous
inflammation and failure of apoptosis driven by the presence of these intracellular
bacteria. Nevertheless, differences between isolates of E. coli from CD and
colorectal patients in the distribution of UPEC virulence-associated genes and
pathogenicity islands have been recently described by the same research group
[333].

2.1.2 Host factors and AIEC

Although AIEC strains are found at low frequency in non-IBD controls, their
presence in these subjects indicates that additional factors are needed to cause
disease. Among them, CD-specific genetic susceptibility loci such as CARD15,
ATG16L1, and IRGM could be involved in the handling of AIEC infection [290].
CARD15 variants have been especially associated with ileal and stricturing
disease phenotypes, as well as early disease onset. An alteration in the expression
or operation of the NOD2-CARD15 may have important effects in bacterial
recognition, tolerance and clearance. Since AIEC are more prevalent and
abundant in CD patients with ileal involvement [207, 288, 318], a possible
relation between a defective innate immunity and invasive E. coli could explain
the ileal phenotype of CD [334]. Consistent with this, a recent study observed that
the in vitro infection of CD monocytes carrying CARD15 polymorphisms with
the AIEC strain LF82, resulted in a disturbed early inflammatory response,
characterised by an early reduced IL-1p, IL-6 and IL-10 cytokines production,
with respect to wild-type monocytes [335]. Moreover, CARD15 3020insC
(1007fs) variant was reported to correlate with decreased a-defensin production
in I-CD patients [146]. In a situation where o-defensins are depleted, the
development of AIEC and its colonisation of the mucus layer (along with other
intestinal bacterial populations) could be enhanced. As AIEC strains are
intracellular pathogens, defects in autophagy-related genes ATG16L1 and IRGM
could predispose patients to CD by promoting prolonged survival of intracellular
microorganisms within host cells. Given the possible link between host
susceptibility and a dysfunctional immunological response to a persistent
infection by intracellular pathogens and their clearance, further studies
investigating the link between expression of CARD15, ATG16L1, or IRGM
variants and AIEC infection will be of great interest [290]. In turn, the
CEACAMBG receptor, site of AIEC adhesion by type 1 pili, has been proposed as
a host susceptibility factor that could be involved in I-CD [287]. Nevertheless,

168



General discussion

additional studies are necessary to confirm whether the overexpression of
CEACAMBSG in I-CD is a primary or secondary event of the inflammatory process.

The relevance of host factors in CD pathogenesis has recently been supported in a
study that describes a defect in the follicle-associated epithelium of ileal CD
patients that entails increased bacterial adhesion and uptake, both transcellular
and intercellular, of non-pathogenic E. coli [336]. Following bacterial uptake,
higher quantities of commensal E. coli then co-localised with dendritic cells in
CD tissue, where levels of TNF-o were also augmented. Whether or not
commensal E. coli strains are implicated in CD pathogenesis is an intriguing
question. The work of Keita et al. emphasises the importance of host factors and
plays the relevance of E. coli pathogenic features down. However, the authors
point to the necessity of further studies using E. coli strains isolated from IBD
patients. Hypothetically, a balance between the degree of virulence of the E. coli
strains (for example, increased colonisation factors) and the degree of host

susceptibility could determine the risk of contracting CD.
2.1.3 Synergism with other microorganisms?

Possible synergism between AIEC and other microorganisms is another factor to
be considered, especially in such an environment as the intestine, where up to
10'* microorganisms share the same biotope. Recent studies have demonstrated
that microbial mannans can suppress the mucosal phagocyte function causing
dose-related increased survival of CD-associated E. coli HM605 within adherent
monocytes [337]. Mycobacterium avium paratuberculosis, Candida albicans and
Saccharomyces cerevisiae are some examples of microorganisms expressing
microbial mannans, in particular, the ASCA epitope. Therefore, these

microorganisms could be contributing to the process.

In addition, a number of reports have provided evidence of synergistic effects
between Bacteroides fragilis and E. coli resulting in the inhibition of macrophage
phagocytosis, augmented bacterial growth and abscess formation [338]. B.
fragilis and E. coli are the principal colonisers of mucosal biofilms in CD patients
[216]. The possible synergism between these two bacterial species and their
putative role in CD pathogenesis could be an interesting subject for further
studies.
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2.2 Characterisation of the AIEC strain collection

AIEC strains isolated from our study were diverse in serotype, overall genotype
and phylogenetic origin, as observed previously [207, 332]. They shared a
combination of several virulence-associated genes characteristic of extraintestinal
pathogenic E. coli and the phylogroups B2 and D were the most abundant.
However, a similar distribution of these genes was also detected in non-AIEC
strains associated with the intestinal mucosa. Virulence factors from
extraintestinal pathogenic E. coli have already been described for the resident
colonic microbiota in normal mucosa [339, 340]. It has been speculated that these
factors are involved in complex host-commensal niche colonisation and bacterial

fitness, with virulence arising as a by-product [341, 342].

It is worth noting that although AIEC and extraintestinal pathogenic E. coli show
a similar frequency of phylogenetic groups and share many virulence factors,
most of the extraintestinal pathogenic E. coli did not behave like AIEC. This
suggests that AIEC strains comprise a particular group of E. coli that is closely
related to extraintestinal pathogenic E. coli, but distinguishable by phenotypic

traits. The genetic machinery responsible for their phenotype remains unclear.

In this work, we have addressed biofilm formation as a new phenotypic feature of
AIEC that may be involved in their pathogenesis. While we could not find
genetic differences between AIEC and non-AIEC strains isolated from the
intestinal mucosa, we observed that AIEC strains had stronger biofilm formation
abilities than non-AIEC strains. Something that we did not carry out, but which
would merit further investigation, was to perform the biofilm formation assays in
vivo and to elucidate whether or not biofilm formation of AIEC is involved in the
pathogenesis of Crohn’s disease. Frequently, non-classical pathogenic bacteria
that form biofilms are responsible for chronic infections [343]. Biofilms confer
better bacterial establishment, protection against phagocytosis and antimicrobial
agents and a higher probability of genetic exchange. They also facilitate the
colonisation of new environments by their natural detachment process, which
allows the dispersal of high infective doses [344]. Some of these traits may be

highly relevant within the course of CD (discussed in chapter 3.1).
2.2.1 AIEC pathogenic features

Intensive research looking for AIEC strain LF82-specific elements associated
with pathogenesis using mutagenesis-complementation approaches, have resulted

in the finding some implicated genes. However, these genes are also present in
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the non-pathogenic E. coli strain K12 [276, 281-287]. Differences in gene
expression, sometimes dependent on LF82 genetic background, may determine
the differential adhesion, invasion and intra-macrophage replication capacities of
the strains [284, 286]. The virulence genes detected in LF82 in other studies using
PCR methods targeting specific virulence genes, genome subtraction, plasmid

isolation and sequencing are summarised in Table 23.

Among the virulence factors of the AIEC strain LF82, type 1 pili are involved in
the colonisation of host tissue, as happens with UPEC and DAEC pathovars.
Type 1 pili mediate adherence to intestinal epithelial cells via the CEACAMG6
receptor and are also involved in the invasive ability of the AIEC strain LF82 by
inducing membrane extensions, which surround the bacteria at the sites of contact
[276, 287]. All AIEC strains from our collection harboured the fimH gene, which
encodes for the fimH apical adhesin of type 1 pili. Interestingly, fimH alleles of
LF82 were identical to certain E. coli strains isolated from granulomatous colitis
in Boxer dogs [332] and similar to UPEC CFTO073, indicating that they share
similar receptor affinities. We also obtained positive results for the avian-
pathogenic variant of the FimA major pilus subunit, fimAvurzs, in LF82 and
18.2% of AIEC strains from our collection (Table 23), adding evidence to the

similarities existing between AIEC and extraintestinal pathogenic E. coli.

Flagella, which have a linked synthesis with type 1 pili [345], are also involved in
the invasion of intestinal epithelial cells via motility and by downregulating type
1 pili expression [281]. Moreover, flagella can trigger mucosal inflammation via
the TLRS receptor [346]. We found that biofilm formation was also dependent on
flagella, since non-motile strains from our collection and LF82-AfliC mutant were
not able to form biofilms. The positive correlation between higher adhesion and
invasion levels and stronger biofilm formation abilities leads us to postulate that
the machinery implicated in achieving the “AIEC phenotype” may share some
factors with the machinery necessary for biofilm formation, such as type 1 pili

and flagella, and/or may be related to a coordinated expression.
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Table 23. Virulence genes present in LF82 described to date (data from genome sequencing

is not included) and the frequency of some of these genes in our AIEC collection (N = 22).
Prevalence in the

IGene Gene function LF82  Ref. AIEC strains (%)
Genes characteristic of diarrhoeagenic E. coli
bfp Involved in EPEC bundling-forming pilus formation [277] 0
ager Transcriptional activator of EAggEC [277]
eae !ntimi_n which mediates intimate attachment and [275] 0
invasion of EPEC
tia Outer membrane protein involved in ETEC invasion [275]
pCVD432 EaggEC plasmid involved in adhesion [289] 0
ipaH Invasion protein of Shigella and EIEC [332] 0
ipaC Invasion protein of Shigella and EIEC [275]
eltA E. coli heat labile enterotoxin of ETEC [332] 0
est E. coli heat stable enterotoxin [332] 0
SLT Shiga-like toxin [332]
Stx1 and 2 Shiga toxin 1 and 2 of EHEC [277] 0
Adhesins
fimH Encod_es for type 1 fimbriae D-mannose-specific [276] 100
adhesin
fimAvmrzs Avian—pz'athogenic variant of fimA major subunit of [276] 18.2
type 1 fimbriae
papC Gene ipvolvgd in pyelonephritis-associated (P) pilus (332] 54.5
formation. Pillus assembly.
papA Gene involved in pyelonephritis-associated (P) pilus
formation. Major structural subunit of P fimbrial [332]
shaft; defines F antigen.
papGll Gene involved in pyelonephritis-associated (P) pilus
formation. Gal(a1-4)Gal-specific pilus tip adhesin [332]
molecule, allele Il.
sfa/focDE Type S pili and type 1C fimbriae [332] 18.2
afa/draBC Afimbrial Dr-binding adhesins [288] 13.6
fImA54 Flagellin (fliC variant) [332]
focA Major fimbrial subunit of F1C fimbriae [332]
IpfA Major subunit of long polar fimbriae LPF [332]
IpfA (0113) Major subunit of long polar fimbriae LPF (variant (332]
0113)
Toxins
enfli2 Cytotoxic necrotising factor [332] 27.3
cat Cytolethal distending toxin [332] 13.6
hlyA a-Hemolysin [332] 27.3
pic Serine protease involved in colonisation [332]
ccdB Cytotoxic protein (targets DNA gyrase) [332]
rx Putative RTX family exoprotein [332]
Siderophores - Iron transport
iucD Aerobactin siderophore [332] 54.5
iutA Aerobactin siderophore [332]
iroN Siderophore receptor [332]
fepC Ferric enterobactin transport ATP-binding protein [332]
Protectins
iss Incregsed serum survival and surface exclusion (332]
protein
kpsMll Protein involved in polysialic acid transport, group Il [332]
neuC K1 gene implicated in sialic acid synthesis (capsule [332] 13.6
formation)
traT Complement resistance protein [332]
ColV plasmid Invglved in aerobactin production and complement [207]
resistance of APEC
Miscellaneous
ibeA Brain microvascular endothelial cell invasion gene [332] 13.6
malX Malto_se— and glucose-specific IABC component, PAI (332]
associated
usp Uropathogenesis-specific protein [332]
cia Colicin la structural protein [332]
colY Colicin Y structural protein [332]
mchB Microcin H47 structural protein [332]
chuA Outer membrane receptor protein, heme (332]

utilisation/transport protein
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Table 23. Virulence genes present in LF82 described to date (Continued).
Genes characteristic of other pathogens

irn1and 2 Yersiniabactin biosynthetic protein (putative ligase) + [332]
fyuA Pesticin/yersiniabactin receptor protein + [332]
hcp Hemolysin coregulated protein (Vibrio) + [207]
ratA Non-fimbrial adhesin of Salmonella typhimurium
that is associated with colonisation of the cecum + [207]
and Peyer’s patches
pMT1-like plasmid  Plasmid similar to pMT1 of Yersinia pestis + [207]

Although not present in LF82, we detected other factors related to adhesion in a
fraction of the AIEC collection. Among them, the UPEC-associated papC was
present in more than 50% of AIEC strains, type S fimbriae in 18%, and Afa/Dr
adhesins — characteristic of UPEC and DAEC strains — in 13% of the AIEC
collection. Interestingly, AfaE adhesin interacts with the DAF epithelial receptor
(also named CDS55) triggering MICA (MHC class I-related) expression and
further IFN-y production. It has been suggested that this host-bacterium
relationship plays a role in CD because higher levels of MICA expression were
detected at the surface of colonocytes from CD patients compared with controls
[347]. Moreover, some Afa/Dr adhesins interact with CEACAM receptors [348],
which are known to be overexpressed in the ileum of Crohn’s ileitis patients
[287]. Therefore, the simultaneous presence of type 1 pili and Afa/Dr adhesins
may confer advantages to enterocyte colonisation for those strains with both
adhesion factors. Moreover, ibeA adhesin, which is involved in the invasion by
the extraintestinal pathogenic E. coli and present in LF82, was found in only 14%
of the AIEC strains. In addition to these colonisation factors, we also found toxins
and molecules involved in iron acquisition and capsule formation. Chromosomal
and episomal elements that are homologous to those described in UPEC, APEC
and other intestinal pathogens such as Salmonella and Yersinia are present in
LF82 and other AIEC strains [207, 332].

2.2.2 Comparative differential gene expression between AIEC and non-AlEC
strains with identical PFGE profile: looking for the genes responsible for

the “AIEC phenotype”

It is intriguing that extremely distant E. coli strains (different virulence gene
profile, MLST and phylogenetic group) share the “AIEC phenotype”; whereas
other very genetically close E. coli strains (identical PFGE profiles) can be
classified as either AIEC or non-AIEC (Figure 23). This observation leads us to
believe that what marks the “AIEC phenotype” is the differential expression of
certain key genes that are widely distributed among all types of E. coli, or at least
among EXPEC-like strains. Another possibility is that mobile genetic elements

that have passed undetected by PFGE carry genes involved in AIEC phenotype
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expression. The dispersion of these mobile genetic elements among all types of E.
coli would determine the AIEC phenotype irrespective of the phylogenetic
distance among the strains. Isolates that share identical PFGE profiles, serotype
and virulence genes, but differ from their AIEC phenotype offer the possibility of
performing comparative studies that could make it possible to find specific
sequences for AIEC, or for genes which are up/down-regulated in comparison to
non-AIEC strains. Bronowski et al. [333] have already performed subtraction
libraries with an invasive E. coli strain isolated from colorectal cancer versus the
UPEC strain 536 and the non pathogenic E. coli JIM109. Baumgart et al. [207]
also performed genome subtraction from AIEC strains 541-1 (O—H18, B1), 541-
15 (O21:H33, A), LF82 (O83:H1, B2) isolated from I-CD patients and E. coli
MG1655. However, they compared strains that are in fact very different from
each other. Given the high genetic variability among E. coli, a more targeted
discrimination, searching for differences between genetically close strains that
only differ on their AIEC phenotype, would probably reduce the number of
differences and only those genes most involved in producing the AIEC phenotype
would appear in the subtraction library. Subtraction libraries targeting differential

expression of genes would, nevertheless, be the best choice.

At present, the definition of the AIEC pathovar is based mainly on its phenotypic
characteristics. Finding out which genes are involved in this phenotype will be of
great importance not only for our understanding of AIEC pathogenicity but
because it will also simplify epidemiologic studies since molecular-based
methods are fast and allow large numbers of samples to be processed. It would be
easier to detect this pathovar in large groups of CD patients from various
countries and identify AIEC strains in animals (which may act as reservoirs) and
other environments. Nevertheless, the great diversity of genotypes that confer the
AIEC pathotype makes this a very difficult task: we would need to study several
AIEC strains at the same time rather than only LF82, since this strain is not

representative of all the strains that belong to this pathovar.

3 Concluding remarks

Significant progress in the understanding of Crohn’s disease-associated
microbiota has been made in the last years. However, it is still impossible to
answer which microorganisms might be directly involved and which is their way
of pathogenesis. At present, even the way in which bacteria would be implicated

in Crohn’s disease etiopathogenesis is still controversial. The following three
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theories are supported: the unidentified persistent pathogen theory, the excessive
bacterial translocation theory, and the dysbiosis theory [224]. The complexity of
the intestinal environment in conjunction with the high inter-subject variability
hinders the clarification of questions posed by many scientists working in this
field. Inter-laboratory studies reaching a consensus on the selection of patients
and controls, as well as sampling procedures, and ensuring a detailed description
of the characteristics of Crohn’s disease patients (genetic susceptibility loci,
disease localisation, medication, etc.) would improve the quality of
microbiological investigations and would lead to faster and more upheld results.
In addition, interdisciplinary studies (genetic, immunologic, microbiologic,
clinical and epidemiologic) are needed given the multifactorial nature of Crohn’s

disease pathogenesis.

Alterations in the intestinal microbial structure is a characteristic of patients with
Crohn’s disease and other inflammatory and non-inflammatory disorders and
conditions (for example, ulcerative colitis, irritable bowel syndrome, celiac
disease, obesity or old age). This means therapeutic and dietary modification of
the gut is one possible way of ‘microbial restoration’ and eventual clinical
improvement for patients. Nevertheless, considerable effort is required to select
and administer the therapeutic agents, and to recognise the putative secondary

effects on the overall intestinal microbiota and the patient’s health.

The role of Escherichia coli, especially the AIEC pathovar, in Crohn’s disease is
becoming widely accepted. Nevertheless, many aspects of its involvement are
still not understood. Is it a primary or secondary event? What are the external
factors associated with its pathogenesis — genetic susceptibility or putative
synergistic relationships with other microorganisms or both? Regardless of its
possible involvement in Crohn’s disease pathogenesis, however, a better
description of the AIEC pathovar is also of interest to microbiologists in order to
better describe the genetic variability and phylogenetic relationships among E.

coli strains.
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Conclusions

CD patients present a microbial composition that is distinguishable from non-
IBD controls. The latter show a more homogeneous intestinal microbiota
(some strains being found consistently in all subjects) than that found among

CD patients, who present a higher variability of species.

. Although few patients suffering from UC were involved in the study, mucosa-
associated bacteria of UC patients is distinguishable from that of CD patients
and microbiologically closer to non-IBD subjects, which supports the theory
that bacteria are playing different roles in CD and UC.

. Microbial composition in the intestinal mucosa of CD patients does not

correlate with disease severity, medication or other clinical aspects.

Faecalibacterium prausnitzii is a good bacterial indicator of appropriate
healthy intestinal microbiota. Given the importance of this bacterium in gut
physiology, the implications of its depletion in CD patients might be of
relevance as a factor contributing to CD pathogenesis and merits further

investigation.

Enterobacteriaceae (principally Escherichia coli) were more prevalent among
CD patients than non-IBD controls. Clostridium spp. and Ruminococcus
torques were also found to be associated with CD patients, as well as some
opportunistic pathogenic y-Proteobacteria. These bacterial species are,
therefore, possible indicators of CD and could be implicated in the

pathogenesis of this disease.

. Dysbiosis observed in CD patients can be used to design a bacterial-based
diagnostics tool based on the abundance of certain bacterial markers, such as
Faecalibacterium prausnitzii and Escherichia coli.

E. coli abundance is higher in CD patients than in non-IBD controls, adding
evidence of its implication in CD pathogenesis. However, only those patients
with Crohn’s ileitis can be differentiated from UC patients and non-IBD

controls.

E. coli strains are host-specific even among CD patients. This rules out the

hypothesis of a single clone or specific clonal group associated with CD.

. An ecological imbalance exists among CD patients and controls in relation to
E. coli abundance, but not to E. coli richness or diversity at a sub-species

level.
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Mucosa-associated E. coli from both CD patients and controls mainly
belong to B2 and D phylogenetic groups and share virulence features of

extraintestinal pathogenic E. coli at similar frequencies.

Although E. coli strains from CD patients and controls are genetically
similar, some phenotypic features related to virulence, such as the adhesion
and invasion abilities and the survival and intra-macrophage replication
capacity of the strains (characteristic of AIEC pathovar), indicate that E.

coli populations differ in their pathogenic behaviour.

The prevalence of AIEC is higher in CD patients than in controls, in both
the ileum and the colon. The prevalence values observed here are higher

than those reported so far.

AIEC abundance (calculated as the proportion of AIEC over the whole E.
coli population) and AIEC subtype richness (calculated as the number of
distinct AIEC subtypes per patient) are higher in CD patients. This new
ecological data on the AIEC pathovar suggests that this bacterium is well-
established in CD-mucosa and is evidence of the putative role of AIEC in

Crohn’s disease.

Although the AIEC pathovar is found less frequently and in lower
abundance in controls than in CD patients, their presence in non-IBD
subjects suggests that host genetic or immunologic factors are necessary to

contract Crohn’s disease.

The AIEC pathovar appears to be a diverse group because it is composed of

a variety of pulsotypes*, serotypes, genotypes and phylogenetic groups.

Producing the “AIEC phenotype” may involve either genetic elements that
cannot be resolved by PFGE or the differential expression of certain key

genes.

Biofilm formation is a novel feature associated with the AIEC pathovar.
This feature may contribute to AIEC pathogenesis by allowing a more
efficient colonisation of the intestinal mucosa, either extracellularly or

intracellularly.

Despite AIEC and extraintestinal pathogenic E. coli (EXPEC) pathovars
share similar virulence genes sets and certain strains are phylogenetically
related, the majority of EXPEC do not behave as AIEC, thus confirming that
AIEC pathovar is close to EXPEC but has virulence-specific features.
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Annexes

Annexed table 1. Partial 16S rRNA gene sequences obtained in this work and best BLAST
matches against GenBank.

Sequence  Nearest Similarity  Source Nearest known species Similarity
ID sequence (%) (Acc. Num) (%)
C0201 - Ruminococcus obeum (AY169419) 99
C0301 AF371512 99 pig gastrointestinal tract Eubacterium biforme (M59230) 98
C0302 AY984355 98 human intestinal tract Ruminococcus obeum (AY169419) 98
C0303 AF153858 97 feces Ruminococcus lactaris (L76602) 97
C0304 AYA71654 97 stools from patients with Crohn's Ruminococcus obeum (AY169419) 96
disease
C0305 AF530354 98 stools from patients with Crohn's Faecalibacterium prausnitzii (AY169429) 98
disease
C0401 AY985869 99 human intestinal tract Faecalibacterium prausnitzii (X85022) 98
C0402 AY986207 99 human intestinal tract Faecalibacterium prausnitzii (X85022) 98
C0403 AY983968 98 human intestinal tract Catenibacterium mitsuokai (AB030222) 97
C0404 AY919925 96 feces Rikenella microfusus ATCC 29728 83
(L16498)
C0405 - Atopobium oviles (AJ251324) 100
C0501 AF371512 97 pig gastrointestinal tract Eubacterium biforme (M59230) 95
C0502 AY983727 99 human intestinal tract Clostridium cocleatum (AF028350) 97
C0503 - Escherichia coli RREC | (AF527827) 99
C0504 - Escherichia coli RREC Ill (AF527825) 99
C0601 AF153858.1 99 feces Ruminococcus lactaris (L76602) 99
C0701 AY985177 99 human intestinal tract Eubacterium biforme (M59230) 98
C0702 AY985486 100 human intestinal tract Faecalibacterium prausnitzii (X85022) 99
C0703 AY986207 93 human intestinal tract Faecalibacterium prausnitzii (X85022) 92
C0704 - Bacteroides massiliensis B84634 96
(AY126616)
C0801 AY986207 99 human intestinal tract Faecalibacterium prausnitzii (X85022) 98
C0901 AY985948 99 human intestinal tract Ruminococcus torques (L76604) 96
C0902 AY592220 100 root nodules of legume species Ruminococcus torques (L76604) 96
C0903 AY592220 100 anaerobic methane oxidizers from Ruminococcus torques (L76604) 96
Kazan mud volcano (eastern
Mediterranean)
C1001 AY684430 99 human intestinal tract Fusobacterium necrogenes (X55408) 98
C1201 AY494687 100 Salmonid gill Bacteroides vulgatus (AB0O50111) 99
C1401 AF153858 99 feces Ruminococcus lactaris (L76602) 99
C1402 AY985869 100 human intestinal tract Faecalibacterium prausnitzii (X85022) 99
C1403 AY986349 99 human intestinal tract Faecalibacterium prausnitzii (X85022) 98
C1501 AY986341 100 human intestinal tract Bacteroides vulgatus (AM042696) 99
CD0101 AY452007 99 intestinal mucosa Ruminococcus torques (L76604) 98
CD0102 - Escherichia coli RREC Ill (AF527825) 99
CD0103 - Enterococcus faecalis (AY850358) 98
CD0201 AY305314 100 human colon Clostridium boltei 16351 (AJ508452 97
CD0202 Y10028 100 rumen of red deer Clostridium clostridioforme (M59089) 99
CD0203 - Ruminococcus gnavus (X94967) 99
CD0204 - Ruminococcus gnavus (X94967) 98
CD0205 AJ408999 98 human colon Ruminococcus schinkii (X94964) 97
CD0206 - Ruminococcus schinkii (X94964) 97
CD0207 - Corynebacterium simulans UCL557 100
(AJ012838)
CD0208 - Corynebacterium simulans UCL557 100
(AJO12838)
CD0209 - Corynebacterium simulans UCL557 100
(AJO12838)
CD0210 - Corynebacterium simulans UCL557 100
(AJO12838)
CD0211 AJ315487 96 human colon Clostridium hylemonae (AB117570) 95
CD0302 AY471702.1 98 stools from patients with Crohn's Faecalibacterium prausnitzii (AJ270469) 97
disease
CD0303 - Escherichia coli RREC Ill (AF527825) 99
CD0304 - Escherichia coli RREC Ill (AF527825) 98
CD0305 AY916305 97 human intestinal tract Faecalibacterium prausnitzii (X85022) 96
CD0401 AY452007 99 intestinal mucosa Ruminococcus torques (L76604) 98
CD0402 AY452007 100 gut microbiota Ruminococcus torques (L76604) 99
CD0403 AY916138 99 human intestinal tract Ruminococcus obeum (X85101) 99
CD0404 AY916138 94 human intestinal tract Ruminococcus obeum (X85101) 98
CD0405 AF153858 99 feces Ruminococcus lactaris (L76602) 99
CD0406 AF153858 96 feces Ruminococcus lactaris (L76602) 96
CD0407 AJ315487 99 human colon Clostridium hylemonae (AB117570) 98
CD0408 AJ315487 99 human colon Clostridium hylemonae CT-35 98
(AB117570)
CD0501 AY916305 97 human intestinal tract Faecalibacterium prausnitzii (AJ270469) 96
CD0502 - Ruminococcus gnavus (X94967) 97
CD0504 - Alistipes finegoldii 4401054 (AY643082) 99
CD0505 AF132260 95 human gut Eubacterium ramulus (AJ011522) 95
CD0506 AF132270.1 95 human gut Clostridium saccharolyticum (Y18185) 95
CD0507 AY986226 97 human intestinal tract Bacteroides putredinis ATCC 94
29800/Alistipes putredinis (L16497)
CD0508 AY452007 99 intestinal mucosa Ruminococcus torques (L76604) 98
CD0509 - Ruminococcus gnavus (X94967) 99
CD0601 AY920077 98 human feces Clostridium spiriforme (X75908) 92
CD0602 AY920077 100 human feces Clostridium spiriforme (X75908) 93
CD0603 AY986074 100 human intestinal tract Clostridium spiriforme (X75908) 94
CD0604 AY920077 99 human feces Clostridium spiriforme (X75908) 94
CD0605 AY986341 94 human intestinal tract Bacteroides vulgatus (AB0O50111) 94
CD0606 AY452007 99 intestinal mucosa Ruminococcus torques (L76604) 98
CDO0607 AY452003 100 intestinal mucosa Ruminococcus obeum (X85101) 96
CD0608 - Ruminococcus gnavus (X94967) 100
CD0702 AY985751 99 human intestinal tract Bacteroides caccae ATCC 43185T 99
(X83951)
CD0703 AY985751 98 human intestinal tract B. caccae ATCC 43185T (X83951) 98
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CDO0704 AY981791 96 human intestinal tract Faecalibacterium prausnitzii (AJ270469) 95
CDO0705 AY985177 99 human intestinal tract Eubacterium biforme . (M59230) 98
CDO0706 AY985177 99 human intestinal tract Eubacterium biforme (M59230) 98
CDO707 AY985177 100 human intestinal tract Eubacterium biforme (M59230) 98
CD0O708 AY916138 99 human intestinal tract Ruminococcus obeum (X85101) 99
CDO0709 AY984355 98 human intestinal tract Ruminococcus obeum (AY169419) 98
CD0710 AY916138 98 human intestinal tract Ruminococcus obeum (X85101) 97
CDO711 AF153858 98 feces Ruminococcus lactaris (L76602) 98
CD0712 AF153858 98 feces Ruminococcus lactaris (L76602) 97
CD0713 AY983968 99 human intestinal tract Catenibacterium mitsuokai (AB030222) 98
CD0714 AY983968 98 human intestinal tract Catenibacterium mitsuokai (AB0O30222) 97
CDO715 AY983968 929 human intestinal tract Catenibacterium mitsuokai:JCM 10607 98
(AB030222)
CD0716 AY916138 97 human intestinal tract Ruminococcus obeum (X85101) 96
CDO717 AY388411 100 human feces Collinsella aerofaciens H818 (AJ245920) 99
CD0801 AY977866.1 95 human intestinal tract Ruminococcus obeum (AY169419) 95
CD0802 AY684430.2 100 human intestinal tract Fusobacterium necrogenes (X55408) 98
CD0803 AY684430 100 human intestinal tract Fusobacterium mortiferum (X55414) 100
CD0804 AY452007.1 100 intestinal mucosa Ruminococcus torques (L76604) 99
CD0805 - Ruminococcus gnavus (X94967) 100
CD1002 AY452007 98 intestinal mucosa Ruminococcus torques (L76604) 97
CD1003 - Clostridium perfringens (Y12669) 99
CD1004 AY916216 97 human intestinal tract Ruminococcus obeum (X85101) 97
CD1005 - Klebsiella pneumoniae (AY292865) 100
CD1007 - Staphylococcus epidermidis KL-096 100
(AY030342.1)
CD1101 AY985581 100 human intestinal tract Bacteroides vulgatus (ABO50111) 99
CD1102 - Fusobacterium varium (M58686) 99
CD1103 AF530331 99 stools from patients with Crohn's Clostridium nexile (X73443) 99
disease
CD1104 AJ315487 929 human colon Clostridium hylemonae:CT-35 99
(AB117570)
CD1105 AJ315487 97 human colonic samples Ruminococcus gnavus (X94967) 95
CD1201 - Proteus mirabilis (AJ301682) 99
CD1202 - Escherichia coli RREC Il (AF527825) 99
CD1203 - Enterococcus faecalis SFL (AY850358) 100
CD1301 AY986341.1 99 human intestinal tract Bacteroides vulgatus (ABO50111) 99
CD1401 AY986349 99 human intestinal tract Faecalibacterium prausnitzii (AJ270469) 99
CD1402 - Haemophilus parainfluenzae 99
(AY362908)
CD1403 - Ruminococcus gnavus (X94967) 100
CD1501 - Escherichia coli RREC | (AF527827) 99
CD1502 - Escherichia coli RREC Il (AF527825) 100
CD1503 AY531211 98 root nodules of legume species Enterobacter cloacae (Y17665) 98
CD1601 AY305313 99 human colon Eubacterium cylindroides ATCC27803 99
(L34617)
CD1602 AY305313 99 butyrate-producing bacterium Eubacterium cylindroides (L34617) 99
SM7/11
CD1603 DQO057466 97 ileum and cecum of broiler chickens Faecalibacterium prausnitzii (AY169429) 92
CD1604 - 100 Ruminococcus gnavus (X94967) 100
CD1701 AF530337 100 stools from patients with Crohn's Clostridium cocleatum DSM 1551 100
Disease (Y18188.1)
CD1801 AY452007 94 intestinal mucosa Ruminococcus lactaris (L76602) 93
CD1802 AY916258 95 human intestinal tract Clostridium hathewayi (AY552788) 93
CD1901 AY985869 95 human intestinal tract Faecalibacterium prausnitzii (X85022) 95
CD1902 AY986207 929 human intestinal tract Faecalibacterium prausnitzii (AJ270470) 99
CD1903 AY388410 94 human cecum and feces Eubacterium rectale S2Ss2/2 94
(AY804152)
CD1904 AY985152 100 human intestinal tract Eubacterium rectale S2Ss2/2 100
(AY804152)
CD1905 AF371609.1 100 pig gastrointestinal tract Eubacterium rectale S2Ss2/2 94
(AY804152.1)
CD1906 AY985152 100 human intestinal tract Eubacterium rectale S2Ss2/2 100
(AY804152.1)
CD1907 AF371609.1 100 pig gastrointestinal tract Eubacterium rectale S2Ss2/2 100
(AY804152.1)
CD1908 AF371609 95 pig gastrointestinal tract Roseburia faecalis M88/1 (AY804150) 95
CD1909 AY986276 98 human intestinal tract Faecalibacterium prausnitzii (AJ270469) 98
CD1910 AY985869 98 human intestinal tract Faecalibacterium prausnitzii (X85022) 98
1C0101 AY956677 100 cotton rhizosphere anb bulk soil from Escherichia coli RREC Ill (AF527825) 100
monoculture
uco0101 AJ315487 94 human colon Clostridium hylemonae (AB117570) 94
uco0102 AY452007 96 intestinal mucosa Ruminococcus torques (L76604) 95
uco0102 AY986207 99 human intestinal tract Faecalibacterium prausnitzii (AJ270470) 98
uco103 AY452007 96 intestinal mucosa Ruminococcus torques (L76604) 95
uco201 - Bacteroides thetaiotaomicron 8736 98
(AY895203)
Uc0203 - Bacteroides thetaiotaomicron 8736 95
(AY895203)
uco204 - Clostridium boltei 16351 (AJ508452.1) 100
UC0205 AY983739.1 97 human intestinal tract Dorea longicatena (AJ132842) 100
UC0206 AY985642.1 100 human intestinal tract Dorea longicatena (AJ132842) 100
UCc0208 AY452007.1 100 intestinal mucosa Ruminococcus schinkii Bie 41 (X94964) 100

BLAST performed in June 2006.

Nomenclature bands: CD/UC/IC/C Diagnose patient followed of two digits for Id patient and two more d for Id band.
Example: CD0203, third band of CD patient number 2.
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[I. Annexed figures

Annexed figure 1. First screening of the clonality of E. coli isolates obtained from a single
subject.

2 ? 3 8 g o 8 2 8 g Patient Biopsy Isolate Localization PFGE ECG type
B502 PL43B1 ileon
C 1 24 B502 PL43B2 ileon
B502 PL43B4 ileon
B502 PL43B8 ileon
B502 PL43D2 ileon
B502 PL43D6 ileon
B502 PL43D8 ileon
| B501 PL43A3 ileon
B502 PL43B12 ileon
B502 PL43B9 ileon
B502 PL43D11 ileon
B502 PL43D5 ileon ++ ECG-004
| B502 PL43G1 ileon
B502 PL43B5 ileon
CECT 4201
B502 PL43H11 ileon
B502 PL43H2 ileon ++ ECG-004
B502 PL43H7 ileon
B502 PL43H8 ileon
B502 PL43H9 ileon
B502 PL43H1 ileon
B502 PL43H10 ileon
B502 PL43H3 ileon
B502 PL43H6 ileon
B502 PL43E12 ileon
B502 PL43A6 ileon + ECG-054
B502 PL43F1 ileon
1 —— B502  PL43G2 ileon
B502 PL43C3 ileon
B502 PL43C4 ileon
B502 PL43C1 ileon
B502 PL43D12 ileon
B502 PL43D3 ileon ++ ECG-008
B502 PL43D9 ileon
B502 PL43D4 ileon
B502 PL43G9 ileon
B502 PL43E1 ileon
B502 PL43E10 ileon
B502 PL43E11 ileon
B502 PL43E2 ileon
B502 PL43E3 ileon
B502 PL43E4 ileon
B502 PL43ES ileon
B502 PL43E6 ileon
B502 PL43E7 ileon
B502 PL43E9 ileon
B502 PL43F10 ileon
| B502 PL43F11 ileon
B502 PL43F12 ileon
B502 PL43F2 ileon
B502 PL43F3 ileon ++ ECG-004
B502 PL43F4 ileon
B502 PL43F5 ileon
B502 PL43F6 ileon
B502 PL43F7 ileon
B502 PL43F8 ileon
B502 PL43F9 ileon
B502 PL43G10 ileon
B502 PL43G11 ileon
B502 PL43G12 ileon
B502 PL43G3 ileon
B502 PL43G4 ileon
B502 PL43G5 ileon
B502 PL43G6 ileon
B502 PL43G7 ileon
B502 PL43E8 ileon
B502 PL43B1 ileon
B502 pL43C2 ileon
_| B502 PL43C5 ileon
B502 PL43C6 ileon
B502 PL43C10 ileon
B502 PL43C11 ileon
B502 PL43C12 ileon
B502 PL43C7 ileon
B502 PL43C8 ileon
B502 PL43C9 ileon
B502 PL43D1 ileon
B502 PL43G8 ileon ++ ECG-004
E B502 PL43H4 ileon
B502 PL43H5 ileon + ECG-004
B502 PL43A8 ileon + ECG-004
B502 PL43A9 ileon
B502 PL43A11 ileon
B501 PL43A6 ileon + ECG-054
] B501 PL43A2 ileon + ECG-054
1 BS01  PLA3A7 ileon
B501 PL43AS ileon
B502 PL43B11 ileon
B502 PL43B6 ileon ++ ECG-004
B502 PL43B7 ileon
B502 PL43B3 ileon

This figure is an example of the dendrogram resulting from the IS3-based Rep-PCR profiles of these E. coli isolates.
Those for which the clonality was further confirmed by PFGE are indicated with ++.

214



Annexes

[ll. Glossa I'Y (words marked with * in the text)

Abscess

Ankylosing
spondylitis

Arthralgia
Arthritis

Autophagy

Concordance

Crypts

Defensins

Edema
Episcleritis

Erythema
nodosum

Fibrosis
Fistula

Granuloma
Incidence
Ischemia

Meta-analysis

Microbiome

A localised collection of pus caused by suppuration buried in tissue, organs
or confined spaces. Usually due to an infective process.

A polyarthritis involving the spine, which is characterised by progressive,
painful stiffening of the joints and ligaments. It almost exclusively affects
young men.

Severe pain, mainly on flexion of the joints of the lower extremities.

An inflammatory condition that affects joints. Can be infective,
autoimmune, or traumatic in origin.

A cell-autonomous process involved in the degradation of intracellular
pathogens, antigen processing, regulation of cell signalling and regulation
of T-cell homeostasis.

The occurrence of the same trait in both members of a pair of twins.
Concordance might occur for diseases as well as for behaviours such as
smoking.

Tubular invaginations of the intestinal epithelium. At the base of the crypts,
there are Paneth cells, which produce bactericidal defensins, and stem cells,
which continuously divide and are the source of all intestinal epithelial
cells.

A family of proteins exhibiting bactericidal properties. They are secreted by
immune cells (particularly neutrophils), intestinal Paneth cells and
epithelial cells.

The presence of abnormally large amounts of fluid in the intercellular tissue
spaces of the body.

Inflammation of the thin membrane which coats the sclera (white of the
eye).

A disorder characterised by the formation of tender, red nodules on the
fronts of the legs. Erythema nodosum primarily affects women and has
been associated with certain infections, particular drugs, and certain
diseases such as leukaemia, sarcoidosis, rheumatic fever, ulcerative colitis
and with pregnancy.

The formation of excessive fibrous tissue.

An abnormal passage or communication, usually between two internal
organs or leading from an internal organ to the surface of the body.

A collection of epithelial cells, macrophages and lymphocytes, usually T
cells.

In epidemiology, incidence rate is the number of new cases that acquire a
disease per unit of person and time.

A low oxygen state usually due to obstruction of the arterial blood supply
or inadequate blood flow leading to hypoxia in the tissue.

“A statistical approach that combines results from multiple related studies
to define a composite effect. When applied to genome-wide association
studies, increased power to identify more modest association effects
accrues” [47].

Genomes of human microbial symbionts.
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Glossary (Continued)

Prevalence

Pulsotype

Pyoderma
gangrenosum

Sacroiliitis

Scleritis

Seropathotype

Siderophore

Stenosis

Tenesmus

Toxic megacolon

Transmural

Uveitis

In epidemiology, total number of cases with a certain disease in the
population at a given time.

Term used to define specific profiles obtained by pulsed field gel
electrophoresis, characteristic of each clone.

Uncommon ulcerative cutaneous condition of uncertain etiology. The
lesion(s) usually begin as a soft nodule on the skin which proceeds to
ulcerate. The ulcer enlarges and the skin at the edge is purple-red. This
condition is associated with several other diseases, some of which are
ulcerative colitis, Crohn’s disease, rheumatoid arthritis, leukaemia, and
cryoglobulinaemia.

Inflammation of the sacroiliac joint. Can be caused by multiple factors and
can present in a variety of different forms.

Refers to any inflammation of the sclera including episcleritis*, a benign
condition affecting only the episclera, which is generally short-lived and
easily treated. Classic scleritis, on the other hand, affects deeper tissue and
is characterised by higher rates of visual acuity loss and even mortality,
particularly in its necrotising form. Its characteristic symptom is severe and
general head pain. Etiology is unknown but is thought to involve a local
immune response.

Term used to define the combination of several typing methods, usually
including serotyping and virulence gene typing.

Low molecular weight molecule secreted by certain advantaged bacterial
species that have a high affinity for ferric (Fe™) iron, which is insoluble as
a free cation. Bacteria retrieve iron-bound siderophores through receptors
and incorporate them into the cytoplasm.

Narrowing or stricture of a duct or canal.

Straining, especially ineffectual and painful, during defecation.

Complication of IBDs, mainly UC, characterised by a very dilated colon,
accompanied by abdominal distension, and sometimes fever, abdominal
pain, or shock. High risk of death.

Extending through, or affecting the entire thickness of, the wall of an organ.

An inflammation of part or all of the uvea, which is the tunic that surrounds
the eye and is made up of the iris, the ciliary body and the choroid.
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