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INTRODUCTION

Enterotoxigenic Escherichia coli CS21 pilus
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pathogenesis under in vivo conditions

C. P. Guevara,' W. B. Luiz® A. Sierra,® C. Cruz,' F. Qadri,* R. S. Kaushik,®
L. C. S. Ferreira® and O. G. Gémez-Duarte't

1Departmen’[ of Pediatrics, University of lowa College of Medicine, lowa City, IA, USA

“Department of Microbiology, Biomedical Sciences Institute, University of Sao Paulo,
05508-000 Sao Paulo, Brazil

3Internal Medicine, University of lowa College of Medicine, lowa City, IA, USA
“International Centre for Diarrheal Disease Research, Bangladesh (ICDDR,B), Dhaka, Bangladesh

®Departments of Biology and Microbiology, and Veterinary and Biomedical Sciences, South Dakota
State University, Brookings, SD, USA

Colonization surface antigens (CSs) represent key virulence-associated factors of enterotoxigenic
Escherichia coli (ETEC) strains. They are required for gut colonization, the first step of the
diarrhoeal disease process induced by these bacteria. One of the most prevalent CSs is CS21, or
longus, a type IV pili associated with bacterial self-aggregation, protection against environmental
stresses, biofilm formation and adherence to epithelial cell lines. The objectives of this study were
to assess the role of CS21 in adherence to primary intestinal epithelial cells and to determine if
CS21 contributes to the pathogenesis of ETEC infection in vivo. We evaluated adherence of a
CS21-expressing wild-type ETEC strain and an isogenic CS21-mutant strain to pig-derived
intestinal cell lines. To determine the role of CS21 in pathogenesis we used the above ETEC
strains in a neonatal mice challenge infection model to assess mortality. Quantitative adherence
assays confirmed that ETEC adheres to primary intestinal epithelial cells lines in a CS21-
dependent manner. In addition, the CS21-mediated ETEC adherence to cells was specific as
purified LngA protein, the CS21 major subunit, competed for binding with the CS21-expressing
ETEC while specific anti-LngA antibodies blocked adhesion to intestinal cells. Neonatal DBA/2
mice died after intra-stomach administration of CS21-expressing strains while lack of CS21
expression drastically reduced the virulence of the wild-type ETEC strain in this animal model.
Collectively these results further support the role of CS21 during ETEC infection and add new
evidence on its in vivo relevance in pathogenesis.

and they deliver enterotoxins that act locally on enterocytes

Enterotoxigenic Escherichia coli (ETEC) strains are leading
causes of infant diarrhoea in developing countries,
traveller’s diarrhoea and re-emergent diarrhoeal pathogens
in the United States (Beatty et al., 2006; Black et al., 2010;
Guerrant et al., 2002; Gupta et al., 2008; Jain et al., 2008;
Steffen et al, 2003; Wenneras & Erling, 2004). ETEC
adheres to the microvilli of small intestinal epithelial cells
by pili and non-pili colonization surface antigens (CSs),
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Abbreviations: CSs, colonization surface antigens; ETEC, enterotoxi-
genic Escherichia coli; TEM, transmission electron microscopy.

(Gaastra & Svennerholm, 1996; Qadri et al., 2005).
Twenty-two human ETEC CSs have been reported to date.
The frequency of CSs among ETEC clinical isolates varies
widely according to geographical areas, seasons and
patients (Qadri et al., 2005; Blackburn et al., 2009). CS21
is one of the most frequent CSs worldwide among ETEC
clinical isolates with prevalence ranging between 12 and
36.5 % (Clavijo et al., 2010; Girén et al., 1997; Isidean et al.,
2011; Nishimura et al., 2002; Pichel et al., 2002; Qadri et al.,
2000).

CS21 is a plasmid-encoded type IV pilus that requires at
least 14 genes within a 14 kb cluster (Gomez-Duarte et al.,
2007). The CS21 major structural subunit, designated
LngA, is a 22 kDa protein that shares homology with other
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type IV pili major subunits, including the toxin-coregu-
lated pilin of Vibrio cholerae and the bundle-forming pilin
of enteropathogenic E. coli (Gémez-Duarte et al., 1999,
2007). Phenotypes associated with CS21 expression include
self-aggregation, protection against environmental stress
factors, biofilm formation and cell adhesion (Clavijo et al.,
2010; Mazariego-Espinosa et al., 2010). A CS21-expressing
wild-type ETEC strain adhered to transformed epithelial
cell lines 22-32% better than the CS21-mutant ETEC
strain (Mazariego-Espinosa ef al., 2010). It is unclear if the
lower CS21-mediated ETEC adherence to transformed cell
lines is a result of the lack of specific CS21 receptors on
undifferentiated epithelial cell lines or marginal CS21
binding properties. One hypothesis to explain low CS21-
mediated adherence to transformed epithelial cell lines
such as HT-29, T84, Caco-2 and HeLa cells is that
expression of CS21-specific surface receptors on undiffer-
entiated cell lines is lower than on differentiated pig-
derived primary intestinal cells lines.

Pig-derived primary intestinal cell lines are used to study
adherence properties of human and animal ETEC strains.
The two types of small intestinal cells available for ETEC
adherence studies are the IPEC-1 and IPEC-J2 cell lines.
These unique cells derived from 1-day-old piglets, either
from the small intestine (IPEC-1) or specifically from the
jejunum (IPEC-J2), have provided valuable insights on
ETEC interactions with the human intestinal mucosa
(Brown et al, 2007; Geens & Niewold, 2010; Johnson
et al., 2009; Koh et al., 2008; Schierack et al., 2006). Pig
intestinal cells closely resemble human intestinal cells in
physiology and may express receptors for ETEC CSs,
including CS21. Similar to human intestinal cells, pig
intestinal cells become polarized, express glycocalix, and
form tight junctions and microvilli (Schierack et al., 2006).
Evidence for the expression of ETEC pili receptors on
IPEC-J2 cells is demonstrated by the ability of animal and
human ETEC pili to adhere to and to invade these cells,
and to induce pro-inflammatory cytokine responses in
them (Hermes et al., 2011; Koh et al., 2008; Pavlova et al.,
2008; Rasschaert et al, 2010; Sargeant et al, 2011).
Enteropathogenic E. coli clinical isolates also adhere to
IPEC-J2 cells and induce classical attaching and effacing
lesions originally observed in human-derived epithelial cell
lines (Schierack ef al., 2006). Adhesion of CS21" ETEC to
intestinal cell lines may indicate that differentiated intestinal
cells express more CS21 receptors than undifferentiated cells.

Nonetheless, studies of ETEC pathogenesis under in vivo
conditions have been limited by the lack of an appropriate
animal model capable of mimicking the human disease. As
an in vivo surrogate for ETEC pathogenesis, a neonate
mouse infection model has been successfully applied to
demonstrate the pathogenicity of ETEC strains (Duchet-
Suchaux, 1988; Duchet-Suchaux et al, 1990). In this
model, animal-derived ETEC strains killed newborn mice
after oral administration. An adaptation of the ETEC
challenge model allowed the testing of human-derived
ETEC strains and the evaluation of the protective

immunity passively transferred by vaccinated dams after
intra-stomach inoculation of virulent ETEC strains (Lasaro
et al., 2004; Luiz ef al., 2008). In this experimental model,
lethality was positively related to the expression levels of
enterotoxins and CSs as specifically demonstrated with CFA/
I-expressing strains (Lasaro et al., 2004; Luiz et al., 2008).

The aim of the present study was to obtain experimental
evidence that the CS21 pilus has a role on ETEC
pathogenesis. Our hypothesis is that CS21-expressing ETEC
adhere to pig-derived intestinal cell lines, and contribute to
lethality in a neonatal model. Experiments comparing the
CS21-expressing ETEC strain, an isogenic CS21-mutant
derivative and the corresponding complemented CS21-
mutant strain clearly showed that CS21 is directly involved
in lethality to neonatal mice by unknown mechanisms. In
addition, CS21 is involved in binding to primary intestinal
cell lines in vitro. Together, these results further support the
relevant role of CS21 in ETEC pathogenesis.

METHODS

Strains. The E9034A wild-type ETEC strain (wild-type ETEC),
originally isolated from an outbreak of diarrhoea in the Caribbean,
expresses O8 : H9 serotype, LT and ST toxins, and CS21 and CS3 CSs.
Based on single PCR DNA amplification testing, we found that
E9034A was positive for tibA, irp2, etpA and efpB non-classical
virulence genes, and it was negative for tia, leoA, eatA and fyuA. The
PCR testing method for detection of non-classical virulence factors was
as described by Del Canto et al. (2011). The E9034AAlngA mutant
(CS21-mutant) and E9034AAIngA(pLngA) complemented mutant
(complemented CS21-mutant) were cultured on Luria broth (LB)
agar plates or in terrific broth (TB) overnight at 37 °C as previously
described (Clavijo et al, 2010). These strains were electroporated with
pGFPuv plasmid (Clonetech) and the resulting E9034A(pGFPuv),
E9034AAIngA(pGFPuv) and E9034AAIngA(pLngA,pGFPuv) strains
expressed green fluorescence protein and ampicillin resistance.

Cell lines. Jejunum-derived IPEC-J2 and small intestine-derived
IPEC-1 intestinal epithelial cells from 1-day-old piglets were cultured
in IPEC media as described previously (Koh et al., 2008). Cells grown
to 70-80 % confluence were trypsinized, resuspended in IPEC media
and seeded as a 150 pl suspension on air-liquid interface Millicell
culture plate inserts (PIHA 012 50; Millipore), previously coated with
type VI human placental collagen (Sigma-Aldrich). Then, 500 pl
IPEC media was added baso-laterally to the Millicell culture, and cells
were incubated for 24 h. After 24 h, the medium was replaced with
500 pl fresh Ultroser G serum substitute USG medium (BioSepra).
The cultures were incubated at 37 °C in 5% CO, for 10—15 days
with USG media exchanges every 2 days to optimize differentiation
(Karp et al., 2002).

Adherence assays. Evaluation of ETEC adherence to epithelial cells
by quantitative adherence assays as well as confocal and electron
microscopy were performed as described by Mazariego-Espinosa et al.
(2010) and Scaletsky et al. (1984). In brief, epithelial cells grown on
24-well plates at 70-80% confluence were infected with 5 pl
(~1.0x 107 c.fu. pl’l) of ETEC bacterial suspension from an
overnight TB liquid culture. Infected cells were incubated for 3 h
with tissue culture media alone or with media containing 50 % TB.
The tissue culture medium was supplemented with 1% mannose to
block non-specific type I pili-mediated binding. Arabinose at 0.02 %
was also added to the media to induce IngA expression of the
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complemented CS21-mutant as described previously (Clavijo et al,
2010). After 3 h infection, cells were washed three times with PBS to
remove unbound bacteria. For quantitative analysis, cells were lysed
with 250 pl 1% Triton X-100 in PBS for 10 min, serially diluted and
plated onto LB plates for further c.f.u. counts. Adherence assays were
performed in duplicate and repeated several times.

Inhibition adherence assays. Quantitative adherence assays with
IPEC-1 and IPEC-J2 intestinal cell lines incubated in IPEC tissue
culture media supplemented with 50% TB were used for all
inhibition assays. Cells incubated as described above were supple-
mented with putative CS21 adherence inhibitors added immediately
before infection at increasing concentrations. The inhibitors tested
included anti-LngA monoclonal antibody ICA39 (Qadri et al., 2000),
with anti-tubulin (Thermo Scientific) used as a negative control,
purified LngA protein (GenScript), neuraminidase from V. cholerae
(type II) (Sigma) and N-acetyl neuraminic acid (Sigma). Anti-LngA
monoclonal ICA39 recognizes specifically CS21 from ETEC strains
and does not cross-react with other type IV pili-expressing bacteria,
diarrhoeagenic E. coli not expressing CS21 or non-E. coli enteric
bacteria (Qadri et al.,, 2000). Neuraminidase treatment was used to
evaluate adherence inhibition, which consisted of neuraminidase
pretreatment of cells for 1 h followed by a single wash with PBS
before infection with ETEC strains. Neuraminidase-treated cells and
cells containing inhibitors were infected with 5 pl ETEC bacterial
suspension for 3 h, treated as described above and processed for c.f.u.
quantification.

Microscopy. Transmission electron microscopy (TEM) was used to
evaluate the adherence of ETEC to IPECI and to IPEC-J2 cells at high
magnification. Infected cells on air-liquid interface membranes were
sequentially fixed with 2.5% glutaraldehyde, 1% osmium tetroxide
and 1 % uranyl acetate. Samples were dehydrated in a graded series of
ethanol (25, 50, 75, 100%) before embedding with EPON812
(Electron Microscopy Sciences) using standard procedures (Clavijo
et al., 2010). The samples were sectioned to 0.5 mm thickness with a
diamond knife, and stained with toluidine blue for light microscopy
examination before TEM visualization (model JEM-1230; Jeol) at
high magnification. TEM images were recorded as TIFF computer
files.

For immunofluorescence assays cells were fixed with 4% para-
formaldehyde for 15 min, washed three times with PBS and
permeabilized with 0.2% Triton X-100 for 8 min at room
temperature, followed by three washes with PBS. Cells were
subsequently stained with Alexa Phalloidin 568 (Life Technologies)
at a 1:40 dilution, incubated for 1 h at room temperature in the dark,
washed three times with PBS and mounted with Vectashield with
DAPI (Vector Laboratories). Confocal fluorescence imaging was
performed using a Zeiss 510 META laser scanning confocal
microscope under a 63 x oil immersion lens (numerical aperture
1.40). Images were recorded as TIFF computer files for further
analysis.

Animal studies. DBA/2 mice were supplied by the Isogenic Mouse
Breeding Facility at the Department of Immunology, Biomedical
Sciences Institute (ICB), University of Sao Paulo (USP), and all
procedures were done in accordance with the principles of the
Brazilian code for the use of laboratory animals. The neonatal mouse
challenge model was performed as previously reported (Lasaro et al.,
2004, 2005; Luiz et al., 2008). DBA2 mice were used preferentially,
due to their susceptibility to ETEC strains and the non-aggressive
behaviour of dams with regard to offspring after manipulation. Wild-
type ETEC strain, CS21-mutant, and the complemented CS21-mutant
strain were cultured at late exponential growth phase (Agoonm=0.8),
harvested, washed once with PBS and resuspended in 0.1 M sodium
bicarbonate at optical densities corresponding to different bacterial

cell concentrations. Each neonate mouse was challenged with a total
volume of 0.2 ml of the bacterial suspension. After the challenge, the
actual number of bacteria injected into each mouse was confirmed by
serial dilutions and plating on LB medium agar plates. One- to 2-day-
old neonatal mice were inoculated directly into milk-filled stomachs
with disposable syringes using ultrathin needles (12.7 X 0.33 mm).
Newborn mice that died between 24 h after inoculation and up to
7 days after challenge were recorded to determine the number of
survivors. The experiments involved 8-12 newborn mice for each
bacterial strain and concentration tested. A group of 38 newborn mice
were treated with PBS as inocula without any recorded death during
the observation period.

Statistical analysis. Results were calculated using VassarStats, 2009.
Differences in adherence among ETEC E9034A wild-type strains and
recombinant strains were determined by ANOVA. Values are the mean
of at least three separate experiments.

Mouse survival represented by Kaplan—-Meier curves was compared
using the Cox—Mantel test using the Prism software (Graph Pad).
Statistically significant P-values were set at <0.05.

RESULTS

CS21-mediated adherence to differentiated
epithelial cells requires proficient LngA-
expression conditions

The CS21-expressing ETEC strain adheres better to
human intestine-derived epithelial cells in vitro than the
CS21_mutant strain (Mazariego-Espinosa et al., 2010). The
adherence level between the E9034A ETEC and the CS21-
mutant strain is, however, low (22-32 % difference). We
hypothesized that CS21-mediated ETEC adherence to
epithelial cells in vitro and in vivo depends upon optimal
conditions for CS21 expression and the presence of CS21-
specific receptors on epithelial cells. To test this hypothesis,
we used two different tissue culture media conditions
during quantitative adherence assays. One condition used
tissue culture media alone and the other used tissue culture
media supplemented with 50% TB medium, which is
known to induce CS21 expression (Clavijo et al., 2010). In
addition, we used primary intestinal cell lines IPEC-1 and
IPEC-J2 that after differentiation express microvilli, and
surface molecules, and may express CS21 receptors. As
shown in Fig. 1, the adherence assays using tissue culture
media supplemented with 50 % TB resulted in 5- to 7-fold
higher CS21-mediated adherence. The CS21-expressing
E9034A wild-type ETEC strain adhered to IPEC-1, and
IPEC-]2 cells 5- to 7-fold higher than the CS21-mutant ETEC
strain. The complemented CS21 mutant adhered at the same
level as the wild-type ETEC strain. These data indicate that
under proficient conditions of CS21 expression, CS21
mediates ETEC adherence to primary intestinal cell lines.

No difference in adherence was observed in HeLa cells
between wild-type and CS21-mutant regardless of TB
supplement (data not shown). This suggests that primary
cell lines, IPEC-1 and IPEC-J2, may express CS21-specific
receptors not present in undifferentiated cell lines such as
HelLa cells.
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Fig. 1. CS21-mediated ETEC adherence to epithelial cells. Adherence values correspond to the number of cell-associated
bacteria after 3 h infection. E9034A is a wild-type ETEC strain, E9034AAIngA is the CS21 isogenic mutant and
E9034AAIngA(pLngA) is the complemented CS21 mutant. IPEC-1 and IPEC-J2 are pig-derived primary intestinal cell lines
grown in IPEC tissue culture media or IPEC media supplemented with 50 % TB. Absolute c.f.u. values are as millions of c.f.u. ml™".
Error bars represent + 1 sD. Asterisks represent statistically significant differences in adherence to cells (P<0.05) between wild-
type ETEC (or completed CS21-mutant) and the CS21-mutant strain.

CS21 mediates ETEC adherence to intestinal cells

To evaluate CS21-mediated ETEC adherence to epithelial
cells, IPEC-1 and IPEC-J2 intestinal cells lines were infected
with ETEC strains and evaluated under confocal micro-
scopy. Adherence assays were conducted using IPEC tissue
culture media supplemented with 50 % TB to induce CS21
expression as described above. As shown in Fig. 2, CS21-
expressing wild-type ETEC adhered at a higher level to
IPEC-1 and IPEC-J2 as compared with the CS21-mutant
strain. The wild-type ETEC strain tended to form clusters
at specific locations on the surface of the epithelial cells. In
contrast to the wild-type, fewer CS21-mutant bacteria
adhered to cells and did not cluster around the epithelial
cell membrane, which confirms that the self-aggregation
phenotype is mediated by CS21 pili (Fig. 2b, e). The wild-
type ETEC adherence pattern observed with IPEC-1 was
also observed with IPEC-J2 cells (data not shown). The
actin cytoskeleton fibre pattern observed in uninfected cells
(Fig. 2a, d) was altered in IPEC-1 and IPEC-J2 cells after
infection with either wild-type or CS21-mutant strains.
The actin fibres in infected cells lost definition, and cells
became rounded. These changes were more prominent in
cells infected with the wild-type ETEC.

Intestinal cells examined by TEM expressed microvilli-like
structures similar to in vivo intestinal mucosa microvilli
(Nossol et al., 2011). The wild-type ETEC strain adhered to

cells individually or as clusters (Fig. 3¢, e). The wild-type
ETEC bacteria were in close contact with the cell
membrane or the microvilli-like structures (Fig. 3c, f).
Adherent bacteria were observed on apical and basolateral
cell surfaces (Fig. 3e) and occasional wild-type ETECs were
also observed invading intestinal cells (Fig. 3f). The
complemented CS21-mutant strain also adhered to cells
by making contact with membrane and micovilli-like
structures (Fig. 3¢). No difference in the adherence pattern
was observed between wild-type ETEC and complemented
CS21-mutant strains infecting IPEC-J2 intestinal cells
(Fig. 3¢, d).

Anti-LngA antibodies and soluble LngA purified
protein inhibited CS21-mediated ETEC adherence
to intestinal cells

To evaluate the specificity of CS21 adherence of ETEC to
intestinal cells we incorporated soluble anti-LngA antibody
or purified LngA protein into the cell adherence assays as
specific CS21-adherence inhibitors. Intestinal cells infected
with wild-type ETEC, CS21-mutant or complemented
CS21-mutant strains were evaluated for adherence in the
absence or presence of increasing concentrations of anti-
LngA mouse monoclonal antibodies. To optimize CS21
ETEC expression, IPEC tissue culture medium was
supplemented with 50% TB. Anti-tubulin monoclonal

1728

Microbiology 159



Adhesion and pathogenesis of enterotoxigenic E. coli

Fig. 2. Confocal micrographs of CS21-mediated ETEC adherence to IPEC-1 cells (a—c) and IPEC-J2 cells (d-f). (a, d) Non-
infected control cells; (b, e) cells infected with CS21-mutant strains [E9034AA/IngA(pGFPuv)]; (c, f) cells infected with wild-
type ETEC strain [E9034A(pGFPuv)]. Control cells and cells infected with ETEC strains were cultivated in IPEC media
supplemented with 50 % TB. Bars, 20 um. Green fluorescence corresponds to GFP expressed by ETEC strains.

antibody was used as a negative control. As shown in
Fig. 4(a), only specific anti-LngA monoclonal antibody
decreased adherence of the wild-type ETEC strain to IPEC-
J2 intestinal cells to the same background adherence level
of the CS21-mutant strain. No effect on adherence was
observed with the wild-type, the CS21-mutant or the
complemented CS21-mutant when the anti-tubulin anti-
body control was used at identical dilutions. Identical
results were obtained with IPEC-1 cells (data not shown).

Increasing concentrations of LngA purified protein specif-
ically competed with CS21-expressing ETEC cells for
binding to intestinal cells, while adherence of the CS21-
mutant strain was unaffected (Fig. 4b). The data indicate
that CS21 is involved in ETEC adherence to intestinal cells
given that anti-LngA antibodies and purified LngA protein
inhibited only the adherence of CS21-expressing bacteria.
Overall, these data indicate that CS21-mediated ETEC
adherence to intestinal cells is specific.

Neuraminic acid and neuraminidase treatments
inhibit CS21-mediated ETEC adherence to
intestinal cells

Bacterial pili binding to specific sugar structures on
glycoprotein receptors at the epithelial cell surface are
involved in virulence (Humphries et al, 2010; Mulvey,
2002). We have examined the role of monosaccharides in

CS21-mediated adherence and have found that the
addition of simple sugars such as mannose, arabinose
and galactose did not inhibit CS21-mediated ETEC
adherence to intestinal epithelial cells (data not shown).
We hypothesize that CS21-mediated ETEC adherence to
cells is inhibited by neuraminic (sialic) acid because
glycoconjugate receptors on the surface of epithelial cells
contain neuraminic acid residues. Structures containing
neuraminic acid residues and unique glycoprotein sub-
stitutions may result in highly specific CS21 receptors on
differentiated intestinal cell plasma membranes. These
structures may be absent on transformed undifferentiated
cells. To test this hypothesis, we conducted adherence
inhibition assays in which increasing concentrations of
neuraminic acid were added to ETEC-infected cells. To
optimize CS21 expression by ETEC, IPEC tissue culture
medium was supplemented with 50 % TB on all inhibition
adherence assays. As shown in Fig. 4(c), increasing
concentrations of N-acetyl-neuraminic acid significantly
inhibited wild-type ETEC and complemented CS21-
mutant strains adherence to intestinal cells to the level of
the CS21-mutant. In contrast, none of the N-acetylneur-
aminic acid concentrations affected the low adherence level
of the CS21-mutant ETEC strain. To demonstrate whether
neuraminic acid residues that inhibited CS21-mediated
adherence were on the surface of intestinal cell membranes,
IPEC-1 and IPEC-]2 cells were treated with neuraminidase

http://mic.sgmjournals.org
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(a)

Fig. 3. Adherence of CS21-expressing ETEC infection of IPEC-2 cells. (a) IPEC-J2 non-infected control cells; (b) cells infected
with E9034AAIngA CS2-mutant strain; (c, e, f) cells infected with E9034A wild-type ETEC strain; (d) cells infected with
E9034AA/ngA(pLngA) complemented CS21-mutant strain. (a—d, f) Transmission electron micrographs; (e) thick cross-section
of infected cells stained with toluidine blue and examined under light microscopy. Adherence assays were performed using
IPEC tissue culture media supplemented with 50 % TB. Black arrows indicate bacteria adhering to the cell plasma membrane.
White arrows indicate bacteria inside epithelial cell. a, Apical side; bl, basolateral side.

prior to infection with ETEC strains. As shown in Fig. 4(c),
increasing concentrations of neuraminidase prior to
infection inhibited CS21-mediated adherence of wild-type
ETEC and complemented CS21-mutant strains. The CS21-
mutant adherence level did not change at any concentra-
tion of neuraminidase, indicating that in the absence of
CS21, the putative CS21 receptors were not participating in
ETEC binding. These results also suggest that N-acet-
ylneuraminic acid residues participate in the CS21-host
cell receptor interactions between CS21-expressing ETEC
and differentiated intestinal cells.

CS21 deletion drastically reduces the lethality of
inoculated neonatal mice

Studies on ETEC pathogenesis have been limited by the
lack of animal models capable of mimicking human
disease. Nonetheless, alternative experimental models can
be used as correlates for the in vivo pathogenesis of ETEC
strains. Intra-stomach administration of ETEC strains
causes lethality of neonatal mice and requires the
expression of both enterotoxins and CSs, such as CFA/I
(Lasaro et al., 2004, 2005; Luiz et al., 2008). To evaluate the
role of CS21 in the pathogenesis of the E9034A wild-type
ETEC, we measured the impact of CS21 deletion on the
survival of inoculated neonatal mice using both the CS21-
mutant strain and the complemented CS21-mutant strain.
As shown in Fig. 5(a), administration of 6 x 10° c.f.u. of

the E9034A strain caused 100 % lethality of the inoculated
mice (LDs, between 4x10*> and 8x10° c.fu.). Mice
inoculated with the CS21-mutant at the same concentra-
tion survived. In contrast, mice inoculated with the CS21-
mutant ETEC strain showed 100 % lethality after admin-
istration of 6x10° c.fu. (LDs, between 1x 107 and
6x 10" c.fu.) (Fig. 5b). In addition, neonatal mice
inoculated with the CS21-mutant strain complemented
with plasmid-encoded recombinant CS21 resulted in
lethality levels similar to those determined for the
E9034A wild-type strain (Fig. 5). These data indicate that
CS21 contributes to lethality of the E9034A ETEC strain in
this animal model.

DISCUSSION

The ability of E. coli intestinal pathogens to adhere to host
epithelial cells and colonize the host intestine is regarded as
a prerequisite for the development of diarrhoeal disease
(Bieber et al., 1998; Torres et al., 2005). CS21 type IV pili, a
common CS in ETEC, induce microcolony formation,
protection against stress environmental factors, twitching
motility and adherence to cells (Gomez-Duarte et al., 2007;
Isidean et al., 2011). In this study we show that the CS21-
expressing wild-type ETEC strain adhered to IPEC-1 and
IPEC-]2 primary intestinal cell lines at levels 5- to 7-fold
greater than the CS21-mutant strain. CS21-mediated
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Fig. 4. Inhibition adherence assays in the presence of CS21 inhibitors. IPEC-J2 cells were infected with E9Q034A wild-type
ETEC, E9034AAIngA CS21-mutant and E9034AA/ngA(pLngA) complemented CS21-mutant strains and incubated for 3 h
before c.f.u. quantification. IPEC tissue culture medium supplemented with 50 % TB was used for all inhibition adherence
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negative control. Antibody concentrations are represented as dilutions. (b) Purified LngA protein inhibition assay. LngA protein
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added to cells 1 h prior to infection with ETEC strains. Values represent percentage of cell-associated bacteria. Error bars
represent =1 SD from three experiments.
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Fig. 5. CS21-dependent lethality caused by ETEC strains using a neonate mouse challenge model. (a) CS21 contributes to the
lethality of neonatal mice inoculated with the wild-type E9034A strain. Groups of DBA/2 neonatal mice were percutaneously
inoculated into the milk-filled stomachs with 6x10° c.f.u. of strains E9034A, E9034AAIngA or E9034AAIngA(pLngA). Survival
was followed for a period 7 days. (b) Challenge doses capable of killing neonatal mice inoculated with different ETEC strains.
Groups of neonatal mice were challenged with different c.f.u. of strains E9034A, E9034AAIngA or E9034AAIngA(pLngA).
Values on the y-axis correspond to the per cent of survivors after an observation period of 7 days. Values on the x-axis
correspond to the number (c.f.u.) of bacteria injected into each neonatal mouse. The total numbers of pups used for testing of
each bacterial strain were: 50 for the group inoculated with the E9034A strain, 56 for the E9034AA/ngA group and 58 for the
E9034AAIngA(pLngA) group. Data in (a) are presented as a Kaplan—Meir survival curve and statistically significant differences
were determined with the Cox—Mantel test when comparing mice challenged with the E9034A strain with respect to mice
challenged with E9034AAIngA. *P<0.0001 when comparing wild-type ETEC E9034A strain (and complemented CS21-

mutant) and CS21-mutant strain.

adherence is specific as anti-LngA monoclonal antibody, as
well as LngA purified protein, inhibit adherence to cells.
Also, CS21-expressing wild-type ETEC and complemented
CS21-mutant strains killed newborn mice after intra-
stomach inoculation. In contrast, the CS21-mutant strain
caused a reduction of four orders of magnitude in LDsy.
These results are significant as CS21 pili are one of the most
prevalent CSs among human-derived ETEC strains world-
wide (Girdon et al, 1995; Isidean et al, 2011; Nishimura
et al., 2002; Pichel et al., 2002).

CS21 is believed to contribute to ETEC colonization of the
human gut presumably by binding specifically to intestinal
cells. This study shows that CS21 mediates ETEC
adherence to primary small intestinal cell lines. In contrast
to transformed epithelial cell lines, primary intestinal cell
lines express microvilli, mucus and presumably CS21-
specific receptors. Evidence for the expression of ETEC pili
receptors on IPEC-J2 cells is demonstrated by the ability of
animal and human ETEC pili to adhere to these cells and to
induce a pro-inflammatory cytokine response on them
(Hermes et al., 2011; Koh et al., 2008; Pavlova et al., 2008;
Sargeant et al, 2011). CS21-expressing ETEC bacteria
adhered to intestinal cell surfaces including microvilli-like
structures on both IPEC-1 and IPEC-J2 cells, suggesting
that CS21 receptors may be present along the entire plasma
membrane.

While CS21 receptors on epithelial cells are currently
unknown, we believe that CS21 receptors are expressed on
the apical region of polarized IPEC-1 and IPEC-]J2 once
tight junctions are formed and transepithelial resistance is

increased. It is likely that CS21 receptors may also be
expressed on the basolateral surface. Evaluation of CS-
mediated ETEC adherence to these cells should include the
measurement of transepithelial resistance as a marker of
cell polarization and differentiation. Further research on
the identification of CS21 receptors on intestinal cells is
necessary to better understand the specific mechanisms
involved in CS21-mediated adherence.

CS21-mediated ETEC adherence may be the result of
interactions between the LngA structural subunit and
specific receptors on the plasma membrane of intestinal
cells. No information is available on the nature of the CS21
receptor. This study shows, however, that N-acetylneur-
aminic acid on the surface of intestinal cells may be
involved in CS21-mediated adherence to cells as neur-
aminic acid and neuraminidase pretreatment of cells before
infection also abrogated adherence. Neuraminic acid
derivatives, collectively known as sialic acids, are present
as glycoconjugates in tissues of all mammals and bacterial
cell surfaces and play an essential role in molecular
recognition (Sakarya et al, 2003; Sohanpal et al., 2004).
Glycan modifies pili expressed by Gram-negative bacteria.
Glycan modification of type IV pili of Neisseria gonorrhoeae
is critical in adherence to epithelial cells by allowing pili to
specifically bind to the I-domain region of complement
receptor 3 (Jennings et al., 2011).

Neuraminic acid, ubiquitously expressed in glycoconju-
gates on the mammalian cell surface, binds to membrane
proteins to create molecules with critical binding specifi-
city. The neuraminic acid-containing host membrane
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proteins may promote specific interactions with Gram-
negative micro-organism structures such as pili and non-
pili adhesins (Sakarya et al., 2003, 2010). Accordingly, sialic
acid bound to specific membrane proteins on primary
intestinal cell lines may result in specific binding to CS21.
The presence of sialic acid in the absence of differentially
expressed specific membrane proteins on HeLa cells, or
other transformed cells, may explain, at least in part, the
marginal CS21-mediated adherence to these cells.

Our data also indicate that tissue culture conditions that
optimize CS21 expression are essential for CS21-mediated
ETEC adherence to intestinal cells and that similar
conditions may be present in the host intestinal lumen.
Quantitative adherence assays and microscopy showed that
the CS21 mutant still binds to cells at significant levels. It is
likely that other adhesins expressed by the wild-type
E9034A ETEC strain and its isogenic CS21 mutant may
contribute to adherence. Among them, CS3 pili have been
described to be expressed in the wild-type E9034A ETEC
strain (Levine et al., 1984). CS3 is known to bind to
epithelial cells and to rabbit intestinal glycoproteins
(Wenneras et al., 1995). CS21-expressing ETEC was seldom
observed inside IPEC-1 and IPEC-J2 cells, and the CS21
mutant was not observed at all. This suggests that CS21
together with invasion-associated proteins such as TibA
may contribute to cell invasion (Fleckenstein et al., 1996).
We believe that ETEC adherence to cells is a complex and
organized process of host—parasite interactions that
involves multiple bacterial adhesins and host cell receptors
leading to efficient gut colonization and severe disease.

Lethality of neonatal DBA/2 mice inoculated with human-
derived ETEC strains was dependent on the expression of the
CFA/1 pilus and enterotoxins (Lasaro et al., 2004, 2005; Luiz
et al., 2008). The present results demonstrate that expression
of CS21 affects the ability of the E9034A strain to kill neonatal
mice after intra-stomach administration of live bacteria.
Although the precise mechanisms leading to the lethality
caused by the ETEC strains are not fully understood, the
present evidence demonstrates that CS21 plays an important
role in the in vivo pathogenicity of the E9034A strain,
probably reflecting a specific role in gut colonization.
Nonetheless, similar to other CS-expressing ETEC strains,
lethality is limited by age of the animals as only pups up to
1 week old are sensitive to ETEC lethality (our unpublished
observations). Further experiments will be required to
characterize the fate of ETEC cells inoculated into newborn
mice and the mechanism leading to death. Our results
demonstrate that the lethal challenge model based on the
intra-stomach administration to neonatal mice represents a
useful tool for the evaluation of ETEC pathogenicity and may
find broader application in the study of the in vivo relevance
of virulence-associated factors of ETEC.
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