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In the present study, the role of direct procaryote-eucaryote interactions in the virulence of Bacillus cereus
was investigated. As a model of human enterocytes, differentiated Caco-2 cells were used. Infection of fully
differentiated Caco-2 cells with B. cereus in the exponential phase of growth, in order to minimize the
concentration of spores or sporulating microorganisms, shows that a strain-dependent cytopathic effect
develops. Interestingly, addition of 3-h-old cultures of some strains resulted in complete detachment of the
cultured cells after a 3-h infection whereas no such effect was found after a 3-h infection with 16-h-old cultures.
Infection of enterocyte-like cells with B. cereus leads to disruption of the F-actin network and necrosis. Even
though the effect of secreted factors cannot be ruled out, direct eucaryote-procaryote interaction seems to be
necessary. In addition, we observed that some B. cereus strains were able to be internalized in Caco-2 cells. Our
findings add a new insight into the mechanisms of virulence of B. cereus in the context of intestinal infection.

Bacillus cereus is a spore-forming microorganism responsible
for different pathological processes. In the context of intestinal
infections, this microorganism is associated with emetic and
diarrheic syndromes, and its role in extraintestinal infections
has been also reported (14, 15). So far, the virulence of B.
cereus has been ascribed to the production of exocellular fac-
tors such as (i) cereolysin O, a thiol-activated cholesterol bind-
ing cytolysin (3, 25); (ii) phospholipases (8, 10, 23); (iii) emetic
toxin (cereulide), a heat-stable cyclic dodecadepsipeptide with
a molecular mass of around 1.2 kDa (1, 2, 37); (iv) hemolysin
BL, a tripartite enterotoxin that requires all the three compo-
nents (B, L1, and L2) for maximal activity (5, 7, 8, 9, 10, 15, 35);
(v) the nonhemolytic enterotoxin complex, a complex of three
subunits (34); (vi) hemolysin IV (Hly-IV), which has a strong
effect on plasma membranes with a wide range of compositions
(8); and (vii) the cytotoxic protein CytK, associated with ne-
crotic enteritis (26, 34).

A cellular response triggered by the interaction between
microorganisms and intestinal epithelial cells contributes to
the virulence of several pathogens. These biological effects are
related to the binding of bacterial surface structures and/or
bacterial toxins to cell receptors coupled with cellular signaling
pathways. Attack of the host cell cytoskeleton is the main
mechanism by which pathogenic microorganisms structurally
and functionally alter the host cells, particularly the intestinal
epithelial barrier. This interference with the organization of
the cytoskeleton can be mediated by enzymatic modification by
soluble toxins (12) or by upregulation of depolimerization cas-
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cades by direct prokaryote-eucaryote interactions (11, 24, 39).
The ability of microorganisms of the genus Bacillus to interact
with Caco-2 and HelLa cells has been reported, but no further
insight into the role of this interaction in the virulence of this
microorganism is available (43). Recently, the effect of spent-
culture supernatants of B. cereus on Caco-2 cells, suggesting
the production of cytotoxic toxin by the bacteria, was reported.
These types of cell damage ranged from microvillus effacement
to cell detachment. In addition, translocation of phosphatidyl-
serine from the inner to the outer leaflet of the plasmatic
membrane has been reported (38).

Despite the importance of the adhesion and invasion phe-
nomena in the virulence of different microorganisms, the direct
interaction of B. cereus with intestinal epithelial cells has not
been extensively studied, although the possible role of the
adhesion of spores in virulence has been suggested (4). In the
present work, we sought to gain knowledge about the ability of
B. cereus to interact with enterocyte-like Caco-2 cells and
about the structural effects of such interactions on the cells.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The strains used in the present study
are listed in Table 1. Stock cultures were preserved at —80°C using 0.3 M sucrose
as a cryoprotectant. Each strain was reactivated for 16 h at 32°C with agitation in
brain heart infusion broth supplemented with 0.1% glucose. The microorganisms
were then inoculated (to 4% vol/vol) into 5 ml of brain heart infusion broth
supplemented with glucose and incubated with agitation at 32°C for different
times as indicated in the tables and figures. They were harvested by centrifuga-
tion (900 X g for 10 min).

Culture of Caco-2 cells. The parental Caco-2 cells (19, 40) were routinely
grown in Dulbecco’s modified Eagle’s minimum essential medium (DMEM) plus
25 mM glucose (Life Technologies, Cergy, France), supplemented with 15%
heat-inactivated (30 min at 56°C) fetal calf serum and 1% nonessential amino
acids (Life Technologies). For maintenance purposes, the cell lines were pas-
saged weekly, using 0.02% trypsin in Ca®>*- and Mg>"-free phosphate-buffered
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TABLE 1. Nomenclature and origin of the strains used in

this study
Strain® Origin Reference

M2 Skim milk powder 35
2 Infant formula 35
3 Infant formula 35
253 Infant formula 35
273 Infant formula 35
113 Infant formula 35
114 Infant formula 35
ATCC 10873 Culture collection

ATCC 13061 Culture collection

T1 Unknown 13
T2 Unknown 13
E2 Unknown 13
Watertown Unknown 13
A7 Unknown 13
B10502 Food-poisoning outbreak -+

@ Strain E2 is B. thuringiensis. The remaining strains are B. cereus.
® Strain B10502 was kindly provided by the Laboratorio Central de Salud
Publica de la Provincia de Buenos Aires, Argentina.

saline (PBS) containing 3 mM EDTA. Monolayers were prepared in 24-well
tissue culture plates (Iwaki Glass) by seeding 7 X 10 cells per well. Experiments
and cell maintenance were carried out at 37°C in a 5% CO,-95% air atmosphere.
The culture medium was changed daily. Assays were performed with cells at
passages between 49 and 55 for Caco-2 cells. Fully differentiated cells (15 days in
culture) were used throughout. Differentiation of the cells was controlled by
indirect-immunofluorescence labeling of sucrase-isomaltase, a brush border dif-
ferentiation marker (data not shown), as previously described (11, 16, 33, 39, 40).

Cell association assays. Bacterial cultures were centrifuged and the pellet was
resuspended in DMEM containing 100 pg of cloramphenicol per ml. Under
these conditions, no bacterial growth was observed during the experiment and
the bacteria remained viable. After being determined in an hemocytometer, the
number of bacterial was adjusted to the required level for cell infection. The
bacterial concentration and multiplicity of infection used are indicated in the
tables and figures. The cell monolayers were washed twice with PBS before the
infection assays were performed, and bacterial suspensions were added to the
monolayers and incubated for 2 or 3 h at 37°C in a 5% CO,-95% air atmosphere.
The monolayers were then washed three times with PBS and incubated with 1 ml
of distilled water per well to lyse the cells. Serial dilutions of the samples were
plated onto nutrient agar (3 g of meat extract per liter, 5 g of meat peptone per
liter) and incubated at 37° for 16 h.

Cell invasion assays. To assess the invasion of enterocytes, noninternalized
bacteria were killed with the aminoglycoside antibiotic gentamicin as reported
previously (25). Briefly, monolayers were washed three times with PBS and then
1 ml of gentamicin (100 wg/ml in PBS) was added per well. After being incubated
for 1 h at 37°C, the monolayers were washed twice and lysed with 1 ml of distilled
water for 1 h at 37°C. Serial dilutions of the suspensions were plated onto
nutrient agar as indicated above.

Transmission electron microscopy. After the bacterial adhesion assay, cells
were fixed and treated. Samples embedded in Epon were reembedded to make
sections perpendicular to the bottom of the flask. The specimens were then
examined under a JEOL electron microscope.

Immunofluorescence study. The F-actin cytoskeleton was labeled with fluo-
rescein-labeled phalloidin (33). Briefly, monolayers of Caco-2 cells prepared on
glass coverslips were infected with vegetative cells of B. cereus as indicated above.
After the infection, the cells were washed with PBS and fixed with 3% parafor-
maldehyde in PBS for 15 min. Samples were then treated with 50 mM NH,CI for
10 min to block aldehyde functions, permeabilized for 4 min with Triton X-100,
and incubated for 45 min with fluorescein-labeled phalloidin (Sigma Chemical
Co., St. Louis, Mo.). They were mounted in 50% (vol/vol) glycerol-0.1% (vol/vol)
sodium azide in PBS.

The brush border-associated protein sucrase-isomaltase (SI) was stained by
indirect-immunofluorescence labeling. Cells were incubated with anti-human SI
antibody (8A9) (diluted 1:200 in 0.2% gelatin—PBS) for 45 min at room temper-
ature (33). After three washes in PBS, incubation with a fluorescein isothiocya-
nate (FITC)-conjugated second antibody was performed for 45 min at room
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temperature. No fluorescent staining was observed when the primary antibody
was omitted.

Labeling with FITC-annexin V and propidium iodide was performed by a
modification of a previously published method (45). Briefly, after infection, cells
were washed twice with binding buffer consisting of 25 mM HEPES, 125 mM
NaCl, and 2.5 mM CaCl, (pH 7.2). Then 5 pl of FITC-annexin V, 1 pg of
propidium iodide per ml, and 100 pug of RNase per ml were added in 100 pl of
binding buffer. The cells were incubated at room temperature for 15 min, and
then samples were mounted in 50% glycerol in PBS.

B. cereus bacteria were labeled with a mixture of monoclonal antibodies
(MADs) 113D2b3 and 116A3b3 recognizing lipoteichoic acid (22). Rhodamine
isothiocyanate (RITC)-labeled goat anti-mouse antibody (Molecular Probes)
was used as secondary antibody. For observation of internalized bacteria by
confocal laser-scanning microscopy (CLSM), the cells were permeabilized by
incubation with 0.2% Triton X-100 in PBS for 4 min at room temperature. Cell
monolayers were then incubated with MAbs 113D2b3 and 116A3b3 (diluted
1:100 in bovine serum albumin-PBS) for 45 min at 22°C and washed three times
with PBS. The cells were then incubated with RITC-conjugated secondary anti-
bodies for 60 min on ice and incubated for 30 min at 37°C. The F-actin cytoskel-
eton was labeled as described above.

Preparations were mounted in Vectashield antifade mounting medium (Biosys
SA, Compiégne, France). Samples were examined by conventional epifluores-
cence microscopy using a DMLB microscope coupled to a DC 100 camera (Leica
Microscopy Systems Ltd., Heerbrugg, Switzerland). Image analysis was per-
formed by using Image-Pro Plus software (Media Cybernetics, Silver Spring,
Md.). When specimens were examined by CLSM, analysis was performed using
a confocal laser-scanning microscope (Zeiss model LSM 510, equipped with an
air-cooled argon ion laser [488 nm] and a helium neon laser [543 nm]) configured
with an Axiovert 100M microscope using a Plan Apochromat 63x/1.40 oil ob-
jective lens. Optical sectioning was used to collect en face images 0.40 wm apart.
A reconstruction view was obtained by integration of images gathered at a step
position of 1 on the x-y axis, using the accompanying Zeiss software with Win-
dows NT. Photographic images were resized, organized, and labeled using Pho-
toshop software (Adobe, San Jose, Calif.). The printed images are representative
of the original data.

Statistical analysis. Statistical analysis of the variations was performed by
analysis of variance (Systat, Inc.).

RESULTS

The effect of vegetative B. cereus on enterocyte-like Caco-2
cells depends from the physiological status of the microorgan-
isms. We first analyzed the association of several B. cereus
strains with fully differentiated Caco-2 cells when monolayers
were infected at a multiplicity of infection of 140 bacteria per
cell. As reported in Table 2, the highest value of cell associa-
tion with Caco-2 cells was found for strain ATCC 10876. This
strain showed values of 6.50 log CFU/well when 3-h-old cul-
tures were coincubated for 2 h with enterocyte-like cells. On
the other hand, the lowest value of association was found for
strain 273 (5.28 log CFU/well) when 16-h-old cultures were
employed. It was noted that the biological activities appeared
to be strain dependent. Indeed, some strains, including ATCC
10876, ATCC 13061, T1, Watertown, and A7, promoted cell
detachment. The results show that for strains detaching the
cells, activity developed only with a 3-h-old culture and that the
Caco-2 cells were not detached by 16-h-old cultures of these
strains during the same period of infection (3 h). In contrast, B.
cereus strains 2, 3, T2, 273, 114 E2, Watertown, and B10502
adhered well to Caco-2 cells without detaching the cells. Anal-
ysis of the concentration-dependent adhesion of strains 2 and
M2 to Caco-2 cells (Fig. 1) showed that the maximal number of
adhering bacteria was reached when around 2 X 107 CFU per
well was used (multiplicity of infection, around 30 bacteria per
cell). The maximal number of cell-associated bacteria was
around 2 X 10° CFU/well (6.30 log CFU/well). This behavior
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TABLE 2. Cell association of B. cereus strains with Caco-2 cells”

Association of B. cereus with Caco-2 cells (log CFU/
well)?

B. cereus strain

3-h-old culture 16-h-old
culture, 3-h

2-h infection 3-h infection infection
M2 6.23 £0.30 ND* 5.73 £0.18
2 6.40 = 0.01 6.45 = 0.01 5.75 = 0.75
3 5.93 =0.30 5.62 = 1.00 5.76 = 0.07
T2 5.77 = 0.44 5.99 = 0.07 591 = 0.10
253 6.23 £0.28 ND 5.81 £0.12
273 5.71 = 0.01 5.50 = 0.56 5.28 =0.47
113 5.84 =0.03 ND 5.81 £0.07
114 6.37 £ 0.42 542 +1.44 6.13 £ 0.21
ATCC 10876 6.50 £ 0.01 Detach cells 6.39 £ 0.18
ATCC 13061 5.61 =0.18 Detach cells 5.51 = 0.04
E2 5.81 =0.16 6.19 = 0.17 5.97 £0.03
T1 6.34 +£0.29 Detach cells 6.27 = 0.02
Watertown ND Detach cells 5.53 =£0.08
A7 5.59 =0.29 Detach cells 5.34 +0.13

B10502 5.69 = 0.30 ND ND

“ Bacteria were suspended in 1 ml of DMEM with 100 pg of chloramphenicol
per ml, and monolayers of differentiated Caco-2 cells cultured in 24-well plates
were infected with 10% microorganisms per well. The MOI was 140 bacteria per
cell.

®Values are means * standard deviations for three to eight independent
experiments performed with successive cellular passages.

¢ ND, not determined.

indicates the suitability of expressing association values in
terms of total associated bacteria rather than in terms of the
percentage of associated bacteria. When bacterial concentra-
tions higher than 2 X 107 CFU/well (7.30 log CFU/well) are
added, the percentage of associated microorganisms is lower.

The ability of B. cereus to invade enterocytes is strain de-
pendent. To assess the ability of B. cereus strains to invade
epithelial cells, we performed the aminoglycoside antibiotic
assay. Strains ATCC 10876, T1, 2, M2, and B10502 were ex-
amined after 2 h of infection. Since spores are not killed by
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FIG. 1. Association of vegetative cells of B. cereus with fully differ-
entiated Caco-2 cells as a function of the bacterial concentration. B.
cereus strains 2 and M2 were used. Error bars are not shown when they
are smaller than the symbols.

INFECT. IMMUN.

TABLE 3. Cell association and internalization of B. cereus in Caco-
2 cells”

No. of bacteria (log CFU/ml)® No. of survivors

. after heat
Strain

. . treatment (log

Associated Internalized CFU/ml)><
M2 6.17 £ 0.34 3.86 = 0.19° 2.90 = 0.34
2 6.44 = 0.35 4.86 = 0.25" 1.40 = 0.38
ATCC 10876 5.95 £ 0.80 2.72 £0.72 1.90 = 0.54
Tl 6.26 = 0.35 4.80 = 0.28" 142 022

B10502 5.77 £ 0.36 1.72 = 0.59 <1.1

“ Bacteria were suspended in 1 ml of DMEM with 100 pg of chloramphenicol
per ml, and monolayers of differentiated Caco-2 cells cultured in 24-well plates
were infected with 10® microorganisms per well. The multiplicity of infection was
140 bacteria per cell. Experiments were performed with 3-h-old cultures, and the
infection periods were 2 h.

® Values are means = standard deviations of triplicate determinations in at
least two independent experiments performed with successive cellular passages.
Letters indicates significant differences. a, P < 0.05; b, P = 0.01.

¢ Survivors after heat treatment (60°C for 30 min) are the number of sporu-
lated or sporulating microorganisms.

gentamicin, the presence of sporulating microorganisms could
mimic invasion events. All strains tested showed a minimum of
heat-resistant microorganisms (60°C for 30 min) between 3
and 4 h of incubation (data not shown). On the basis of these
findings, the ability of B. cereus to invade Caco-2 cells was
determined with 3-h-old cultures. Invasion was considered pos-
itive only when the number of survivors after the gentamicin
treatment was significantly larger than the number of survivors
after heat treatment (60°C for 30 min). It is important to point
out that under the conditions of the infection assay, bacteria
neither grow nor sporulate. The values for heat-resistant mi-
croorganisms stated in Table 3 are probably due to the car-
ryover of spores from the reactivation steps. Strains 2 and T1
showed the largest numbers of internalized bacteria in Caco-2
cells (Table 3). For these strains, both the number of micro-
organisms gaining entry into the cells (around 4.80 log CFU/
well) and the percentage of invading bacteria in relation to
associated microorganisms were significantly greater than
those observed for the remaining strains being studied. In
contrast, lower values were observed for strain M2 and ATCC
10876, and strain B10502 did not internalized at all.

B. cereus organisms residing within infected Caco-2 cells
were observed by labeling the bacteria in permeabilized cells
with MAbs 113D2b3 and 116A3b3 recognizing lipoteichoic
acid (22), followed by a CLSM analysis. As observed in Fig. 2A
and B, bacteria were observed intracellularly in cells in which
F-actin labeling was not present. In addition, as observed by
transmission electron microscopy, B. cereus interacted with
shortened and disorganized microvilli (Fig. 2D) and resided
intracellularly (Fig. 2E).

Direct interaction between B. cereus and fully differentiated
Caco-2 cells induces F-actin rearrangements and necrosis of
eucaryotic cells. Cellular damage triggered in Caco-2 cells by
B. cereus and alteration of the F-actin distribution reported
above prompted us to study whether B. cereus induces this
detrimental effect. Infection of Caco-2 cells with B. cereus
strains ATCC 10876, 2, T1, B10502, and M2 leads to different
extents of cellular damage, characterized by observation of
areas in cell monolayers showing a dramatic alteration in F-
actin distribution (Fig. 3). These results raised the question of
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FIG. 2. Observation of internalized B. cereus bacteria within fully differentiated Caco-2 cells infected with B. cereus strain 2. (A and B)
Examination by immunofluorescence labeling and CLSM analysis of internalized B. cereus bacteria. Bacteria were labeled with a mixture of MAbs
113D2b3 and 116A3b3 recognizing lipoteichoic acid (22) and RITC-labeled goat anti-mouse antibody as the secondary antibody. No fluorescent
staining was observed when the primary antibody was omitted. CLSM analysis (horizontal x-y optical sections, one section every 0.40 wm) was
conducted to collect 57 en face images (22.8 wm). Labeling of brush border-associated SI determining the apical domain was observed at 0.8 to
1.6 pm (data not shown). High-magnification micrographs (reconstructed images from 57 successive sections obtained by CLSM analysis) show
red-labeled bacteria at 9.2 to 12.2 um (A) and 1.2 to 5.6 pwm (B). Note that the red-labeled bacteria were observed in cells in which no labeling
of F-actin develops. Identical results have been obtained with strain T1 (data not shown). (C to E) Examination by transmission electron
microscopy of cultured fully differentiated human Caco-2 cells infected with B. cereus strain 2. (C) A high-magnification micrograph shows a
transverse ultrathin section of control cells. Note the well-ordered microvilli. (D) A high-magnification micrograph shows a B. cereus bacterium
interacting with microvilli that are shortened and disorganized. (E) A low-magnification micrograph shows B. cereus bacteria residing within the
Caco-2 cells; the microvilli are not well-ordered and are disorganized and enlarged. Identical results have been obtained with strain T1 (data not

shown). The micrographs are representative of two experiments conducted with successive cell passages.

the requirement for direct procaryote-eucaryote contact to
trigger these biological effects. Infection of Caco-2 cells with
either 1 X 10°% or 5 X 10" CFU/ml of B. cereus strain 2 led to
a dose-response effect (Fig. 4A). It was noteworthy that cell
culture medium obtained from cell monolayers infected for 3 h
with 10® microorganisms did not cause appreciable changes to
the cytoskeleton. In addition, a time-dependent study showed
that the F-actin disassembly developed as a function of the
time (Fig. 4B). Taken together, these data show that infection
with B. cereus bacteria alone is sufficient to produce the F-actin
disorganization in Caco-2 cells.

In an attempt to gain further insight in to the effect of B.
cereus infection in Caco-2 cells, we performed experiments in
which cells were labeled with FITC-annexin V and propidium
iodide after the infection period (Fig. 5). Whereas some apo-
ptotic cells were normally found even in untreated control
monolayers (Fig. 5A), infection of enterocyte-like cells with B.
cereus led to different extents of cell necrosis. Interestingly, a
higher ratio of apoptotic cells was observed in monolayers
infected with strain B10502 (Fig. SE).

DISCUSSION

Interaction with enterocytes is a major component of the
virulence of intestinal pathogens. Indeed, adhesion of micro-
organisms to the apical surface of enterocytes prevents micro-
organisms from being eliminated by the cleansing mechanisms
of the intestine. In addition, attached bacteria can trigger a
biological response from the eucaryotic cell by inducing signal-
ing pathways associated with surface receptors. A further hall-
mark of virulence is the ability of some microorganisms for
forced internalization into nonphagocytic cells. Several patho-
gens produce dramatic changes in cellular anatomy and func-
tion through a series of mechanisms mediated by protein-
aceous exocellular factors and/or direct procaryotic-eucaryotic
interaction (for reviews, see references 18 and 45).

The virulence of B. cereus has so far been ascribed to the
production of extracellular factors (6, 8, 9, 15). However, the
ability of this microorganism to attach to or invade enterocytes
could significantly increase its pathogenic potential. We show
here that vegetative cells of B. cereus can associate with differ-
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FIG. 3. Effect of adhering B. cereus strains on the F-actin network
of human enterocyte-like Caco-2 cells. Monolayers were infected with
10® CFU per well and incubated for 2 h in the presence of 100 wg of
chloramphenicol per ml at 37°C. Fixed and permeabilized cells were
labeled with FITC-phalloidin. (A) Control cells; (B) ATCC 10876;
(C)2; (D) T1; (E) B 10502; (F) M2. (A) An en face micrograph shows
the typical mosaic pattern of the distribution of brush border-associ-
ated F-actin that results from the different patterns of microvilli on the
apical surface of the cells, i.e., cells with well-ordered microvilli and
cells with dense and packed microvilli (11, 33). (B to F) Cells infected
by different B. cereus strains develop different patterns of F-actin
alteration. Strains ATCC 10876 (B), 2 (C), T1 (D), and M2 (F) pro-
mote in place a dramatic disorganization of F-actin distribution, show-
ing large translucent zones, whereas cells in other zones conserved the
mosaic pattern of F-actin distribution. For strain B10502 (E), cells
showed a marked rounding with a conserved punctuated F-actin ex-
pression in the center of the cells. Micrographs are representative of
three experiments conducted with successive cell passages.

entiated enterocyte-like cells. Even though 100 wg of chloram-
phenicol per ml was used in all the assays performed and even
though this concentration is sufficient to prevent bacterial
growth of all strains under study (data not shown), some B.
cereus strains completely detached monolayers after a 3-h in-
cubation period. In addition, some B. cereus strains were able
to enter the cells.

It is well known that expression and localization of surface
molecules in eucaryotic cells depends on differentiation status
(25, 28) and that the surface properties of microorganisms
undergoing exponential growth are very different from those of
spores or sporulating microorganisms (30, 42). In addition, the
ability of microorganisms to interact with eucaryotic cells de-
pends on the growth phase of the bacterial cultures (31). That
is why our experimental conditions differed from those em-
ployed in previous studies (4, 43) in two main aspects. First, we
used differentiated cultured enterocyte-like cells rather than

INFECT. IMMUN.
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FIG. 4. Effect of B. cereus strain 2 on the F-actin distribution in
fully differentiated Caco-2 cells. (A) Effect of different concentrations
of B. cereus strain 2 bacteria and culture supernatant on the F-actin
distribution. En face micrographs of control uninfected cells (a), cells
infected with 5 X 10% CFU/ml (b), cells infected with 1 X 107 CFU/ml
(c), and culture medium of primarily infected monolayers (d) are
shown. The culture medium was recovered from cells infected for 2 h
with 1 X 10® CFU/ml, centrifuged, filtered, and added to a fresh cell
monolayer. (B) Time course of F-actin disassembly shows the progres-
sive decrease of F-actin immunofluorescence in cells infected with
strain 2. (a) Ty, (b) 15 min, (¢) 1 h, (d) 2 h. Results are representative
of three experiments conducted with successive cell passages.

undifferentiated cells from overnight cell culture (42). Second,
we used bacterial cultures in the late exponential phase of
growth instead of freeze-thawed 18-h-old cultures (43). The
aminoglycoside antibiotic gentamicin assay can be used, as
with other microorganisms (14, 29), to assess the invasion of
enterocyte-like cells by spore-forming microorganisms. How-
ever, care must be taken to minimize the concentration of both
spores and sporulating bacteria. Otherwise, spores surviving
the antibiotic treatment may be considered internalized micro-
organisms. When 16-h-old cultures were used, the ratio of
microorganisms surviving the gentamicin treatment was not
significantly different from the ratio of heat-resistant microor-
ganisms (data not shown). Study of the internalization of B.
cereus by using fresh cultures harvested in the exponential
growth phase constitutes a substantial improvement over
methods previously employed (43).

Interestingly, in the present study we observed that the dose-
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FIG. 5. Necrosis in fully differentiated Caco-2 cells infected with B.
cereus strains. After 2 h of infection with 10®8 CFU/ml, cells were doubly
labeled with FITC-annexin V and propidium iodide. (A) control cells;
(B) ATCC 10876; (C) 2; (D) T1; (E) B 10502; (F) M2. Red labeling
shows nuclei from necrotic cells, whereas green labeling is indicative of
translocation of phosphatidylserine from the inner to the outer leaflet
of the cells. apo, apoptotic cell; nec: necrotic cell. A necrotic cell

showing double labeling is shown in panel D. Micrographs are repre-
sentative of three experiments conducted with successive cell passages.

dependent association of strains 2 and M2 of B. cereus with
enterocyte-like Caco-2 cells shows a saturation around 2 X 107
CFU/well. These findings could indicate that sites for B. cereus
adhesion are saturating on the apical domain of cells, suggest-
ing the presence of a brush border-associated specific recep-
tor(s) for B. cereus adhesins.

Concerning the effect of the association of B. cereus on the
F-actin cytoskeleton, our results are the first to be reported
that show the ability of this microorganism to disrupt the F-
actin network of enterocyte-like cells. In addition, B. cereus
induced severe damage in cell membrane permeability, as ev-
idenced by double labeling with propidium iodide and FITC-
annexin V. The extent of necrosis did not correlate with the
ability of microorganisms to invade enterocytes. Both invasive
and noninvasive strains produced necrosis of cells. Noninvasive
strain B10502 elicited both necrosis and apoptosis, whereas its
effect on the actin network was indistinguishable from that of
the remaining strains (compare Fig. 2 and 4D). Although our
experiments are not conclusive on whether adhesion and/or
invasion of B. cereus can trigger cellular responses without the
participation of secreted products, we could hypothetize that
attachment of microorganisms to the apical domain of the
enterocyte-like cells might facilitate the development of micro-
environments with high concentrations of biologically active
factors. In addition, when bacteria are in contact with a host
cell, effectors could be translocated across the eucaryotic cell
membrane by means of a series of secretion systems that have

BACILLUS CEREUS AND F-ACTIN NETWORK 3111

been well studied in gram-negative microorganisms (18, 29, 41,
44). However, some kind of secretion mechanism seems to be
present in gram-positive bacteria. Indeed, streptolysin O can
mediate the injection of effector proteins into host cells (36).
This cytolysin belongs to the family of cholesterol-binding
thiol-activated cytolytic toxins. It is well known that B. cereus is
able to produce cereolysin O, a cytolysin belonging to the same
group of pore-forming toxins (27). Thus, the contact between
B. cereus and the eucaryotic cell could enhance the virulence of
B. cereus through different mechanisms, (i) by inducing signal-
ing cascades either by interaction with surface receptors on
eucaryotic cells or by internalization into host cells, or (ii) by
creating a microenvironment with a high concentration of toxic
factors or by means of direct translocation of proteinaceous
factors through pores in the cytoplasmic membrane.

Expression of genes related to the production of virulence
factors in the B. cereus group is under the control of the plcR
regulon, which, in turn, is activated at the onset of the station-
ary phase of growth (20, 32). It is worth nothing that the
maximal biological activity found in our experimental system
was observed with mid-log-phase cultures. These findings may
indicate that release of exocellular factors to the external mi-
lieu is not sufficient to elicit biological responses in epithelial
cells. Another possible hypothesis may be that cell-cell contact
is necessary for the release or translocation of protein viru-
lence factors. Interestingly, activation of the expression of the
plcR regulon is related to a signaling peptide acting as a quo-
rum-sensing effector (21). Adhesion of microorganisms to ep-
ithelial cells could contribute to the creation of zones of high
bacterial concentrations that, in turn, facilitates events related
to bacterium-bacterium interactions.

Summarizing, we show for the first time the relationship
between B. cereus association with enterocyte-like cells and
cytopathic effects. Our findings could support the role of ad-
hesion-invasion events in the virulence of this microorganism.
Further work is needed to gain further knowledge about the
mechanisms involved in this interaction.
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