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Serratia marcescens is injurious to intestinal

epithelial cells
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Diarrhea causes substantial morbidity and mortality in children in low-income countries. Although numerous
pathogens cause diarrhea, the etiology of many episodes remains unknown. Serratia marcescens is incriminated in
hospital-associated infections, and HIV/AIDS associated diarrhea. We have recently found that Serratia spp. may be
found more commonly in the stools of patients with diarrhea than in asymptomatic control children. We therefore
investigated the possible enteric pathogenicity of S. marcescens in vitro employing a polarized human colonic epithelial
cell (T84) monolayer. Infected monolayers were assayed for bacterial invasion, transepithelial electrical resistance (TEER),
cytotoxicity, interleukin-8 (IL-8) release and morphological changes by scanning electron microscopy. We observed
significantly greater epithelial cell invasion by S. marcescens compared to Escherichia coli strain HS (p = 0.0038
respectively). Cell invasion was accompanied by reduction in TEER and secretion of IL-8. Lactate dehydrogenase (LDH)
extracellular concentration rapidly increased within a few hours of exposure of the monolayer to S. marcescens.
Scanning electron microscopy of S. marcescens-infected monolayers demonstrated destruction of microvilli and
vacuolization. Our results suggest that S. marcescens interacts with intestinal epithelial cells in culture and induces

dramatic alterations similar to those produced by known enteric pathogens.

Introduction

Diarrhea causes substantial morbidity and mortality in children
in low-income countries."”” Although numerous pathogens can
cause diarrhea, many episodes do not have a known etiology. Epi-
demiological research in enteric diseases have shown that a majority
of cases of moderate to severe diarrthea among children under the
age of 5 y and among hospitalized patient could not be attributed
to a specific known pathogen."” Therefore, identification of addi-
tional potential enteric pathogens is an important global health pri-
ority. In addition, many cases of necrotizing enterocolitis and
antibiotic associated diarrhea are without identifiable enteric patho-
gens. Identification of potentially pathogenic species within the
intestinal microbiota is therefore important.

Serratia marcescens is a common enteric bacterium generally
thought not to be pathogenic in the gastrointestinal tract.* How-
ever, the organism is capable of causing nosocomial infections in
other body systems, most notably respiratory and urinary tract
infection, meningitis, bacteremia and different types of wound
infection.”” Serratia species cause outbreaks in neonatal intensive

*Correspondence to: James P Nataro; Email: JPN2R@hscmail.mcc.virginia.edu
Submitted: 03/26/2014; Revised: 08/08/2014; Accepted: 09/03/2014
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care units,®” including necrotizing enterocolitis, and have been
associated with significant morbidity and mortality in children."”
However, recent studies showed that 65% of all Serratia infec-
tions were community-based, with S. marcescens being the most
commonly isolated species, accounting for 92% of all isolated
Serratia.'!

Taxonomically, the genus Serratia is classified as a member of
the family Enterobacteriaceace, and currently consists of 14 recog-
nized species with 2 identified subspecies.'” S. marcescens is the
most commonly isolated Serratia species in human infections.” Tt
is a widely distributed saprophytic bacterium and causes disease
in plants and in a wide range of both invertebrate and vertebrate
hosts.””'? Based on biochemical characteristics, 6 biogroups con-
sisting of 19 biotypes of S. marcescens namely Al (Ala, Alb); A2/
6 (A2a, A2b, AGa, AGb); A3 (A3a, A3b, A3c, A3d); A4 (A4a,
A4b); A5/8 (A5, A8a, A8b, A8c); and TCT (TT, TC) have been
recognized.'®'* The biogroups consist of red pigmented (A1 and
A1/6) and nonpigmented (A3, A4, A5/8 and TCT) serotypes.
Infection has been acquired through ingestion of contaminated
food, contaminated hospital equipment, or the hands of medical
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Figure 1. Adhesion and invasion of T84 cell monolayers. T84 cells were seeded in collagen coated
3.0 wm transwell plates and maintained in DMEM-F12 cell culture medium for 5 - 10 d The cells
were infected with invasive strain of S. flexneri, Commensal E. coli HS, S. marcescens, or K. oxytoca for
3 hr. Both adhesion (A) and invasion (B) were determined by plating and quantifying CFU as
described under materials and methods. The results are compared between the strains. Error bars
represent the standard deviation calculated from the means of colony counts estimated from 3 inde-
pendent experiments done in triplicate. Adhesion to T84 cells (A) was not significantly different
when compared among the strains. The recovery of S. marcescens from the invasion assay (B) was
significantly higher compared to S. flexneri or E. coli HS (*, P < 0 .05 by ANOVA with post hoc

Results

Adhesion and internalization
of S. marcescens in T84 cells

To test whether S. marcescens possesses
the ability to adhere to or invade intesti-
nal epithelial cells, we performed an
adhesion assay and gentamicin protection

assay as previously described”® with S.

staff.'> S. marcescens can infect numerous sites including uri-
nary,]é respiraltory,]7 epithelia, muscle and subcutaneous tis-
sues.'®  Although non-pigmented biogroups are the most
common cause of nosocomial infections, the red pigmented bio-
groups also cause significant common source outbreaks and
cross-infections.'”

Like other enteric bacterial pathogens, S. marcescens is capable
of producing well known virulence factors such as fimbriae, the
RssAB-FIhDC-ShIBA pathway, quorum sensing systems and var-
ious secreted enzymes.'>'? The organism has been associated
with a potent cytotoxin, ShlA, which in concert with the ShiB
protein causes contact-dependent cytotoxicity in eukaryotic
cells.?® An extracellular hemolysin, PhlA, with phospholipase
activity has also been characterized.”' The PhIA acts upon phos-
pholipids and produces lysophospholipid, which lyses human,
horse and sheep red blood cells and HeLa cells.”" A type VI secre-
tion system has also been described in Serratia species,* although
its contribution to virulence is unknown.

The gastrointestinal epithelium deploys multiple innate
defense mechanisms against microbial intruders,” including epi-
thelial integrity and innate immune responses. In addition,
human colonic epithelial cells in-vivo and in-vitro can express
and release specific cytokines such as IL-8, monocyte chemotactic
protein-1 and TNFa in response to infection with invasive
strains of bacteria.”* IL-8 has been shown to be a key chemokine
in inflammation and bacterial translocation.”” Although patho-
gens frequently induce or evade these defenses, the effects of com-
mensal bacteria are largely unknown.

730 Gut Microbes

flexneri, E. coli HS, S. marcescens

(ATCC® 274™) and K. oxytoca. All the
bacterial strains tested yielded some recovery of adherent bacteria
from the T84 monolayer. S. marcescens exhibited higher recovery
than S. flexneri or E. coli HS (Fig. 1A), however, the difference
among the strains in adherence to T84 cells was not statistically
significant (p = 0.096 and p = 0.726, respectively). We observed
recovery of S. marcescens from intestinal epithelial cells after treat-
ment with gentamicin (Fig. 1B); recovery was significantly higher
compared to that observed for S. flexneri or E. coli HS (P < 0 .05
and P < 0.005, respectively). Negligible numbers of K. oxytoca
were recovered in this assay.

S. marcescens disrupts transepithelial electric resistance
(TEER) of a T84 cell monolayer

The transepithelial electric resistance (TEER) of epithelial cell
monolayers has been shown to diminish upon infection with
enteric pathogens.”” We assessed the TEER of polarized T84
monolayers before and after addition of Serratia; experiments
comprised 3 hours of infection followed by 1 hr post-infection
recovery period. The mean percent change in TEER in T84
monolayers infected with S. marcescens dropped by 63%
(Fig. 2A) from the initial value (? < 0 .0001), and was signifi-
cantly lower than monolayers infected with E. coli HS or K. oxy-
toca, or compared with uninfected monolayers (P < 0 .0001).
To characterize the effects of different biotypes of S. marcescens
on intestinal barrier function, we measured the TEER of polar-
ized T84 intestinal epithelial cell monolayers infected with differ-
ent strains of S. marcescens compared with the positive control,
enteroaggregative E. coli (EAEC) strain wt 042.7%%° We observed
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Figure 2. A.Comparison of the ability of S. marcescens and other enteric
bacteria to reduce TEER in polarized T84 cell monolayers. T84 cells were
seeded in collagen coated 3.0 wm transwell plates and maintained in
DMEM-F12 cell culture medium for 5 - 10 d The cells were infected with
invasive S. flexneri, commensal E. coli HS, S. marcescens, or EAEC strain
042 for 3 hour, washed and followed for an additional 18 hr as described
in materials and methods. TEER was measured before infection and after
infection using Evom-2 Vohmmeter. Uninfected cells were used as nega-
tive control. Data are means percent change + standard deviation of the
means from triplicate readings of 3 independent experiments. S. marces-
cens and S. flexneri were significantly different at P < 0.0001 from nega-
tive controls. 2B: Comparison of the ability of different strains S.
marcescens to reduce TEER in polarized T84 cell monolayers. T84 cells
were seeded in collagen coated 3.0 pum transwell plates and infected as
described under Figure 2A with different strains including E. coli 042.
Data are means percent change =+ standard deviation of the means from
triplicate readings of 3 independent experiments. *** All S. marcescens
were significantly different at P < 0.0001 from uninfected cells.

marked reduction in TEER by all the Serratia strains tested
(Fig. 2B). The change was statistically significant compared with
uninfected cells (P < 0.0001).

S. marcescens infection induces elevated IL-8 secretion from
T84 cells

Intestinal epithelial cells are known to express pro-inflamma-
tory cytokines including IL-8, monocyte chemotactic protein-1
and TNFa upon interaction with many enteric pathogens.** Tn
addition IL-8 has been described as a major cytokine produced
by intestinal epithelial cells when invaded by bacteria.””> We
therefore examined IL-8 secretion by epithelial cells following S.
marcescens exposure, compared with 3 other intestinal bacteria.
Basolateral supernatants of T84 cell monolayers were collected
after 3 h of exposure to each bacterial species and examined for
presence of IL-8. There was significantly higher secretion of IL-8
(mean 426.6 pg/ml) in T84 intestinal epithelial monolayers

www.landesbioscience.com

infected with S. marcescens (Fig. 3A) compared to each of the 3
other enteric bacteria tested and to the uninfected cell mono-
layers (P < 0 .0001). We examined IL-8 secretion by epithelial
cells following exposure to various strains of S. marcescens, and
compared with E. coli HS and uninfected cells (Fig. 3B). All
strains induced release of IL-8 greater than negative controls.

S. marcescens induces release of LDH

Polarized T84 cell monolayers were infected with S. marces-
cens, S. flexneri, E. coli HS or K. oxytoca individually; basolateral
supernatants were collected after 3 and 6 hrs post-infection, and
LDH was measured by immunoassay (Fig. 4). We found that
LDH release from cells infected with S. marcescens was more than
3 times greater than that observed for each of the other compari-
sons (P < 0.0001). We also found that supernatants from cells
infected with S. marcescens after 6 hrs of infection appeared to
be 10-fold greater than the concentrations measured at 3 hrs
(P < 0.001), and more than 60 times greater than that induced
by the other 3 enteric bacteria tested (P < 0.0001).
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Figure 3. A.IL-8 release by T84 cells upon infection with intestinal
bacteria. T84 cells were infected with invasive S. flexneri, Commensal
E. coli HS, S. marcescens, or K. oxytoca for 3 hour and basolateral superna-
tants collected for assay of pro-inflammatory cytokine IL-8 by ELISA as
described under materials and methods. Uninfected cells were used as
negative control. Data are means + standard deviation of the means
from triplicate readings of 3 independent experiments. ***S. marcescens
was significantly different at P < 0.0001 from each of the other bacteria
tested. 3B: IL-8 release by T84 cells upon infection with different strains
of S. marcescens. T84 cells were infected with different strains of S. mar-
cescens and IL-8 released from the cells determined as described under
Figure 3A. Data are means =+ standard deviation of the means from trip-
licate readings of 3 independent experiments. ***, (P < 0 .0001) and
** (P < 0.001).
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Figure 4. Cytotoxicity as determined by LDH release over time in T84
cells infected with S. marcescens and other enteric bacteria. T84 cells
were infected with invasive strain of S. flexneri, Commensal E. coli HS, S.
marcescens, or K. oxytoca for 3 hr (gray bars) and 6 hrs (black bars). There-
after, basolateral supernatants were collected at each time point for LDH
testing by ELISA as described under materials and methods. LDH
released from cells infected with S. marcescens was more than 3 times
greater than that observed for each of the other comparisons (***, P<0
.0001) and tenfold greater than the concentration measured at 3 hrs (**,
P<0.001). Data are means =+ standard deviation of the means from tripli-
cate readings of 3 independent experiments.

Effect of S. marcescens infection on morphology of T84 cells

To investigate the effect of S. marcescens infection on
intestinal epithelial cell morphology, we infected non-polar-
ized T84 cell monolayers with bacteria at a multiplicity of
infection of 100 for 3 hrs and examined the monolayers
under scanning electron microscopy. A distinctive change in
cellular morphology was observed in cells infected with §.
marcescens compared with cells infected with S. flexneri or E.
coli HS. Cell monolayers infected with S. marcescens mani-
fested close adherence of bacteria and loss of microvilli. We
observed a distinct “halo” phenomenon around adhering

bacteria (white arrow in Fig. 5C), which was not observed
with either of the other bacteria.

Discussion

Using human colon-derived polarized epithelial (T84) cells
we have demonstrated that S. marcescens has the potential for
adhesion, invasion, cytotoxicity, perturbation of intestinal barrier
function, cytokine release, and alteration of cellular morphology.
Previous studies have shown that S. marcescens is capable of
adhering to bladder epithelial cells, and have identified a secreted
pore-forming cytolysin ShlA as an important factor mediating
internalization of S marcescens and lysis of epithelial cells’>%; the
ability of S marcescens to adhere to and invade intestinal epithelial
cells has not been reported to our knowledge. Tight adhesion
increases the proximity of the bacteria with the cell, possibly
bringing the cell bound cytotoxin in close contact with the cell,
thereby enhancing host-cell invasion. This is supported by pub-
lished results demonstrating that adherent but non-cytolytic
mutant strain of S. marcescens showed no cell invasion.”® In this
study, S. marcescens exhibited more abundant adherence and sig-
nificantly greater invasiveness for the epithelial cells than non-
pathogenic E. coli HS controls.

The integrity of the epithelial monolayer is sustained by tight
cell-cell junctions, and many bacterial pathogens target tight junc-
tions by perturbing this structure.** For some pathogens, previous
studies have demonstrated that reduction in TEER is correlated
with significant decrease in tight junction protein expression and
increased permeability, thus allowing translocation of virus and
bacteria across the mucosa.”” Similarly, apical application of bac-
teria has been shown to induce opening of the paracellular path-
way and transmigration of polymorphonuclear leucocytes, which
in turn facilitate pathogen invasion.*® We report that infection
with S. marcescens drastically decreased TEER of T84 cell mono-
layers, although the mechanism of this effect is unknown.

Intestinal epithelial cells act as sentinels in intestinal infec-
tion,”® mounting early innate immune responses against foreign

arrow indicates typical “halo” surrounding S. serratia bacteria.

Figure 5. Effect of S. marcescens on T84 cell monolayer after 3 hours of infection. T84 cells were infected with bacteria for 3 hour and fixed with parafor-
maldehide solution overnight at 4°C as described under materials and methods. The cells were prepared and examined using JSM-6400 scanning micro-
scope. (A) T84 monolayer infected with E. coli HS; (B) monolayer infected with S. flexneri strain 2457T; (C) monolayer infected with S. marcescens. White
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substances via pro-inflammatory cytokine production. Recent
studies suggest that IL-8 produced by the intestinal epithelial cells
plays a central role in the initial control of infection by recruiting
polymorphonuclear leukocytes, and transmigration of these cells
to the epithelial lining. The polymorphonuclear leukocytes con-
tribute to bacterial killing, often at the expense of tissue destruc-
tion.”> Thus IL-8 appears to be an essential chemokine in
Shigella transepithelial translocation. We therefore investigated
the ability of S. marcescens to induce IL-8 responses in intestinal
epithelial cell monolayers. Whereas all the enteric bacteria tested
induced some secretion of IL-8 from T84 cells (at levels less than
100 pg/ml), S. marcescens induced more than 3 times the levels
of IL-8 secretion. S. marcescens strains Ada, A8a, Ala and A2a
induced more pronounced IL-8 secretion suggesting high poten-
tial of causing inflammation in the intestinal tract compared to S.
marcescens strains A3a and E. coli HS. Thus, our results are in
concurrence with previous epidemiologic findings which attrib-
uted most frequently occurring nosocomial S. marcescens infec-
tion to biogroups A4, A5/8, and A2/6,”" with A2b isolated
from infants (mostly from feces) in a neonatal ward.”

S. marcescens has been reported to have a cytotoxin/cytolysin
and a type VI secretion system that exports a non-diffusable cyto-
lysin.” These effects have not been demonstrated on intestinal
cells, which represent the typical habitat of Serratia in Homo sapi-
ens. S. marcescens produced a rapid rise in LDH levels from the
infected cells within 3 hr of infection, and levels were elevated
tenfold at 6 hr of infection, suggesting rapid destruction of the
epithelial cells. The cytotoxic activity may be attributable to the
secreted hemolysin/cytotoxin ShIA previously reported.”> The
cytolytic effect may contribute to the observed invasiveness and
pro-inflammatory ability in our system. Of note, we also
observed detachment of epithelial cell monolayers and rounding
of cells (data not shown). Observations of infected monolayer by
using SEM confirmed these data. The cytolytic effect apparently
included disruption of the microvilli, shedding of the microvilli
and vacuole formation on the epithelial cells. This is consistent
with previous studies which demonstrated pore-formation,
extended vacuolation and cell lysis induced by secreted cytolysin
ShIA on bladder epithelial cells.”” A similar cytolysin excreted &y
Haemophilus ducreyi was shown to enhance invasion of human
epithelial cells and contributes to evasion of immune responses.*®
Thus, the disruption of the microvillus layer, vacuolation and
possibly lysis of the host-cell elicited by S. marcescens in this study

Table 1. Bacterial strains used in the study

may enable the bacteria to penetrate the tissue layer. Similarly,
previous studies demonstrated that clinical isolates of K. oxytoca
induce antibiotic-associated hemorrhagic colitis and a high pro-
portion of stool isolates tested were cytotoxin positive.’”*” The
cytotoxin caused rounding, fragmentation and detachment of
HEp-2 cells from the substratum which may precede cell death.
In the current study, the K. oxyroca strain used exhibited no cyto-
toxicity suggesting that the cytotoxin production might be strain
specific.

In conclusion, the current study provides evidence that
S. marcescens is a potential enteric pathogen. Epidemiologic stud-
ies should consider possible association between this organism
and diarrhea on non-diarrheal pathogenic states, and in other
pathogenic states such as necrotizing enterocolitis.

Materials and Methods

Bacterial strains and growth conditions

The bacterial strains used in this study are summarized in
Table 1. Bacteria were routinely cultured on Luria-Bertani (LB)
agar (American Bioanalytical) except S. flexneri which was grown
on LB agar with Congo red; all were incubated at 37°C aerobi-
cally for 18-24 hrs. A single colony of the bacteria was picked
and inoculated in 10 ml of LB broth (American Bioanalytical)
and incubated as above in a shaking incubator. Ten microliters
of a stationary phase culture was used to inoculate 10 ml of LB
broth, and the bacteria grown in a shaking incubator for approxi-
mately 3 hours at 37°C aerobically to mid-exponential phase
and used to infect the T84 cells.

Growth and maintenance of cell culture

Human colonic epithelial (T84) cells (ATCC CCL248) were
seeded into 75 cm” tissue culture flasks and routinely maintained
as described previously*!' with slight modification. Briefly, the
T84 cells were maintained in Dulbecco’s Modified Eagle
Medium-F-12 medium (DMEM/F12) (1:1 mix; Sigma-Aldrich)
supplemented with 10% fetal bovine serum (Sigma-Aldrich), 1%
L-Glutamine (Sigma-Aldrich), 50 U/mL penicillin and 50 mg/
mL streptomycin (Sigma-Aldrich) at 37°C in 5% CO, atmo-
sphere. Fresh medium was replenished every 2 d When the
monolayer reached 80-90% confluent, the cells were detached
from the bottom of the flask using 0.25% trypsin-EDTA

Strain Species Serotype Biotype Red pigment References

ATCC 274 Serratia marcescens 0:6 A2a yes American Type Culture Collection, *>*¢
107234 Serratia marcescens O5:H1 Ada yes Pasteur Institute

107235 Serratia marcescens 06:H3 A2a no Pasteur Institute

107238 Serratia marcescens O9:H11 A3a no Pasteur Institute

107253 Serratia marcescens 025:H12 A8a no Pasteur Institute

105187 Serratia marcescens 028:H2 Ala yes Pasteur Institute

2457T Shigella flexneri 2a NA NA a4

? Klesiella oxytoca ? NA NA

042 Escherichia coli 044:H18 NA NA +

HS Escherichia coli 09 NA NA 8

www.landesbioscience.com Gut Microbes 733
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(GIBCO, Life Technologies) and split 1:10 into new flasks. The
T84 cells between passages 4 and 15 were seeded at a density of 3
x 10° cells/mL onto collagen-coated, 12-mm polycarbonate
Costar tissue culture Transwell permeable support inserts filters
with 3.0 pm pore size (Corning Inc.) and grown for 5 to
10 days, during which time fresh medium in both chambers was
replenished as indicated above.

Measurement of TEER

The TEER was used to monitor the integrity of the epithelial
monolayer as previously described®®** using an epithelial
ohmeter resistance reader (World Precision Instruments). Mono-
layers were considered polarized and used for experiment when
resistance was equal to or greater than 1,300 Q/cm?. TEER was
also measured before infection (time zero) and 1 hr after recovery
(time #) following the antibiotic protection assay (see below for
full description). TEER was then expressed as the ratio of TEER
at time 7 in relation to the initial value (time zero) for each experi-
ment. Statistical analysis was performed to compare the means
percent change in experimental and medium control groups.

Bacterial adhesion and invasion assays

Infection of T84 cells was performed as previously described*®
with modification. One day before infection, polarized T84 cells
were incubated with DMEM/F12 without antibiotic. Overnight
LB broth cultures of bacteria were standardized in DMEM/F12
without antibiotic to an optical density of 600 nm (ODgpo) of
0.60 + 0.02, which is equal to approximately 1 x 10° CFU/mL.
Bacterial samples at multiplicity of infection of 100 in 200 pL of
the medium without antibiotic were administered on the apical
surface of each T84 cell monolayers grown on transwell inserts.
Infection experiments in duplicate were incubated for 3 hrs at
37°C in 5% CO,, at the end of which time the bacteria were
aspirated. Supernatants were collected from the basolateral side
of the wells and stored at 4°C and —20°C for LDH cytotoxicity
and IL-8 cytokines assays, respectively. Thereafter, the cells were
washed 3 times with PBS. One set of the cells was lysed with
500 pL of 1% triton X-100 and the lysates diluted 1:1000 in
sterile PBS and plated on LB agar medium for CFU count to
determine the bacterial association with the cells.”*** For genta-
micin protection assays,”' fresh DMEM-F-12 with 100 pg/ml
gentamicin (Sigma-Aldrich) or 500 pg/ml amikacin (Sigma-
Aldrich), chosen according to the susceptibility of the test bacte-
ria, was added to the apical and basolateral chambers of the sec-
ond set of cells and incubated as above for 1 hr to kill
extracellular bacteria. After extensive washing (3 times) to
remove the antibiotic, the intracellular bacteria were released by
lysis with 1% Triton X-100 as described above. The cell lysates
were diluted 1:10 in sterile PBS and plated on LB agar medium
for CFU count to determine invasion.*> Data were expressed as
CFU/well for each monolayer. Adhesion was defined as the dif-
ference between the number of associating bacterial CFU and the
number of internalized bacterial CFU as previously described,*!
while the percent invasion was defined as the number of internal-
ized bacterial CFU (invasion) divided by the associating bacterial
CFU (bacterial association) expressed as percentage. The results
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for each experiment were presented as means of an assay per-
formed in triplicate and independently repeated 3 times.

Interleukin-8 enzyme-linked immonosorbent assay

Supernatants from each infection were collected and IL-8 pro-
tein levels were determined by enzyme linked immunosorbent
assay (ELISA) using human IL-8 ELISA kit (Invitogen) accord-
ing to the manufacturer’s instructions. Supernatants from unin-
fected cells were used as negative controls and each sample
assessed in duplicate.

Lactate dehydrogenase assay

The T84 monolayers were infected for various time periods,
and medium was aspirated. The medium was then centrifuged to
remove viable bacteria. Cytotoxicity was tested using lactate
dehydrogenase (LDH) kit (BioVision) according to man-
ufacturer’s instructions.

Scanning electron microscopy

Bacterial strains at multiplicity of infection of 100 were cul-
tured for 3 hrs with T84 cell monolayers grown on 12-mm glass
coverslips. Culture medium was removed, and cells fixed in
0.1 M cacodylate buffer (pH 7.4) containing 2.5% paraformal-
dehyde and 2% glutaraldehyde, rinsed, postfixed in 1% osmium
in 0.1 M cacodylate buffer, and then dehydrated in a graded
series of ethanol mixtures and treated with hexamethyldisilane.
After drying, cover slips were coated with gold and examined
using a JEOL JSM-6400 scanning electron microscope (JOEL
Ltd).

Data analysis

Results were expressed as means and standard deviation
(£SD) of individual experiments performed in triplicate (n)
times. Comparisons between mean values were performed by
one-way analysis of variance (ANOVA) using SAS computer
software (Version 9.1, SAS Institute Inc.), and P-values less than
0.05 were considered statistically significant.
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