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Increased EHEC survival and virulence gene expression
indicate an enhanced pathogenicity upon simulated pediatric

gastrointestinal conditions

Charléne Roussel™?, Charlotte Cordonnier'3, Wessam Galia'*?, Olivier Le Goff', Jonathan Thévenot'?, Sandrine
Chalancon’, Monique Alric'!, Delphine Thevenot-Sergentet*®, Francoise Leriche®, Tom Van de Wiele?, Valérie Livrelli*” and

Stéphanie Blanquet-Diot'

BACKGROUND: Enterohemorrhagic Escherichia coli (EHEC)
are major foodborne pathogens that constitute a serious
public health threat, mainly in young children. Shiga toxins
(Stx) are the main virulence determinants of EHEC pathogen-
esis but adhesins like intimin (eae) and Long polar fimbriae
(Lpf) also contribute to infection. The TNO Gastrolntestinal
Model (TIM) was used for a comparative study of EHEC
0O157:H7 survival and virulence under adult and child diges-
tive conditions.

METHODS: Survival kinetics in the in vitro digestive tract were
determined by plating while bacterial viability was assessed by
flow cytometry analysis. Expression of stx, eae, and Ipf genes was
followed by reverse transcriptase-quantitative PCR (RT-gPCR)
and Stx production was measured by ELISA (enzyme-linked
immunosorbent assay).

RESULTS: Upon gastrointestinal passage, a higher amount of
viable cells was found in the simulated ileal effluents of chil-
dren compared to that of adults (with 34 and 6% of viable cells,
respectively). Expression levels of virulence genes were up to
125-fold higher in children. Stx was detected only in child ileal
effluents.

CONCLUSION: Differences in digestive physicochemical
parameters may partially explain why children are more sus-
ceptible to EHEC infection than adults. Such data are essential
for a full understanding of EHEC pathogenesis and would help
in designing novel therapeutic approaches.

Enterohemorrhagic Escherichia coli (EHEC), mainly from
the serotype O157:H7, are food and waterborne patho-
gens that constitute a serious public health concern. EHEC
are responsible for hemorrhagic colitis and bloody diar-
rhea that can evolve toward life-threatening age-dependent

complications (1). The hemolytic uremic syndrome (HUS),
defined by the triad of acute renal failure, thrombocytope-
nia, and microangiopathic hemolytic anemia, mainly affects
young children under 3 y of age (1-3) while thrombotic
thrombocytopenic purpura, characterized by central nervous
system damages, more commonly afflicts adults and elderly.
In Europe and France, EHEC infections are the leading cause
of renal failure in children. Even if Shiga toxins (Stx) are the
main virulence determinants of EHEC, other factors such as
intimin (eae) and adhesins (including Long polar Fimbriae
(Lpf)) also contribute to human pathogenesis by mediating
bacterial colonization (4,5).

Survival and virulence of EHEC strains in the human gas-
trointestinal (GI) tract are key factors in the infectious process
(6) but they remain poorly described, mainly in children, due
to a lack of relevant models. Studies in humans are obviously
prohibited and results obtained in animal models are ham-
pered by differences between animal and human digestive
physiology. In vitro digestion methods emerge as an appropri-
ate alternative to in vivo assays providing that such models
can reproduce physiologically relevant conditions. Among
the available systems, the dynamic multicompartmental and
computer-controlled TNO gastrointestinal model (TIM) is
currently the most complete simulator of the upper GI tract
(7) and has been validated for microbial applications against
in vivo data (8). Previous works in this model have assessed
the survival of E. coli O157:H7 when ingested within a food
matrix (9,10), but experiments were carried out only under
adult conditions and no data are available on virulence gene
expression during GI transit.

In this context, the aim of this study was to use the TIM model
for a comparative analysis of E. coli O157:H7 survival and vir-
ulence under adults and young children (from 6 mo to 2 y)
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digestive conditions, upon simulated ingestion of a glass of
contaminated water.

RESULTS

Survival and Physiological State of EHEC 0157:H7 in the
Simulated Stomach

Whatever the simulated age group (adult or child), no sig-
nificant difference was observed between the survival kinet-
ics obtained for O157:H7 and the transit marker, showing that
the growth ability of the pathogen (as assessed by numera-
tion of cultivable cells) was not affected by gastric conditions
(Figure 1a). In contrast, flow cytometry analysis of gastric
effluents showed marked differences in the physiological state
of bacteria between adult and child conditions (Figure 1b).
At 60min digestion, a higher percentage of viable cells was
observed under child conditions compared with adult ones
(59.0 vs. 21.9%), together with a lower number of damaged
cells (18.0 vs. 46.2%), whereas similar initial viability profiles
were observed between adult and child conditions. Our results
indicate that cells that are likely to reach the small intestine
would be less damaged in infants compared with adults.

Survival and Physiological State of EHEC 0157:H7 in the
Simulated Small Intestine

In the duodenal simulated compartment, EHEC survival was
unaffected in both age conditions. In contrast, bacterial mor-
tality was noticed halfway the jejunum- and ileum-simulated
digestion time, but only under adult conditions (Figure 2a).
In adults, bacterial recovery percentages after 120 min were
2.8+0.4% (n = 4) vs. 27.5% for the transit marker (P < 0.01)
in the jejunum and 11.4+5.5% (1 = 4) vs. 37.9% in the ileum
(P < 0.001). At the end of digestion (240-360 min), the trend
reversed with the recoveries of bacteria exceeding those of the
transit marker, thus indicating bacterial outgrowth. EHEC
growth was much more pronounced under simulated child
conditions with differences between bacteria and transit
marker being significant both in the jejunal and ileal compart-
ments (P < 0.05). At 360 min during the child assays, a sur-
vival percentage of 87.3 £30.7% (n = 4) was found for O157:H7
compared with 2.2% for the marker (P < 0.001) in the jejunum
and 441.7 £341.2% (n = 4) compared with 13.5% in the ileum
(P =0.063). Results based on flow cytometry analysis of ileal
effluents (Figure 2b) strengthened those obtained by culti-
vation. The percentages of damaged cells remained constant
around 15% throughout child digestions while they regularly
increased during adult experiments (from 5.4% at t0 to 37.9%
at 300 min). Conversely, the percentages of viable cells dra-
matically decreased during adult digestion (from 77.1% at t0
to 6.3% at 300 min) whereas they decreased then increased in
child assays (from 77.1% at t0 to 21.9% at 180 min; and 33.9%
at 360min). This last feature is in accordance with the cell
mortality followed by growth observed by cultivation, mainly
under child conditions. Our results also indicate that, when
entering the colon, most of bacterial cells are viable under
child digestive conditions while in adults most of them have a
damaged membrane.

Copyright © 2016 International Pediatric Research Foundation, Inc.

Expression of EHEC Virulence Genes in the Simulated Gl Tract
Gastric effluents of the simulated child conditions in TIM
(Figure 3a) displayed significant up-regulated stx1 and stx2
at 10, 20, 40, and 60 min (with a fold change up to 125 for stx1I
and up to 12 for stx2 compared with t0, P < 0.001). However,
stx upregulation was not observed under simulated adult
conditions, resulting in significantly higher stxI and stx2
expression levels upon child gastric conditions compared
with adult ones (P < 0.01). In the ileal effluents (Figure 3b),
stx1, and stx2 were up-regulated from 60 to 240 min in the
child digestions, yet significant upregulation levels were only
obtained at 180 min with a fivefold to sevenfold increase
(P <0.05). In adult ileal effluents, stx genes were significantly
up-regulated in the same order of magnitude, but at 120 and
180 min for stxI (P < 0.05); and at 60 and 240 min for stx2
(P < 0.001). stx expression levels were significantly higher
in children compared with adults only at 60 min for stx1I
(P <0.01). Results provided by enzyme-linked immunosor-
bent assay (Figure 4) fully support the difference obtained
between adults and children with RT-qPCR. No Stx was evi-
denced under adult conditions while toxins were detected in
the ileal effluents of children from 60 min and the amount
produced regularly increased to reach 0.89+0.12ng/ml at
300 min (n = 4). Stx concentrations were significantly higher
during child digestions compared with the adult ones from
120 min (P < 0.05).

In the gastric effluents from children (Figure 5a), eae expres-
sion was significantly (P < 0.001) repressed compared with the
initial conditions from 10 to 60 min. On the contrary, under
adult conditions, eae was over-expressed at 10 and 20 min
(P < 0.05) with a fold change up to 15, resulting in significant
higher expression levels in adults compared with children
from 10 to 40min (P < 0.01). Notably, at the end of gastric
digestion (60 min), the reverse was found with eae mRNA lev-
els higher in children (P < 0.01). In the ileal effluents (Figure
5b), eae mRNA expression levels tended to increase under
child conditions from 180min (P > 0.05), while they were
significantly higher than t0 in adults at 60 and 120 min (P <
0.001, with up to ninefold change). At the beginning of in vitro
digestion (until 120 min), eae was significantly overexpressed
in adults compared with children, while the opposite trend was
observed at 180 and 240 min (P < 0.01).

Lastly, in the gastric effluents (Figure 6a), IpfI, and Ipf2
were overexpressed compared with t0 under both adult and
child conditions, with a fold change up to 12 for Ipf1 (P < 0.001,
in adults and children) and up to 40 for Ipf2 (P < 0.001, in
children). IpfI and Ipf2 expression levels were significantly
higher in adults at 10 min (P < 0.05), while the reverse was
observed at 40 and 60 min with significant higher levels in
children (P < 0.05). In the ileal effluents (Figure 6b), Ipf
genes were overexpressed in both age conditions, but higher
mRNA levels were found in children with a maximum fold
increase of 30 and 60 at 240 min for Ipfl and Ipf2, respec-
tively. Ipf expression levels were significantly higher under
child conditions compared with adult ones, but only at
180 min for IpfI (P < 0.01).
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Figure 1. Survival and physiological state of EHEC O157:H7 in the TIM stomach. (a) The number of cultivable cells in the gastric compartment was
determined by plating. Results are expressed as survival percentages + SEM (n = 4) and compared with that obtained with the transit marker (red
line). (b) Physiological state of 0157:H7 was assessed by live/dead cytometry analysis. Bacteria recovered from gastric effluents were doubled-
stained using green-fluorescent SYTO 9 (all cells) and red-fluorescent PI (bacteria with damaged membranes). TIM, TNO gastrointestinal model; EHEC,

Enterohemorrhagic Escherichia coli.

DISCUSSION

EHEC survival and virulence in the human digestive tract are
key features in bacterial pathogenesis (6). Overall, our data
suggest that, in comparison with adults, a higher amount of
cells, what is more less damaged, may reach the distal parts
of the small intestine and the colon in children. Expression of
major virulence genes, such as stx, is also higher under child
digestive conditions.

736 Pediatric RESEARCH Volume 80 | Number 5 | November 2016

Up to date, there was only scarce information on the behav-
ior of EHEC strains under human simulated GI conditions
(9-11). In addition, none of these studies took into account
specific child conditions, despite young children forming
a high-risk population for EHEC infection. The aim of this
study was to assess and compare the survival and virulence of
the reference strain O157:H7 EDL 933 under adult and child
digestive conditions by using the well-validated dynamic and
multicompartmental TIM model. An exhaustive survey of the

Copyright © 2016 International Pediatric Research Foundation, Inc.
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Figure 2. Survival and physiological state of EHEC O157:H7 in the TIM small intestine. (a) The number of cultivable cells in the small intestinal compart-
ments was determined by plating. Results are expressed as survival percentages + SEM (n = 4) and compared with that obtained with the transit marker
(red line). 0157:H7 significantly different from the transit marker at P < 0.05 (¥), P < 0.01 (**), and P < 0.001 (1). (b) Physiological state of 0157:H7 was
assessed by live/dead cytometry analysis. Bacteria recovered from ileal effluents were doubled-stained using green-fluorescent SYTO 9 (all cells) and red-

fluorescent PI (bacteria with damaged membranes). TIM, TNO gastrointestinal model; EHEC, Enterohemorrhagic Escherichia coli.

literature was made to identify the physicochemical param-
eters unique to the child and adult GI tract in a healthy state
and subsequently implement them into the TIM program. The
survey was restricted to studies involving young children aged
between 6 mo and 2 y because (i) children <3 y are a high-risk
population for EHEC infection and HUS (3), (ii) the newborns
(under 6 mo) mostly have an exclusive milk diet and subse-
quently show particular digestive physiology (12), and (iii)
children >2 y show a mature GI tract, with no difference com-
pared with the adult digestion process. Contaminated water

Copyright © 2016 International Pediatric Research Foundation, Inc.

which has been involved in major EHEC outbreaks (13) was
chosen as a vehicle for bacteria. A supraphysiological dose of
EHEC (107 Colony Forming Unit (CFU)/ml compared with
the infectious dose of 10-100 CFU) was used to get enough
RNAs in TIM digestive samples for transcriptomic analysis.
EHEC survival kinetics were first established in the TIM
model. Our results suggest that O157:H7 is less sensitive to
child than adult gastric conditions. This divergence may be
explained by differences in stomach pH acidification less rapid
and pronounced in children (14,15), associated with gastric
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Figure 4. Shiga-toxin production in the ileal effluents of the TIM system.
Stx 1/2 were measured in the ileal effluents by ELISA under child (in gray)
and adult (in black) digestive conditions. Results are expressed as cumula-
tive amounts in ng/ml = SEM (n = 4). Child statistically different from adult
at P <0.05(*),P<0.01 (**) and P < 0.001 (t). TIM, TNO gastrointestinal
model; ELISA, enzyme-linked immunosorbent assay.

emptying rates quite similar under both age conditions (16,17).
In the small intestinal compartments, a loss of viability was
noticed at the middle of digestion in the jejunum and ileum,
but only during adult assays. The higher mortality observed
in adults might be linked to a twofold higher concentration

738 Pediatric RESEARCH Volume 80 | Number 5 | November 2016

in bile salts and pancreatic secretions compared with chil-
dren (18-24). The bactericidal effect of bile salts toward E. coli
strains is well known and attributed to their detergent prop-
erties that may lead to the disruption of cell membrane. This
phenomenon was maybe enlarged by the fact that in adults,
when entering into the small intestine, bacterial cells were
more damaged than under child conditions. Conversely, at
the end of in vitro digestions, bacterial growth was noticed in
the jejunum and ileum under both age conditions, but mainly
in children. This growth renewal may be linked to the occur-
rence of less stringent conditions, such as pH values close to
neutrality and lower bile salts concentrations due to their pas-
sive reabsorption (as occurs in humans). The higher growth
observed during child digestions may be explained by the
occurrence of less stressful conditions together with a higher
small bowel transit time (25,26), as well as the “better” physi-
ological state of bacteria when entering the small intestine. As
terminal ileum and colon are assumed to be the main sites of
EHEC pathogenesis (27), this finding may partly explain why
young children are a high-risk population for EHEC infection.

The next step was dedicated to the assessment of O157:H7
virulence gene expression in the TIM model. Up to now,
regulation of EHEC virulence genes was only investigated in
oversimplified in vitro approaches integrating a single diges-
tive parameter, such as acidic pH or bile, and never under
child conditions. Three genes mainly involved in the viru-
lence of EHEC strains were studied: (i) stx encoding Shiga

Copyright © 2016 International Pediatric Research Foundation, Inc.
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toxin, known as the main virulence trait of the pathogen and
responsible for systemic complications (4), eae encoding inti-
min, required from intimate attachment to the host intestinal
mucosa (5) and, (iii) Ipf loci encoding Long Polar Fimbriae,
adhesive factors assumed to be involved in key steps of EHEC
pathogenesis, such as adhesion, translocation, and inflamma-
tion (28).

We showed for the first time that stx genes were upregu-
lated during gastric and small intestinal transit in the TIM
system. These results suggest that EHEC O157:H7 would be
able to produce its toxins from the stomach in the upper GI
tract even if Stx-mediated cytotoxicity is generally associated
with distal parts of the small intestine or large intestine (29).
Interestingly, we found that expression levels of stx genes and
related toxin production were larger under child compared
with adult conditions, which is in accordance with the higher
sensitivity of young children to EHEC infection and HUS. The
large expression levels found in the gastric compartment in
children may be related to less acidic conditions, as stx genes
were not up-regulated under adult conditions where bacteria
have to cope with a higher acidity. This hypothesis was sup-
ported by additional assays in the TIM system under “modi-
fied child” gastric conditions (child gastric pH curve combined
with adult transit time) where stx was still over-expressed (data
not shown). Our results are in accordance with those obtained
by Yuk and Marshall (30) and Huang et al. (31) who showed
a decrease in Stx production in O157:H7 after acid challenge
in vitro, but not with those of Yin et al. (32) who observed the
opposite trend in acid treated pig ligated intestine. In the small
intestine, stx genes were up-regulated both under adult and
child conditions. It may be related to the occurrence of neutral
pH, but probably not linked to bile salts which do not increase
stx expression in LB medium (33,34). Overexpression of stx
genes did not result in Stx detection in the ileal effluents of
adults, maybe due to concentrations under the detection limit
and/or degradation under low gastric pH or by proteases. It
is well established that Stx synthesis requires induction of Stx
prophages, caused by any stress conditions provoking the SOS
response (35). In our study, surprisingly, the high percentages
of damaged cells observed under adult conditions in the TIM
system were not associated with any detectable toxin, while
significant amounts of Stx were measured in children where
most of EHEC bacteria were unspoiled. We can then hypoth-
esize that toxin production observed during child digestions
may be mostly linked to stxI overexpression, as it does not
necessarily require prophage induction and may also occur
under conditions of low iron levels (29).

As for stx, eae, and Ipf genes were up-regulated in the gastric
and small intestinal compartments of the TIM system. This
implies that the expression of EHEC adhesins, such as intimin
and Lpf, can be induced even if the pathogen does not come
into contact with the host cells. For both adhesins, higher
expression levels were found under child conditions compared
with adult ones, but only at the end of gastric or GI in vitro
digestions. It is worth noting that eae and Ipf overexpression
occurs in children when most of bacterial cells have reached

Copyright © 2016 International Pediatric Research Foundation, Inc.
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Figure 5. Expression of intimin-encoding gene in the TIM system. eae
expression levels were measured by RT-qPCR in the gastric (a) and ileal

(b) effluents of the TIM under child (in gray) and adult (in black) digestive
conditions. Results are expressed as means of fold-induction + SEM (n = 4).
Time points statistically different from t0 at P < 0.05 () and P < 0.001 (§).
Child statistically different from adult at P < 0.01 (**). TIM, TNO gastrointes-
tinal model; RT-qPCR, reverse transcriptase-quantitative PCR.

the distal parts of the small intestine. As initial EHEC bind-
ing is assumed to occur at the follicle-associated epithelium
of Peyer’s Patches and villi of terminal ileum or colon (27),
these results may suggest a higher ability to colonize in chil-
dren. Very few studies have investigated the effect of digestive
parameters on eae or Ipf expression. A significant decrease in
eae gene transcripts was observed in vitro when bile salts were
added (33,36) and in pig intestinal loops acidified at pH 2.5
(32) while acid challenge (37) and bile salts (32,38) led to an
up-regulation of Ipf genes. Bile salts increase Ipf2 but not IpfI in
O157:H7 (32), which may explain why Ipf2 mRNA levels were
higher than IpfI ones in the small intestine. Current knowledge
from literature does not provide any explanation from why Ipf
expression levels were higher under child conditions where a
milder acidity and lower bile salt concentrations are found,
nor why eae was mainly overexpressed in adults until 120 min
digestion when the highest bile concentrations were found in
the small intestinal compartments.

To conclude, our study shows that TIM model can provide
meaningful insights into the comprehension of EHEC patho-
genesis. Taken together, our results indicate that differences
in digestive physicochemical parameters related to age condi-
tions may partly explain the highest isolation rate of O157:H7
in the feces of children and their higher sensitivity to EHEC
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1 M

Figure 7. Gastric and small intestinal TNO gastrointestinal model (TIM).
The TIM model is composed of four successive compartments simulating
the human stomach (a) and the three parts of the small intestine, i.e,, the
duodenum (b), jejunum (c) and ileum (d).

infection and HUS (1-3). Nevertheless, other extra-digestive
factors, such as immaturity of the immune system and higher
expression of Stx receptor on the surface of renal cells (39) are
also known to contribute to the higher susceptibility of infants
to HUS. Besides, it should be noted that the results obtained in
this study may be strain-specific (9). To get a more complete

740 Pediatric RESEARCH Volume 80 | Number 5 | November 2016

picture of EHEC pathogenesis, similar experiments should be
carried out with other non-O157 strains that are also involved
in EHEC disease. Such data are essential in the designing of
novel therapeutic approaches, particularly in the young chil-
dren high-risk population.

METHODS

TIM Gastrointestinal Model

The TIM model (TIM2013, TNO, Zeist, Netherlands) consists of four
successive compartments simulating the human stomach, duodenum,
jejunum, and ileum (Figure 7). The main parameters of digestion,
such as body temperature, pH, peristaltic mixing and transport, gas-
tric, biliary, and pancreatic secretions and passive absorption of small
molecules and water, are reproduced as accurately as possible. Briefly,
each compartment is composed of glass units with a flexible inner
membrane. Peristaltic mixing and body temperature are achieved by
pumping water at 37°C into the space between the glass jacket and
the flexible wall at regular intervals. Mathematical modeling of gastric
and ileal deliveries with the Elashoft power exponential equation (f =
1-212B where t is the time of emptying and  a coefficient describ-
ing the shape of the curve) is used for the computer control of chyme
transit. Chyme transport through the TIM is regulated by the peristal-
tic valves that connect the successive compartments. The volume in
each compartment is monitored by a pressure sensor and pH is com-
puter-monitored and continuously controlled by adding either HCI
or NaHCO,. Simulated gastric, biliary and pancreatic secretions are
introduced into the corresponding compartments by computer-con-
trolled pumps. Water and products of digestion are removed from the
jejunal and ileal compartments by pumping dialysis liquid through
hollow fibers (SF 09L, Nipro, Zaventem, Belgium; cut-off 10 KDa).

In vitro Digestions

The TIM system was programmed to reproduce, based on in vivo
data (16-26), the physicochemical digestive conditions observed in
a healthy adult or young children (from 6 mo to 2 y) when a glass

Copyright © 2016 International Pediatric Research Foundation, Inc.
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Table 1. Set-point parameters of gastrointestinal digestions in the TIM system

Parameters of in vitro

digestion Adult Child from6 moto 2y old
Gastric compartment (min/pH) Gastric compartment (min/pH)
t=10—3.2 t=10—57
t=20—24 t=20—53
t=40—1.8 t=40—45
oH t=60—1.6 t=60—3.2
t=90—1.5 t=90—-2.0
Duodenal compartment: 6.4 Duodenal compartment: 6.4
Jejunal compartment: 6.9 Jejunal compartment: 6.9
lleal compartment: 7.2 lleal compartment: 7.2
Based on invivo pH (14) Based on invivo pH (15)
Stomach:t, ,=15min, B=1 Stomach: t, ,=20min, B=1.2
Transit time IIeum:t”2=150min,|3=2.4 lleum:t, = 190 min,B=1.7

Based on in vivo transit time (16,25)

Based on in vivo transit time (17,26)

Gastric compartment®

130 1U/min of pepsin (18) (P7012 Sigma-Aldrich, St Quentin, France)
51U/min of lipase (18) (DS Amano Pharmaceutical, Aichi, Japan)

0.25 ml/min of HCl 0.3 mol/I (according to pH)

130 1U/min of pepsin (19) (P7012 Sigma-Aldrich)
51U/min of lipase (19,20) (DS Amano Pharmaceutical)
0.25 ml/min of HCl 0.1 mol/I (according to pH)

Duodenal compartment

Bile salts® 4% during the first 30 min and then 2% (21) (B8631 and F48305

Sigma-Aldrich)
Pancreatic juice 7% (18) (P1750 Sigma-Aldrich)
Trypsin 3.4 mg (24) (T4665 Sigma-Aldrich)

Digestive secretions

0.25 ml/min of intestinal electrolytes solution

0.25ml/min of NaHCO, 0.5 mol/I (according to pH)

Bile salts®1% (22) (B8631 and F48305 Sigma-Aldrich)

Pancreatic juice 3.5% (23) (P1750 Sigma-Aldrich)
Trypsin 3mg (19) (T4665 Sigma-Aldrich)
0.25 ml/min of intestinal electrolytes solution

0.25ml/min of NaHCO, 0.5 mol/I (according to pH)

Jejunal compartment

0.25ml/min of NaHCO, 0.5 mol/I (according to pH)

0.25 ml/min of NaHCO, 0.5 mol/I (according to pH)

lleal compartment?

0.25ml/min of NaHCO, 0.5 mol/I (according to pH)

Jejunal and ileal 10ml/min
dialysis
lleal absorption 0.4ml/min

0.25ml/min of NaHCO, 0.5 mol/I (according to pH)

10ml/min

0.4ml/min

The table gives the main parameters of the TNO gastrointestinal model (TIM) when simulating digestive conditions of a healthy adult or child after intake of a glass of water. °A power

exponential equation (f=1-2-"12P where frepresents the fraction of meal delivered, t the time of delivery, t

the half-time of delivery, and {3 a coefficient describing the shape of the

12

curve) was used for the computer control of gastric and ileal deliveries. ®Bile is composed of porcine bile extract 1/3 and bile salts 2/3 (deoxycholate and cholate).

of water is ingested (Table 1). The bacterial suspension (200 ml)
that was introduced into the TIM system consisted of mineral
water experimentally contaminated with the reference strain EHEC
0157:H7 EDL 933 (ATCC 43895) at a final concentration of 107
CFU/ml. This strain was isolated from Michigan ground beef that
was linked to a multistate US outbreak in 1982 involving contami-
nated hamburgers, in which E. coli 0157:H7 was first associated with
human disease (40). Two types of experiments were performed: gas-
tric digestions where the gastric compartment was solely used (total
duration of 60 min) and GI digestions using the entire TIM model
(total duration of 300 and 360 min for the adult and child protocol,
respectively). During digestion, gastric, and ileal effluents were kept
on ice and pooled on 0-10, 10-20, 20-40, and 40-60 min for gastric
digestions and hour-by-hour for GI digestions. Digestions were run
in quadruplicate. Samples were taken in the initial bacterial suspen-
sion (t0) and regularly collected during digestion in each digestive
compartment (stomach, duodenum, jejunum, and ileum) and/or in
the gastric and ileal effluents.

Copyright © 2016 International Pediatric Research Foundation, Inc.

Bacterial Counting

Survival kinetics in each digestive compartment of the TIM model
was determined by direct plating onto Luria Bertani (LB) agar (over-
night incubation at 37°C). Results were expressed as percentages of
initial intake and cross-compared with those obtained with a theo-
retical nonabsorbable transit marker provided by the TIM system and
indicating a 100% survival rate for bacteria. Bacterial curves below
that of the transit marker will reflect cell mortality, while curves above
the transit marker will be indicative of bacterial growth.

Physiological State of Bacteria

Physiological state of bacteria was determined by a live/dead anal-
ysis with flow cytometry. Bacteria from gastric and ileal effluents
were double stained (LIVE/DEAD BacLight, Molecular probes,
Whaltham, MA) with the green-fluorescent DNA stain SYTO 9
labelling all bacteria and the red-fluorescent Propidium Iodide
(PI) only penetrating and staining cells with damaged membranes.
Adequate volumes of gastric or ileal effluents were centrifuged
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Table 2. Primers used in RT-gPCR assay

Annealing final

Name Sequence 5’-3’ Target temperature (°C) References
VT1c ACCCTGTAACGAAGTTTGCG 60 (41)
stx1 EHEC Shiga-toxin 1
VT1d ATCTCATGCGACTACTTGAC
Stx2-F TTGCTGTGGATATACGAGGGC 60 (42)
stx2 EHEC Shiga-toxin 2
Stx2-R TCCGTTGTCATGGAAACCG
Eae-F CCCGAATTCGGCACAAGCATAAGC 63 (32)
eae EHEC intimin
Eae-R CCCGAATCCGTCTCGCCAGTATTCG
LPF154-F TATGGCAGGTCACCTACAGG 60 (32)
IpfA2 major fimbrial subunit LpfA2
LPF154-R AGGTTTCCGGGCATTGAGTC
LPFA141-F CATCACTATCACCACTAAAGC 60 (32)
IpfA1 major fimbrial subunit LpfA1
LPFA141-R ATTTACAAGGGCATTCGCTGT
Eco1457-F CATTGACGTTACCCGCAGAAGAAGC 63 (43)
16S Enterobacteriaceae
Eco1652-R CTCTACGAGACTCAAGCTTGC

EHEC, enterohemorrhagic Escherichia coli; eae, intimin; LPF, long polar fimbriae; RT-qPCR, reverse transcriptase-quantitative PCR; Stx, Shiga toxins.

(9,000xg, 20°C, 5 min) and bacterial pellets were suspended in phos-
phate buffer at pH 7.3 to get a final concentration of ~10° CFU/mlL
Bacterial suspensions were incubated for 15min at room tempera-
ture in the dark with SYTO 9 (5 umol/l) and PI (30 umol/l), accord-
ing to the manufacturer’s instructions. Flow cytometry analysis was
performed on a CyFlow SL cytometer and data were collected with
FlowMax software version 2.3 (Partec, Sainte-Geneviéve-des-Bois,
France). Gating on forward-angle light scatter/side-angle light scat-
ter was used in order to differentiate bacteria from the background,
then the combined red and green fluorescence dot-plots were used
to distinguish among the various subpopulations. Statistical tables
that show percentages of marked cells determined by each detector
were used to analyze data.

Expression of Virulence Genes
Reverse transcription (RT)-PCR was used to follow the expression
of stx 1, stx 2, eae, Ipf 1, and Ipf 2 virulence genes in the gastric and
ileal effluents of the TIM. Total RNA was extracted using TRIzol
reagent (Invitrogen, Carlsbad, CA). RNAs were reversely transcribed
using the PrimeScript RT Reagent Kit (TAKARA Bio, Shiga, Japan).
q-PCR was performed using SYBR Green qPCR Master Mix (Agilent
Technologies, Waldbronn, Germany) on a CFX96 Touch Real-Time
PCR Detection System (Biorad, Hercules, CA) with the specific prim-
ers indicated in Table 2. Enterobacteriaceae rRNA 16S was used as
housekeeping gene for quantification of mRNA expression. Fold-
induction was calculated using the Ct method as follows:

AACt=(Ct ) (Ct

target gene - housekeeping gene” at time t -

and the final data were derived from 2724,

Ct

target gene - housekeeping gene) att0

Toxins Production

Stx1 and Stx2 produced by O157:H7 in the ileal effluents of the TIM
system were dosed by enzyme-linked immunosorbent assay using
the Ridascreen Verotoxin kit (R-Biopharm, Darmstadt, Germany)
according to the manufacturer’s instructions. Stx concentrations were
determined by measuring a change in absorbance of the digestive
samples using the Multiskan spectrum reader (Thermo Scientific,
Waltham, MA) set at 450 nm. Supernatant from an overnight culture
of EDL 933 was used to establish standard calibration curves.

Statistical Analysis

Values are given as means and SEM (n = 4). Significant differences
in survival between treatments and time points were testing using
a nonparametric analysis of repeated measures with the “f1.1d.f1”
function of the R package “nparLD” in R 3.1.2 R (Development Core
Team 2015). In case of a significant treatment effect, Tukey contrast
effects of survival between the two treatments for each time point
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were calculated using the function “nparcomp” of the R package
“nparcomp”. In case of a significant interaction effect, a linear mixed
effect model with a random intercept on experiments taking into
account the repeated measures was performed and followed by func-
tion “diffsmeans” of the package “lmerTest”. The kinetics of virulence
genes expression was tested with the “1d.f1” function of the R pack-
age nparLD. In case of a significant time effect, pairwise comparisons
with Bonferroni adjustment were performed.

Ethics Statement

Statement of study approvement by the Institutional Review Board:
As this study was only performed in an in vitro model, no subject was
enrolled and no human sample was used. Therefore, study approve-
ment by our Institutional Review Board was not required.

Statement of subject and/or parental informed consent: As this
study was only performed in an in vitro model, no subject was
enrolled and therefore subject or parental informed consent was not
required.

STATEMENT OF FINANCIAL SUPPORT

This work was supported by grants from Conseil Régional Auvergne (grant
CPER T2ANSH ASTERISK, Auvergne STEC Risque) to Charlotte Cordon-
nier, Wessam Galia, EA CIDAM, VetAgroSup and UMR INSERM/Université
d’Auvergne U1071 USC-INRA 2018 and from Lesaffre Company (Marcg-en-
Bareuil, France) to Charléne Roussel.

Disclosure: The authors and Lesaffre Company declare no conflict of interest.

REFERENCES

1. Page AV, Liles WC. Enterohemorrhagic Escherichia coli infections and the
hemolytic-uremic syndrome. Med Clin North Am 2013;97:681-95.

2. Keir LS. Shiga toxin associated hemolytic uremic syndrome. Hematol
Oncol Clin North Am 2015;29:525-39.

3. Majowicz SE, Scallan E, Jones-Bitton A, et al. Global incidence of human
Shiga toxin-producing Escherichia coli infections and deaths: a systematic
review and knowledge synthesis. Foodborne Pathog Dis 2014;11:447-55.

4. Bryan A, Youngster I, McAdam AJ. Shiga toxin producing Escherichia coli.
Clin Lab Med 2015;35:247-72.

5. McWilliams BD, Torres AG. Enterohemorrhagic Escherichia coli adhesins.
Microbiol Spectr 2014;2.

6. Barnett Foster D. Modulation of the enterohemorrhagic E. coli virulence
program through the human gastrointestinal tract. Virulence 2013;4:
315-23.

7. Guerra A, Etienne-Mesmin L, Livrelli V, Denis S, Blanquet-Diot S, Alric M.
Relevance and challenges in modeling human gastric and small intestinal
digestion. Trends Biotechnol 2012;30:591-600.

Copyright © 2016 International Pediatric Research Foundation, Inc.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

EHEC pathogenicity and child’s gut ‘ ArtiCIes

Marteau P, Minekus M, Havenaar R, Huis in’t Veld JH. Survival of lactic
acid bacteria in a dynamic model of the stomach and small intestine: vali-
dation and the effects of bile. ] Dairy Sci 1997;80:1031-7.

Miszczycha SD, Thévenot ], Denis S, et al. Survival of Escherichia coli
026:H11 exceeds that of Escherichia coli O157:H7 as assessed by simu-
lated human digestion of contaminated raw milk cheeses. Int J Food
Microbiol 2014;172:40-8.

Etienne-Mesmin L, Livrelli V, Privat M, et al. Effect of a new probiotic
Saccharomyces cerevisiae strain on survival of Escherichia coli O157:H7
in a dynamic gastrointestinal model. Appl Environ Microbiol 2011;77:
1127-31.

Tamplin ML. Inactivation of Escherichia coli O157:H7 in simulated human
gastric fluid. Appl Environ Microbiol 2005;71:320-5.

Kaye JL. Review of paediatric gastrointestinal physiology data relevant to
oral drug delivery. Int J Clin Pharm 2011;33:20-4.

Saxena T, Kaushik P, Krishna Mohan M. Prevalence of E. coli 0157:H7 in
water sources: an overview on associated diseases, outbreaks and detection
methods. Diagn Microbiol Infect Dis 2015;82:249-64.

Koziolek M, Grimm M, Becker D, et al. Investigation of pH and tempera-
ture profiles in the GI tract of fasted human subjects using the Intellicap(°)
system. ] Pharm Sci 2015;104:2855-63.

Omari TI, Davidson GP. Multipoint measurement of intragastric pH
in healthy preterm infants. Arch Dis Child Fetal Neonatal Ed 2003;88:
F517-20.

Beckers EJ, Leiper JB, Davidson J. Comparison of aspiration and scinti-
graphic techniques for the measurement of gastric emptying rates of liq-
uids in humans. Gut 1992;33:115-7.

Euler AR, Byrne WJ. Gastric emptying times of water in infants and chil-
dren: comparison of those with and without gastroesophageal reflux.
] Pediatr Gastroenterol Nutr 1983;2:595-8.

Kalantzi L, Goumas K, Kalioras V, Abrahamsson B, Dressman JB, Rep-
pas C. Characterization of the human upper gastrointestinal contents
under conditions simulating bioavailability/bioequivalence studies. Pharm
Res 2006;23:165-76.

DiPalma J, Kirk CL, Hamosh M, Colon AR, Benjamin SB, Hamosh P.
Lipase and pepsin activity in the gastric mucosa of infants, children, and
adults. Gastroenterol 1991;101:116-21.

Sarles J, Moreau H, Verger R. Human gastric lipase: ontogeny and varia-
tions in children. Acta Paediatr 1992;81:511-3.

Vertzoni M, Archontaki H, Reppas C. Determination of intralumenal
individual bile acids by HPLC with charged aerosol detection. J Lipid Res
2008;49:2690-5.

Challacombe DN, Edkins S, Brown GA. Duodenal bile acids in infancy.
Arch Dis Child 1975;50:837-43.

Delachaume-Salem E, Sarles H. [Normal human pancreatic secretion in
relation to age]. Biol Gastroenterol (Paris) 1970;2:135-46.

Whitcomb DC, Lowe ME. Human pancreatic digestive enzymes. Dig Dis
Sci 2007;52:1-17.

Worsee ], Fynne L, Gregersen T, et al. Gastric transit and small intestinal
transit time and motility assessed by a magnet tracking system. BMC Gas-
troenterol 2011;11:145.

Oikawa-Kawamoto M, Sogo T, Yamaguchi T, et al. Safety and utility of
capsule endoscopy for infants and young children. World J Gastroenterol
2013;19:8342-8.

Copyright © 2016 International Pediatric Research Foundation, Inc.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

Chong Y, Fitzhenry R, Heuschkel R, Torrente F, Frankel G, Phillips AD.
Human intestinal tissue tropism in Escherichia coli O157: H7-initial colo-
nization of terminal ileum and Peyer’s patches and minimal colonic adhe-
sion ex vivo. Microbiology 2007;153(Pt 3):794-802.

Farfan MJ, Cantero L, Vergara A, Vidal R, Torres AG. The long polar fim-
briae of STEC O157:H7 induce expression of pro-inflammatory mark-
ers by intestinal epithelial cells. Vet Immunol Immunopathol 2013;152:
126-31.

Schiiller S. Shiga toxin interaction with human intestinal epithelium. Tox-
ins (Basel) 2011;3:626-39.

Yuk HG, Marshall DL. Adaptation of Escherichia coli O157:H7 to pH
alters membrane lipid composition, verotoxin secretion, and resistance to
simulated gastric fluid acid. Appl Environ Microbiol 2004;70:3500-5.
Huang Y], Tsai TY, Pan TM. Physiological response and protein expres-
sion under acid stress of Escherichia coli 0157:H7 TWCOI isolated from
Taiwan. ] Agric Food Chem 2007;55:7182-91.

Yin X, Feng Y, Lu Y, Chambers JR, Gong J, Gyles CL. Adherence and asso-
ciated virulence gene expression in acid-treated Escherichia coli O157: H7
in vitro and in ligated pig intestine. Microbiol 2012;158(Pt 4):1084-93.
Hamner S, McInnerney K, Williamson K, Franklin MJ, Ford TE. Bile salts
affect expression of Escherichia coli O157:H7 genes for virulence and iron
acquisition, and promote growth under iron limiting conditions. PLoS
One 2013;8:€74647.

Kus JV, Gebremedhin A, Dang V, Tran SL, Serbanescu A, Barnett Foster D.
Bile salts induce resistance to polymyxin in enterohemorrhagic Esch-
erichia coli O157:H7. ] Bacteriol 2011;193:4509-15.

Kriiger A, Lucchesi PM. Shiga toxins and stx phages: highly diverse enti-
ties. Microbiol 2015;161(Pt 3):451-62.

Yin X, Zhu J, Feng Y, Chambers JR, Gong J, Gyles CL. Differential gene
expression and adherence of Escherichia coli O157:H7 in vitro and in
ligated pig intestines. PLoS One 2011;6:¢17424.

House B, Kus JV, Prayitno N, et al. Acid-stress-induced changes in
enterohaemorrhagic Escherichia coli O157: H7 virulence. Microbiology
2009;155(Pt 9):2907-18.

Arenas-Hernandez MM, Rojas-Lopez M, Medrano-Ldpez A, et al. Envi-
ronmental regulation of the long polar fimbriae 2 of enterohemorrhagic
Escherichia coli O157:H7. FEMS Microbiol Lett 2014;357:105-14.

Chaisri U, Nagata M, Kurazono H, et al. Localization of Shiga toxins of
enterohaemorrhagic Escherichia coli in kidneys of paediatric and geri-
atric patients with fatal haemolytic uraemic syndrome. Microb Pathog
2001;31:59-67.

Riley LW, Remis RS, Helgerson SD, et al. Hemorrhagic colitis associated
with a rare Escherichia coli serotype. N Engl ] Med 1983;308:681-5.
Bonnet R, Souweine B, Gauthier G, et al. Non-O157:H7 Stx2-producing
Escherichia coli strains associated with sporadic cases of hemolytic-uremic
syndrome in adults. ] Clin Microbiol 1998;36:1777-80.

Carey CM, Kostrzynska M, Ojha S, Thompson S. The effect of probiotics
and organic acids on Shiga-toxin 2 gene expression in enterohemorrhagic
Escherichia coli O157:H7. ] Microbiol Methods 2008;73:125-32.

Bartosch S, Fite A, Macfarlane GT, McMurdo ME. Characterization of
bacterial communities in feces from healthy elderly volunteers and hos-
pitalized elderly patients by using real-time PCR and effects of antibi-
otic treatment on the fecal microbiota. Appl Environ Microbiol 2004;70:
3575-81.

Volume 80 | Number 5 | November 2016 Pediatric RESEARCH 743



	Increased EHEC survival and virulence gene expression indicate an enhanced pathogenicity upon simulated pediatric gastrointestinal conditions
	Main
	Results
	Survival and Physiological State of EHEC O157:H7 in the Simulated Stomach
	Survival and Physiological State of EHEC O157:H7 in the Simulated Small Intestine
	Expression of EHEC Virulence Genes in the Simulated GI Tract

	Discussion
	Methods
	TIM Gastrointestinal Model
	In vitro Digestions
	Bacterial Counting
	Physiological State of Bacteria
	Expression of Virulence Genes
	Toxins Production
	Statistical Analysis
	Ethics Statement

	Statement of Financial Support
	Disclosure
	References


