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Abstract

Escherichia coli (E. coli) may be implicated in the pathogenesis of inflammatory bowel disease (IBD),
as implied from a higher prevalence of mucosa-associated E. coli in the gut of IBD-affected individuals.
However, it is unclear whether different non-diarrheagenic E. coli spp segregate from each other in
their ability to promote intestinal inflammation. Herein we compared the inflammation-inducing
properties of non-diarrheagenic LF82, 691-04A, E. coli Nissle 1917 (ECN) and eleven new intestinal

isolates from different locations in five IBD patients and one healthy control.

Viable E. coli were cultured with human monocyte-derived dendritic cells (moDCs) and monolayers of
intestinal epithelial cells (IECs), followed by analysis of secreted cytokines, intracellular levels of

reactive oxygen species and cellular death.

The IBD-associated E. coli LF82 induced the same dose-dependent inflammatory cytokine profile as
EcN and ten of the new E. coli isolates displayed as high level IL-12p70, IL-1f3, IL-23 and TNF-a from
moDCs irrespective of their site of isolation (ileum/ colon/ faeces), disease origin (diseased/ non-

diseased) or known virulence factors. Contrarily, 691-04A and one new IBD E. coli isolate induced a

different cellular phenotype with enhanced killing of moDCs and IECs, coupled to elevated IL-18.

The cytopathic nature of 691-04A and one other IBD E. coli isolate suggests that colonization with
specific non-diarrheagenic E. coli could promote intestinal barrier leakage and profound intestinal
inflammation, while LF82, ECN and the remaining non-diarrheagenic E. coli isolates hold notorious

pro-inflammatory characteristics that can progress inflammation in case of intestinal barrier leakage.
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1917, LPS: Lipopolysaccharide, MOI: Multiplicity of infection, ROS: Reactive oxygen species.



Introduction

Crohn’s disease (CD) and ulcerative colitis (UC) are chronic inflammatory bowel diseases (IBD)
believed to arise from defects in the gut barrier, combined with excessive immune responses to
commensal gut microbes. Based on genome-wide association studies, genes involved in processing of
invasive bacteria have been linked to CD, whereas genes associated with barrier function has
primarily been linked to UC (Lees et al., 2011). Despite the fact that CD and UC are obviously distinct
disorders, they share clinical and pathological features that appear to involve E. coli as increased
numbers of E. coli have been identified in the gut mucosa of CD and UC patients compared to healthy
controls (Kotlowski et al., 2007; Mondot et al., 2011; Sokol et al., 2006). Some of these IBD-associated
E. coli isolates display strong host-interacting properties that include the ability to adhere to and
invade the gut epithelium (Barnich et al., 2007). Moreover, they evade clearance from immune cells
by replicating within phagocytic cells (Glasser et al., 2001), thus promoting their survival below the
protective epithelial barrier. These IBD-related E. coli isolates are not amongst the classically known
diarrheagenic E. coli, but includes e.g. the prototypic adherent-invasive E. coli (AIEC) strain LF82

(Glasser et al., 2001).

IBD-associated E. coli might promote their establishment in the gut by overgrowing the commensal
microbiota via adaption to environmental changes such as inflammation. Thus, instead of being
cleared by the host inflammation, it is speculated that these E. coli could take advantage of the
inflammatory environment and promote chronic gut inflammation. Whether E. coli and/or other

microbes take part in the early inflammation or act secondary in the disease progression of CD and UC



is however unknown. Nonetheless, the bacteria-induced host inflammation significantly affects the
host barrier integrity. During homeostasis, the interplay between bacteria and dendritic cells (DCs) is
mainly accomplished upon M cell entry. When the epithelial barrier fails to protect the organism
against invading microbes, the immune cells located in the intestinal lamina propria become crucial in
preventing systemic spread of the infection. However, infections that evade efficient immune
clearance contribute to an on-going active inflammatory response. DCs may be regarded as central for
induction of sustained gut inflammation in IBD as they are key controllers in the activation of bacteria-

specific T cells that continuously infiltrate lamina propria during the disease process.

The inflammatory pathophysiological mechanisms of CD and UC seem to differ. CD is characterized by
a typical Thl and Th17 response based on enhanced levels of the cardinal cytokines IFN-y (Th1) and IL-
17A (Th17), which is activated by lymph node-located DCs that produce IL-12p70 and IFN-y (Th1) and
IL-1, IL-6 and IL-23 (Th17) (Sakuraba et al., 2009). A prolonged Th1/Th17 activity together with
increased levels of pro-inflammatory cytokines (TNF-a, IL-1f3, IL-6) will result in exacerbated epithelial
damage and tissue injuries. Collectively, these mechanisms may drive an on-going translocation of
enteric bacteria to lamina propria. IBD-associated E. coli could be potent inducers of Th1/Th17-
propagating DCs due to their display of various pathogen-associated molecular patterns (e.g.
lipopolysaccharide (LPS), lipoproteins and peptidoglycan) that activate the expression of immune-
related genes including IL-12p70, IL-23 and IL-6, which drive the Th1/Th17 expansion (Rallabhandi et
al., 2008; Roses et al., 2008). Thus, IBD-associated E. coli are plausible drivers of pro-inflammatory
response factors related to the Th1/Th17-associated CD pathogenesis. Conversely, the predominant

immune phenotype of UC is manifested by a Th2 effector response of high IL-5 and IL-13 levels (Fuss



et al., 2004; Fuss et al., 1996). IL-13 may play a role in the disease process, as it is recognized to
augment e.g. the cytotoxic effect of natural killer T cells on host cells, thereby causing severe tissue
damage (Heller et al., 2005). These underlying differences in the inflammatory pathophysiological
mechanisms of CD and UC indicate that divergent factors, e.g. different microbes, might be involved

in disease manifestation.

Many studies report on changes in the microbial ecosystem in CD and UC patients compared to
healthy individuals, but only a few have looked at the functional importance of these observations
(Barnich et al., 2007; Darfeuille-Michaud et al., 2004). In the present study, we performed a functional
comparison of the host response to prototypic IBD-strains; CD-associated LF82, and UC-associated
691-04A, E. coli Nissle 1917 (ECN) as well as a number of clinical isolates from IBD patients and
healthy controls. We used two cell models: human monocyte-derived DCs (moDCs) generated from
healthy blood donors and fully differentiated intestinal epithelial cells (Caco-2). Cells were exposed to
viable E. coli isolates at different bacteria-to-cell ratios to compare the functional attributes of these
bacteria. From the cytopathic nature of two isolates from UC patients presented here, we suggest
that colonisation with specific non-diarrheagenic E. coli promote intestinal barrier leakage and
profound intestinal inflammation. Yet, other E. coli as LF82, ECN and the remaining non-diarrheagenic
E. coli IBD isolates hold notorious pro-inflammatory characteristics that can progress inflammation in
case of intestinal barrier leakage. The molecular attributes within E. coli that determines these

differences are yet to be defined.



Materials and Methods

Isolation of clinical E. coli from human biopsies and faecal samples

Permission for the study was obtained from the Regional Ethics Committee for Copenhagen County
Hospitals (Permission no. H-C-2009-055) and all participants gave their informed written consent.
Patients with IBD were diagnosed according to standardized criteria (Langholz et al., 1994; Munkholm
et al., 1992). The enrolled healthy control had no history of gastrointestinal disease. Biopsies were
taken during videoendoscopy from the ileum and colon with sterile forceps, then directly transferred
to Statens Serum Institut (SSI) Transport Medium, and transported to SSI at 4°C. Immediately upon
arrival, biopsies were inoculated on SSI enteric medium (Blom et al., 1999) and incubated at 37°C
overnight. Faecal cultures were grown by suspending 10 ul or an amount equivalent to 10 pl faeces
into 2 ml of PBS (pH=7.38). The suspension was mixed, and 10 pl was plated on SSI enteric medium
(Blom et al., 1999) and incubated at 37°C overnight. The plates from overnight incubation were
examined for colony characteristics, size, and colour of the cultured organisms. Colonies with
characteristic features of E. coli and of different morphology (4-5 colonies per sample site when
applicable) were chosen for further identification using PGUA test and Minibact E test (Statens Serum

Institut, Copenhagen, Denmark) (Kjaeldgaard et al., 1986).

E. coli characterization

Verified E. coli isolates were further characterised genetically by determination of phylogenetic
groups (A, B1, B2 and D) based on genes chuA, YjaA and an anonymous DNA fragment, using primers

and conditions exactly as described by Clermont et al., 2000. Virulence genes of common E. coli



diarrheagenic (DEC) pathotypes (VTEC, EPEC, ETEC, EAEC) were detected by DNA probe-hybridization
assays: verocytotoxin genes (vtx1, vtx2, saa, ehxA), intimin (eae), bundle-forming pili (bfpA), EAST1
(astA), marker for enteroaggregative E. coli (aatA, aggR, aaiC), heat labile and heat stabile toxin (/t and
st) and marker for diffuse adherence (SLM862) as described previously (Olesen et al., 2005).
Previously, all IBD strains were tested for invasive genes (Vejborg et al., 2011). Sensitivity to
Gentamicin of the clinical E. coli strains was tested by disc diffusion assay (Rosco 10 ug). Invasion

ability was tested in a Caco-2 adhesion cell assay.

The prototypic AIEC LF82 isolated from a CD patient was kindly provided by Dr. Arlette Darfeuille-
Michaud, Université, d’Auvergne, France. The probiotic bacterium E. coli Nissle 1917 (06:K5:H1) (ECN)
was obtained from Statens Serum Institut, Copenhagen, Denmark. E. coli strains 691-04A and 311-05
have previously been designated p19a and p22, respectively (Petersen et al., 2009, Vejborg et al

2011).

Generation of monocyte-derived dendritic cells

Monocyte-derived dendritic cells (moDCs) were differentiated from CD14+ monocytic cells obtained
from buffy coats of healthy donors (Rigshospitalet, Denmark) as described previously (Sondergaard
and Brix, 2012). Briefly, peripheral blood human mononuclear cells were isolated by Ficoll Paque PLUS
(GE Healthcare Bio-Sciences AB, Uppsala, Sweden) density gradient centrifugation and CD14+ cells
were positively selected by magnetic CD14+ based Microbeads (MACS, Miltenyi Biotec, Bergisch
Gladbach, Germany) on a LS Macs separation-column (Miltenyi Biotec). 2x10°/well CD14+ monocytes

were cultured in 6-well-plates (Nunc, Roskilde, Denmark) for 6 days in RPMI 1640 (Lonza, Vallensbaek,



Copenhagen) supplemented with 10% heat-inactivated foetal bovine serum, 1 % penicillin-
streptomycin, 1% L-glutamine (all Lonza, Vallensbaek, Copenhagen) and differentiated to moDCs by
adding 30 ng/mL IL-4 (CellGenix, Freiburg, Germany) and 20 ng/mL GM-CSF (CellGenix) in the culture
medium. On day 3, half of the cell culture medium was replaced with fresh medium containing 60
ng/mL IL-4 and 40 ng/mL GM-CSF. On day 6, moDCs were tested for expression of CD1a and CD14 by
flow cytometry to ascertain for differentiation of monocytes into moDCs. moDC cultures used for the

study were >95% CD1a-positive.

Culture of intestinal epithelial cell line

Caco-2 cells (ATCC-HTB-37, Manassas, USA) (passage numbers p = 22-26) were cultured in Dulbecco’s
modified Eagle medium (DMEM, Lonza) supplemented with 10% heat-inactivated foetal bovine
serum, 1% penicillin-streptomycin, 1% non-essential amino acids, and 1% L-glutamine (all Lonza). Cells
were seeded in 12-well tissue-culture treated polycarbonate transwell inserts (12 mm diameter, 0.4
um pore size, Costar, Corning, NY) at a cell density of 4.25 x 10* cells/well. Medium was replaced
every 2nd to 3rd day. On day 21, cells were fully differentiated and were used for co-culture with

bacteria.

Host cell stimulation with viable E. coli

E. coli were grown overnight in Luria-Bertani medium to stationary phase. Bacteria were then washed
twice in PBS (pH=7.2) prior to addition to host cells. Multiplicity of infection (MOI) was adjusted using

a pre-determined optical density-to-colony-correlation factor for each isolate.



A total of 6 x 10° moDCs per well were seeded in 48-well suspension plates (Greiner Bio-One,
Monroe, North Carolina, USA) in antibiotic-free RPMI 1640 supplemented with 10% heat-inactivated
foetal bovine serum, and 1% L-glutamine (all Lonza). Cells were co-cultured with live E. coli at
different MOls: 1, 5 and 10, tested in a blinded fashion. LPS (1 ug/mL) from E. coli 026:B6 (Sigma-
Aldrich) was used as a positive control. Following 1 h of stimulation, gentamicin (50 pug/mL, Sigma
Aldrich, Steinham, Germany) was added to kill remaining extracellular bacteria. moDCs were
incubated with bacteria for a further 19 h. Supernatants were harvested after 20 h, and the cell
viability and intracellular production of reactive oxygen species (ROS) were both analysed by flow

cytometry.

The monolayer of differentiated Caco-2 cells in transwells was washed in 37°C pre-warmed PBS and
replaced with fresh pre-warmed culture medium without antibiotics. The number of differentiated
Caco-2 cells was determined in one to three wells by cell counting (NucleoCounter, Chemometec,
Allergd, Denmark). On average, 6 x 10° viable cells were present in the transwells, and stimulated
with live E. coli at different MOls: 100, 500 and 1000. After 1 h of stimulation, 50 ug/mL (MOI 100) or
100 pg/mL gentamicin (MOI 500, 1000) was added to kill remaining extracellular bacteria. The co-
cultivation continued for a further 17 h before measurement of cell viability and intracellular
production of ROS. Cell supernatants were stored at -80 °C until chemokine- and cytokine analysis by

ELISA.
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Before inclusion of gentamicin, we examined the dose-dependent effects on cytokine production and
cell viability in LPS-stimulated and medium-treated cells, and found no effects at the given gentamicin

concentrations. Accordingly, gentamicin was added to all treatments, including medium-treated cells.

Flow cytometry

moDCs were stained with 2’-7'-Dichlorodihydrofluorescein diacetate (DCFH-DA) (Invitrogen, Eugene,
OR, USA) for measurement of intracellular ROS. Briefly, DCFH-DA is a non-fluorescent stain that is
taken up by cells and oxidized to fluorescent dichlorofluorescein (DCF) by intracellular esterases in the
presence of ROS. SYTOX® AADvanced™ (AAD) (Invitrogen) was used to assess cell viability, as it binds
to the nucleic acids of dead cells. Cells were stained with 5 uM DCFH-DA for 45 min and with 0.2 pL
SYTOX-AAD/120,000 cells just prior to analysis. Flow cytometry analysis was carried out on a BD
FACSCanto Il Flow Cytometer (Franklin Lakes, NJ, USA) and data were further analysed with FlowJo

software (Tree Star, Inc. / FlowlJo LLC, Ashland, OR, USA).

Cytokine analysis of moDC and Caco-2 supernatants

Cytokines and chemokines in the cell supernatants were determined by ELISA according to the
manufacturer’s instructions. The following kits were used: IL-8 (BD Biosciences), TNF-a, IL-6, IL-1[3, IL-

12p70, IL-10 (all R&D Systems, Minneapolis, MN, USA), IL-18 and IL-23 (both eBioscience).

Statistics

Data are based on moDCs generated from 11 healthy donors, except for data on C311-05 that was

tested on the five last donors. Data on cellular viability and ROS production are based on five

11



individual donors. All displayed bacteria treatments were tested on cells from each donor. Non-
parametric statistics was used to test statistical differences between treatments by use of GraphPad

Prism 5 (GraphPad Software, San Diego, CA, USA).
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Results

Characterization of intestinal E. coli isolates

The site of isolation, patient group and phylogeny characteristics for LF82, 691-04A, ECN and the
thirteen clinical E. coli isolates are presented in Table 1. It is worth pointing out that the patients
were colonised by only one or two E coli types, indicating the possible importance of the colonising
strains in the development of disease.

All patients diagnosed with UC were colonised with E. coli from the phylogenetic group B2. Isolates
from CD patients were of the mixed phylogenetic groups A, B2 and D. Groups B2 and D were
previously associated with IBD (Kotlowski et al., 2007). Based on molecular assays, no verotoxin-
producing genes, invasion genes or other common diarrheagenic virulence genes were detected
amongst the IBD E. coli isolates (Table 1), and therefore we characterise the isolates as non-

diarrheagenic E. coli.

Response profiles in dendfritic cells challenged with non-diarrheagenic E. coli

MoDCs were cultured with viable E. coli at three bacteria-to-cell ratios (1:1 (MOI 1), 5:1 (MOI 5) and
10:1 (MOI 10)), followed by measurement of secreted cytokines and cell viability upon 20 h of
stimulation. LPS and unstimulated (medium) moDCs were included as reference controls. All bacteria
were found to induce a dose-dependent production of four out of the seven selected cytokines: IL-1f,
IL-23, IL-12p70 and IL-10; displayed here for LF82 (Fig. 1A). Increasing the bacterial load from MOI 1 to
10 correlated with a rise in nearly all pro-inflammatory cytokines, except for IL-6 and TNF-a, which

were generally highly expressed also at MOI 1, and for the inflammasome-derived cytokine IL-18

13



which was only slightly induced in LF82-exposed moDCs (Fig. 1A). As expected, IL-1B and IL-18 were
not induced by pure LPS in moDCs, since cytokine levels for LPS correspond to that of unstimulated

cells (representing cytokine detection limits).

We made spider-web plots to compare the cytokine secretion patterns for all bacteria-to-cell ratios of
the viable E. coliisolates, and found that cytokine profiles for LF82 corresponded to that of ECN (Fig.
1B), and also to ten of the new E. coli intestinal isolates (supplementary Fig. 1A). Notably, we
identified a disparate cytokine pattern for C691-04A (Fig. 1B), single-handedly resembling that of the
intestinal isolate C311-05 (supplementary Fig. 1B); and only C311-05 was found to enhance IL-18

levels similar to C691-04A (Fig. 1C).

When focusing on the overall abundances of the seven cytokines from E. coli-exposed moDCs, we
found great differences between C691-04A and LF82 (Fig. 1D). For C691-04A at MOI 10, IL-6 and TNF-
o, each made up 30-40% of the measured cytokines, IL-18 15%, and IL-23 8%, while IL-12p70 and IL-10
were about 3% of total cytokines, and IL-1 was almost absent. For LF82 at MOI 10, the moDC
cytokine pattern was tipped towards approx. 50% TNF-a, 30% IL-6, 9% IL-10, 5% IL-23, 5% IL-12p70
and little of the caspase-1-induced IL-1f3 (1%) and IL-18 (0.06%) (Fig. 1D), which remained almost
constant at all three MOls. For C691-04A it appeared that IL-18 levels increased with increasing MOI,
while IL-12p70 and IL-10 levels diminished (Fig. 1D). When addressing the actual concentrations of
secreted cytokines from LF82- and C691-04A-cultured moDCs, it was evident that the amount of all
secreted cytokines was gradually reduced with increased MOI for C691-04A (Fig. 1E), which, together

with increased IL-18 levels, indicates that cytopathic effects may be in play.
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Viability of dendritic cells challenged with non-diarrheagenic E. coli

The viability of moDCs at 20 h after LF82 exposure changed in a MOI-dependent manner with a slight
decrease in viability from MOI 1 (approx. 55% viable cells) to MOI 10 (approx. 40% viable cells), but
the percentage of viable cells was still comparable with that of unstimulated and LPS-treated cells,
even at increasing MOls (Fig. 2A). Viability was comparable for all bacteria except for C691-04A where

it dropped to less than 10% at MOI 5 and 10 (Fig. 2B).

Altogether, moDCs responded similarly to CD-associated LF82 and commensal ECN, as well as ten of
the new E. coli isolates that covered both B2 and other phylogenetic groups (Table 1). As C691-04A
promoted enhanced IL-18 and reduced viability at 20 h post challenge, we further examined changes in
the cellular viability at 4h post exposure to study initial differences in the moDC response against IBD-

associated E. coli strains.

Early changes in cellular viability dynamics of C691-04A-exposed dendritic cells

The cellular regulations that might predispose to the noticeably higher moDC mortality mediated by
C691-04A at 20 h post challenge was studied by examining viability versus cell death modes in moDCs
at 4 h post challenge. The dead-marker stain AAD was applied to distinguish between dead and viable
cells by flow cytometry, and moreover to classify cell subpopulations that do not strictly group into
these two categories. By use of AAD versus side scatter (SSC) biplots, we identified five distinguishable

moDC subpopulations that were designated: V, D1, D2, D3 and D4 cells, as displayed for LF82-exposed
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moDCs (Fig. 3A). Cells termed, V, were viable (negative for AAD staining, Fig. 3A), and exhibited higher
forward-scatter (FSC, i.e. cell size) properties compared to the other cells (Fig. 3B). Cells in D1 were
negative for AAD and in combination with a low FSC versus SSC, we identified these cells to be
apoptotic (also confirmed by stimulation of moDCs with the apoptosis-inducing drug camptothecin
that induced >50% D1 cells, and by Vybrant DyeCycle Violet/SYTOX AADvanced staining to identify
FSC-SSC properties of apoptotic cells (data not shown)). D2- and D3 cells displayed a low but
indistinguishable FSC, suggesting that these cells were dead. Cells of D2 stained negative for AAD, and
in combination with the low FSC, D2 makes up dead cells probably without DNA due to degradation.
D3 cells were positive for AAD, i.e. dead cells. D4 cells were also identified as dead, as they stained
positive for AAD, but due to their SSC resembling that of viable cells, D4 cells seem to be less
dysfunctional than D3 and D2. By this procedure, we defined cells in D2, D3 and D4 to represent
necrotic cells that are disparate from the apoptotic cells in D1. ECN (Fig. 3C, D) and the 10 newly
isolated E. coli isolates listed in Table 1 promoted the same cellular death modes and percentages of
these as presented for LF82 (data not shown). However, the subpopulations induced by C691-04A at
MOI 1, 5 and 10, and by C311-05 at MOI 5 and 10 changed considerably as compared to those
identified in LF82- and ECN-exposed cells (Fig. 3), making it almost impossible to identify the same
subpopulations as for LF82 and ECN. The differences are therefore best described by simply looking at
the dynamic changes in the biplots showing the distribution of moDC subpopulations induced by
C691-04A at different MOls; as compared to the other E. coli at similar MOls. Specifically, we found
overall changes in the properties of the V population (lower SSC), as well as increased apoptosis (D1)

already at MOI 1 with C691-04A, and at MOI 5 and 10 with C311-05 (Fig. 3D). The apparent changes in
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FSC-SSC-properties of the V population in C691-04A-exposed moDCs (Fig. 3D) indicated that the V
subpopulation from C691-04A-exposed moDCs might include cells that hold other characteristics than

solely viable cells.

The cytopathic properties of E. coli C691-04A promote induction of a distinct dendritic cell subtype

To examine the characteristics of the V subpopulation, we first compared the early changes of the
live/dead cell dynamics at 4 h induced by C691-04A and LF82 at MOI 1 (Fig. 4A). The V subpopulation
that was apparent 4 h post challenge could be divided into two subpopulations, designated D5 and
V0, based on their FSC-properties. D5 cells of C691-04A displayed a lower FSC than VO, they were
moreover negative for AAD-staining and showed a dispersed SSC with the major part of cells having a
low SSC, resembling that of dead cells (Fig. 4A). Noticeably, the D5 population was only induced by
C691-04A, and marginally by C311-05 at MOI 5 and 10 (the SSC-high population in between V and D4

in Fig. 3D), but not by LF82 (Fig. 4A).

When comparing the cellular characteristics induced at 4 and 20 h post challenge with C691-04A at
MOI 1, 5 and 10, it was apparent that the D5 subpopulation was visible only upon 4 h challenge (Fig.
4B). After 20 h, the majority of moDCs were identified as dead based on low viability (<10% at MOI 5
and 10) and an increase in AAD-stained cells, mainly D3 cells (20% and 55% at MOI 10 after 4 and 20 h
of stimulation, respectively, data not shown for 4 h). It was also evident that the SSC-properties of D5
cells were MOI-dependent at 4 h post challenge, as low SSC was seen at MOI 1 and 5, while the few

viable cells (V) at MOI 10, displayed higher SSC properties (Fig. 4B). Since differences in attributes of
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the 4 h stimulated moDC subpopulations seem to relate to the later cellular fate, i.e. cytopathicity or
survival/containment of bacteria, we also looked into the cellular ability to produce reactive oxygen
species (ROS), as ROS are recognized to take part in bacterial breakdown in phagocytic cells. High ROS
production can therefore be regarded as a measure of metabolically active cells that are able to

handle bacterial exposure.

Production of reactive oxygen species in dendritic cells challenged with non-diarrheagenic E. coli

Intracellular ROS production in each identified subpopulation from Fig. 4B is illustrated at 4 and 20 h
post challenge with C691-04A (Fig. 5A). Cells that were AAD-negative (V, D5 and D1) were also ROS-
producing, thus representing metabolically active and intact cells. However, the highest levels of ROS
were produced from V (4 and 20 h) and D5 (4 h) cells (Fig. 5A). On the contrary, D2, D3 and D4 cells
were low in ROS, likely as a consequence of their lack of cellular intactness (i.e. membrane leakiness is
a prerequisite for positive AAD-staining). Intracellular ROS was measurable both at 4 and 20 h post
challenge, implying that ROS production is not only an early-induced host effect. Moreover, when
comparing intracellular ROS induced by LF82, ECN, C691-04A and C311-05 in viable cells (V), there
were no apparent differences at any tested MOI (Fig. 5B). From these observations, it seems that ROS
production might be a general host defence mechanism provoked independently of the pathogenicity

of the single E. coli strain, and thus not a specific phenomenon linked to bacterial cytopathic effects.

Based on the current analysis of changes in moDC subpopulations, and not specifically their ROS

characteristics, it is noticeable that early appearance of the D5 subpopulation promoted by C691-04A
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at all MOls, and by C311-05 at MOI 5 and 10 (supplementary Fig. 2), relate to the attribute of these
bacteria to induce high IL-18 levels and increased overall cell death at 20 h post challenge

(summarized in Table 2).

E. coli C691-04A and ECN have equal cytopathic properties in intestinal epithelial cells at high MOI

The similarity in the pro-inflammatory cytokine response induced in moDCs upon challenge with most
clinical E. coli strains implies that all the E. coli are able to induce a profound immune activation in
moDCs if they get into contact with them i.e. by breaching the epithelium or crossing via M cells.
Breaching via the epithelium might be induced by bacteria that mediate a cytopathic effect on the
epithelium; manifested in vitro by impaired viability, coupled with excretion of IL-18. As C691-04A
showed these specific features in moDCs, we speculated if such cytopathic effects were also evident

upon its interaction with epithelial cells.

Intestinal epithelial cells (IECs) were grown to confluence in transwells and then exposed to C691-04A
at MOI 100, 500 and 1000, followed by comparison of the apical cytokine response to the response
induced by LF82 and ECN. Five different cytokines were evaluated: IL-18, IL-8, IL-1B, TSLP and TNF-c,

but only IL-18 and IL-8 were detectable.

IL-18 was secreted at high bacteria-to-cell ratios (MOI 1000) by all three bacteria. Noticeable, C691-
04A and ECN mediated up to 3-fold higher IL-18 secretion compared to LF82 at MOI 1000, suggesting

a different potency amongst the bacteria at high MOI (Fig. 6A). The IL-8 decreased as MOl increased.
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At MOI 1000, C691-04A and ECN did not induce IL-8 secretion, in contrast to LF82 (Fig. 6B). The cell
mortality followed the cytokine pattern, as there was a clear drop in viability above MOI 500, which
was most profoundly observed upon challenge with C691-04A and ECN (Fig. 6C). IECs were still
metabolically active in regard to intracellular ROS production up to MOI 1000 for LF82, and up to MOI
500 for C691-04A and ECN (Fig. 6D), where viability also declined dramatically for the two latter.
These data demonstrate that at very high cell-to-bacteria ratios C691-04A and ECN are both capable
of promoting inflammation-induced cell death in IECs, and that LF82 is less potent in provoking

cytopathic effects in IECs at high MOI.
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Discussion

The functional comparative analysis of non-diarrheagenic E. coli clinical isolates showed that E. coli in
general, regardless of intestinal location, were able to promote a characteristic, foreseeable, pro-
inflammatory cytokine response in moDCs. Besides, two E. coli isolates also revealed distinct
cytopathic features mainly in moDCs but also in IEC at high bacterial numbers.

The most common fingerprint in E. coli-challenged moDCs was high secretion of TNF-a, IL-6, IL-10, but
also noticeable levels of the Thl-polarizing cytokine IL-12p70 and Th17-expanding IL-23. These
cytokines make up a predictable outcome in E. coli-exposed moDCs based on the presence of the
immunostimulatory ligands LPS, peptidoglycan and lipoproteins in E. coli. However, it is noticeable
that the two UC-derived E. coli strains C691-04A and C311-05 evoked up to 18-times less total
cytokines at MOI 10, while increasing the levels of IL-18 more than 15-fold compared to the remaining
E. coli strains. Moreover the two UC-derived strains reduced overall cell survival, and changed the
cellular death modes in a manner essentially differing from the other E. coli isolates. Particularly, E.
coli C691-04A was observed to mediate specific inflammation-induced killing at high bacteria-to-cell
ratios in both moDCs and IECs. Such properties may impair barrier function, promote bacterial
translocation into the gut lamina propria, and thereby cause activation of phagocytes, including DCs,
as shown here. Since moDCs were profoundly affected by C691-04A at low bacteria-to-cell ratios, the
explicit behaviour of this E. coli strain could be speculated to mediate specific pathophysiological
processes relating to IBD, or more specifically to the disease process within the UC patient from
whom it was isolated. The distinct properties of C691-04A on moDCs were likewise observed by E. coli

C311-05, although less profound effects were seen at MOI 10.
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The observed host-phenotype induced by UC-derived C691-04A and C311-05 has to our knowledge
not previously been described as a feature of IBD-associated E. coli. Today, the features of AIEC, i.e. 1)
adhesion to IECs, 2) invasion in IECs and 3) escape from host clearance (Boudeau et al., 1999;
Darfeuille-Michaud et al., 2004; Glasser et al., 2001), are considered as cardinal characteristics, used
to identify functional effects of E. coli in relation to IBD, and in particular CD. Here, we demonstrate
that parameters relating to innate immune activation and cell death, specifically the inflammatory
profiles in moDCs, as well as the type of cell death may be important for judging E. coli pathogenicity
in the host. Thus, new properties within IBD-associated E. coli have been described herein, and we
suggest that these attributes are likely to contribute in the processes resulting in epithelium
breakdown, and the ongoing elicitation of inflammatory leukocytes and cytokines characteristic for

both UC and CD.

IL-18 is an important cytokine bridging the innate and adaptive immune system by differentiating and
activating IL-12p70-promoted Th1 cells (Dinarello, 1999). The significance of IL-18 in the inflammatory
progression of IBD has been reported by several studies (Leach et al., 2008; Pizarro et al., 1999), and
the effect of neutralizing IL-18 in animal models, has shown to reduce disease-driven inflammation
(Sivakumar et al., 2002). Secretion of mature IL-18 is based on inflammasome activation involving a
caspase-1-dependent mechanism initiated as cells undergo inflammation-induced cell death in
response to host-depriving signals. This fate of cell death is known as pyroptosis, and is believed to
become effective when the host cannot clear the bacteria through the common non-inflammatory
death route i.e. apoptosis (Ashida et al., 2011). As already reported for Salmonella enterica serovar

Typhimurium and Staphylococcus aureus (Miao et al., 2010; Soong et al., 2012), it is likely that E. coli
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C691-04A and C311-05 also induce host cell death via the pyroptotic way, which thereby would
explain the high IL-18 levels, the increase in cell mortality and the early distinct cell death modes
induced in moDCs exposed to these E. coli strains. Based on these observations we speculate that the
distinct moDC population, D5, mediated by C691-04A and C311-05, but not the other E. coli isolates,
is an initial identifier for cells undergoing pyroptosis. To conclude on this, more studies are needed
that focus on the mechanisms determining the distinct host cell death, but also on the specific

attributes of E. coli C691-04A and C311-05 that makes them cytotoxic.

We also observed an early increase in the apoptotic cell population (D1) at stimulation with C691-04A
and C311-05, implying that other death processes seem to proceed in the early phase of interaction
with moDCs. It has previously been shown that Yersinia spp. elicit apoptosis in the early phase of an
infection (Ashida et al., 2011), likely as a strategy to prevent inflammation-induced host clearance,

and thereby gain time to establish prolonged infection (Ashida et al., 2011).

Besides mediating a similar and distinct host response, the two E. coli isolates C691-04A and C311-05,
also have in common that they are isolated from UC patients. Although few in numbers, this
observation brings forward that some E. coli from UC patients are able to induce a distinct
cytopathicity dissimilar from other E. coli isolates. However, it is evident that many more isolates will
need characterization to settle whether specific E. coli strains might be selectively involved in

initiation of UC.

It has for long been known that Th1/Th17-expansion is a hallmark for CD lesions (Sakuraba et al.,

2009), whereas Th2 is more dominant in UC (Fuss et al., 1996). Based on the current observations, it is
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striking that the cytokine profile promoted by the two unique UC-associated E. coli strains relate to
common UC-disease characteristics. While IL-18 in combination with IL-12p70 is known to promote
Th1 expansion, the effector function of IL-18 in the absence of IL-12p70 is reported to mediate Th2
progression of naive T cells (Nakanishi et al., 2001) as well as IL-4 and IL-13 production by basophils,
which favours Th2 polarization (Kroeger et al., 2009). That C691-04A in particular, but also C311-05,
mediated a cytokine response with high IL-18 and low IL-12p70 at MOI 10 suggests that these two
bacteria might hold the potential to promote expansion of Th2 cells rather than Th1, the latter
requiring IL-12p70. On the contrary, CD-associated LF82 and the clinical E. coli isolates from CD
patients provoked a strong pro-inflammatory response represented by profound TNF-q, IL-6, IL-10,
high IL-12p70, IL-23 and also IL-18, thus suggesting expansion of Th1 (via IL-12p70) and Th17 (via IL-6,
IL-1B3, IL-23). Hence, although the pathogenesis of CD and UC both involves E. coli, it could be
speculated that intrinsic differences amongst colonizing E. coli in terms of the way of interacting with
moDC and IEC might account for the divergence in immunophenotypes identified as characteristics

for each disease.

In the literature ECN has been described as a non-pathogenic probiotic E. coli with the ability to
competitively exclude LF82 adhesion to IECs and to exert anti-inflammatory properties to host cells
(Boudeau et al., 2003; Huebner et al., 2011). On the other hand, ECN as well as E. coli LF82 and C691-
04A all belong to the phylogenetic group B2, which is identified to be a common characteristic of E.
coli strains isolated from a diseased gut (Petersen et al., 2009). Moreover, ECN is also reported to
contain virulence genes commonly found in pathogenic E. coli strains (Grozdanov et al., 2004; Picard

et al., 1999) suggesting that it might carry pathogenic potential. The data presented herein support
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the notion that ECN displays similar immunostimulatory capacity as most other non-diarrheagenic E.
coli, including CD-derived LF82. Additionally, we have previously shown that ECN is unable to exclude
adhesion of LF82 to human ileal and colonic biopsies from CD patients (Jensen et al., 2011). ECN has
been used in clinical trials with IBD patients where it is shown to prevent relapse in UC to a similar
extent as the anti-inflammatory drug mesalazine in inactive UC (Kruis et al., 2004), whereas no effects
of ECN administration has been reported in CD patients (Jonkers et al., 2012). Our previous and
present data support that ECN might be ineffective in CD, not only due to its inability to outcompete
strains such as LF82, but also because it induces inflammation similar to CD-associated strains.
However, it still remains to be identified if ECN have a protective role in UC patients for instance by
outcompeting strains such as C691-04A or by shifting the cytokine profile induced by strains like C691-
04A. Still, it should be stressed that our in vitro data revealed a cytopathic effect of ECN in IECs similar
to that of C691-04A at MOI 1000, implying that ECN might be able to induce considerable epithelial

damage if it is able to expand vigorously in an IBD-milieu.

There are several data showing a disease-relevance of E. coli in IBD based on E. coli strains being more
numerous in IBD compared to healthy guts (Conte et al., 2006; Kotlowski et al., 2007; Martinez-
Medina et al., 2006). Our present functional study add further information to these prior findings by
demonstrating that some of the clinical E. coli isolates diverge from each other in terms of the
phenotype they impose on innate cells of the host. Moreover, we find a notable match between the
in vitro based cytokine response profile from moDC towards two of the UC-isolated strains versus the
remaining E. coli spp. and the prevailing host response Th-phenotype (Th2 vs Th1/Th17) describing UC

and CD, respectively. At present we have not identified the bacterial virulence factors within C691-
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04A and C311-05 that account for this difference, but studies are ongoing to clarify their mechanism

of action.

Conclusively, this study identifies two functionally different E. coli subgroups in IBD-mucosa that
induce distinct pro-inflammatory phenotypes in moDCs and in intestinal epithelium at high bacterial
numbers. The distinct functional differences within E. coli isolates may be an underlying causative

mediator for the different pathophysiological representations in UC versus CD lesions.
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Figure legends

Figure 1. Response profile in dendritic cells upon challenge with viable E. coli strains. A, A,
Comparison of cytokine responses from monocyte-derived dendritic cells (moDCs) exposed to
lipopolysaccharide (LPS) (1 ug/mL) and LF82 at MOI 1, 5 and 10 in supernatants harvested upon 20 h
of stimulation. At 1 h post challenge, 50 ug/mL gentamicin was added to all moDC cultures to kill
extracellular bacteria. Data show the response from one representative of 11 individuals and display
the median of technical replicates (n=3) with bars representing the min/max values. B, Cytokine
profiles in supernatants from moDCs exposed to LF82, ECN and C691-04A (Table 1) at MOI 1, 5 and 10
for 20 h, and otherwise treated as in A. Cytokine levels are show as the median of 11 donors displayed
as pg/mL on a log scale. C, Comparison of IL-18 levels from moDCs after 20 h of stimulation with LF82,
ECN, C691-04A and C311-05 at MOI 1 where each dot represents moDCs from one donor. Kruskal-
Wallis test followed by Dunn's Multiple Comparison Test was used for statistical comparison. ***, p <
0.001; **, p £ 0.01; ns=non-significant. D, The cytokine signature from moDCs exposed to LF82 and
C691-04A at MOI 1, 5 and 10. Data show the percentage of the individual cytokines in relation to their
total amount, with original data shown in B (n=11 blood donors). LF82 data are representative for all
examined E. coli strains, except for C691-04A and C311-05. E, Total abundance plots of the measured

cytokines from moDCs for LF82 and C691-04A at MOI 1, 5 and 10 (n=11 blood donors).

Figure 2. Dendritic cell viability after exposure to viable E. coli strains. A, Viability plots of mature
moDCs exposed to 20 h of stimulation with medium, LPS (1 ug/mL) and LF82 at MOI 1, 5 and 10. Cells
were stained with the dead-marker stain, SYTOX® AADvanced (AAD) and subjected to flow cytometric

analysis. The plot displays AAD versus side scatter (SSC) of 120,000 moDCs. The encircled population
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make up the viable population (AAD-negative, high SSC). The other AAD-negative population with low
SSC represents apoptotic cells, while the AAD-positive cells make up necrotic cells. Data are
representative for 5 donors. B, Viability of moDCs after 20 h of stimulation with the 13 E. coli isolates,
determined as the percentage of SYTOX® AADvanced (AAD)-negative and SSC-high cells after flow
cytometry (encircled population in A). The spider-plot represents the median viability of bacteria-

treated moDCs from 5 blood donors.

Figure 3. Divergent viability dynamics in E. coli-exposed dendritic cells. A, SYTOX® AADvanced (AAD)
versus side-scatter (SSC) biplots showing five different dendritic cell (moDC) subsets (V, D1, D2, D3
and D4) promoted by LF82 at MOI 1, 5 and 10 after 4 h of stimulation, and visualized by flow
cytometry. Cultures were added 50 pg/mL gentamicin at 1 h post challenge. B, Forward scatter (FSC)
versus SSC overlay biplots from the analysis in A, exposing the FSC-SSC properties of the individual
subpopulations (V, D1, D2, D3 and D4) emerging upon 4 h challenge with LF82 at different MOls. C,
AAD-staining vs. SSC in moDCs exposed to E. coli Nissle (ECN), C691-04A and C3111-05 for 4 h at MOI
1, 5 and 10. D, Biplots displaying the FSC-SSC properties of the moDC subtypes from C. All data (A-D)

are representative for 5 blood donors.

Figure 4. Some E. coli spp. induce distinct dendritic cell death modes during early stages of
infection. A, Comparison of C691-04A- and LF82-induced dendritic cell (moDC) subtypes (V, D1, D2,

D3 and D4) at 4 h post challenge with MOI 5, displayed as SYTOX® AADvanced (AAD) versus side
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scatter (SSC) (left biplots). The viable (V) population is further divided into two populations (D5 and
V0) based on forward-scatter (FSC) properties (A, right biplots). D5 represents a FSC-low phenotype
that stains AAD-negative. B, Comparison of the distribution of the V subpopulation into D5 and V0, as
induced by different MOls of C691-04A at 4 h and 20 h post challenge. All data (A,B) are

representative for 5 blood donors.

Figure 5. Similar induction of ROS production in moDC across the E. coli spp. A, Production of
intracellular reactive oxygen species (ROS) in the six moDC subpopulations (V0, D1, D2, D3, D4 and
D5) mediated by C691-04A after 4 and 20 h of stimulation. Cells, processed as in Fig. 4B, were co-
stained with DCFH-DA, and subjected to flow cytometric analysis to determine ROS production. The
mean fluorescence intensity (MFI) of the six moDC subpopulations represents the ROS amount
produced within the individual moDC populations. Data are representative for 5 donors. B, ROS
production in viable moDCs (=V0/V) treated with viable LF82, ECN, C691-04A or C311-05 at different
MOIs relative to that in medium-treated moDCs. Data are medians of the individualized normalized

ratios from 5 blood donors with bars indicating min and max values.

Figure 6. E. coli C691-04A and E. coli Nissle show identical cytopathic effect on intestinal epithelium
cells at very high MOI. A, B, IL-8 and IL-18 secretion from intestinal epithelial cells (IECs) exposed to
viable LF82, E. coli Nissle (ECN) and C691-04A at MOI 100, 500 and 1000 for 20 h. C, IEC viability 20 h

post challenge with the indicated viable bacteria at different MOls. D, Comparison of intracellular
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reactive oxygen species (ROS) production induced by the three viable E. coli strains 20 h post
challenge. A-D, IECs were exposed to viable E. coli for 1 h, followed by addition of 50-100 pg/ml
gentamicin (depending on MOI) for the remaining 17 h of stimulation. Data show medians with bars

indicating min and max values based on three individual experiments.
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