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Abstract A mixed infection with either rotavirus or
poliovirus and Listeria monocytogenes was analysed in
Caco-2 cells, a tumour-derived cell line, highly suscepti-
ble to these pathogens. The multiplication of these patho-
gens, whose usual site of entry and/or replication isthein-
testine, was also followed by electron microscopy. Results
obtained showed an increase of L. monocytogenes inter-
nalisation in cellsinfected with rotavirus, whereasthe pre-
infection with poliovirus had only a slight interfering ef-
fect on bacterial entry. Analysis of L. monocytogenes mul-
tiplication in virus-infected cells revealed that rotavirus
also promoted bacterial replication, which poliovirus ham-
pered replication. Concerning the effect of Caco-2 cell in-
vasion by L. monocytogenes on viral replication, we ob-
served anincreasein rotavirusantigen synthesisbut no sig-
nificant effect on poliovirus yield under our experimental
conditions.
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Introduction

Listeria monocytogenes is a Gram-positive bacterium
which can cause serious and sometimes fatal infectionsin
pregnant women, infants, young children, and immuno-
compromised patients. Outbreaks of listeriosis have been
shown to be associated with the ingestion of contaminated
food, and there is evidence that a critical step in the path-
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ogenesis of listeriosisis represented by the invasion of in-
testinal epithelial cells by thisorganism (Farber and Peter-
kin 1991; Schuchat et al. 1991).

Rotaviruses, double-stranded RNA viruses belonging
to the Reoviridae family, infect the small intestine via the
oral route. These viruses play animportant role worldwide
in the aetiology and epidemiology od diarrhoeal diseases
of children between 6 and 24 months of age (Donelli and
Superti 1994). Polioviruses, among the Picornaviridae
family, replicate in the intestinal tract, and trivalent live
poliovirus vaccine is orally administered to infants and
young children up to 36 months of age. Therefore, both
rotavirus and poliovirus are widely circulating in the pop-
ulation.

Cellular modifications induced by viruses whose nor-
mal habitat is the intestinal tract may modulate the ability
of other pathogens, such as bacteria or viruses, to adhere
to and invade epithelial cells, and may produce or favour
more severeinfectionsin humans (Sweet and Smith 1990).
It has been reported that theinvasiveness of Salmonella ty-
phimurium was enhanced in HEp-2 cells preinfected with
infectious or non-infectious Coxsackievirus B 1 (Bukholm
and Degré 1984; Bukholm et al. 1985) and that preinfec-
tion of MA-104 by human rotavirus promoted enterobac-
teriainternalisation (Bukholm 1988). Moreover, it hasal so
been observed that coinfections of HEp-2 cellswith enter-
oviruses and Campylobacter isolates resulted in an in-
crease of bacterial invasion (K onkel and Joens 1990). Cox-
sackievirus B1 has also been reported to induce an en-
hancement of invasion of Shigella flexneri in HEp-2 cells,
which correlated with an increase of induced phagocyto-
sis (Modaldli et al. 1990). Recently, we observed an in-
creaseininvasion ability of S. flexneri indifferent cell lines
infected with poliovirus or other enteroviruses (Marchetti
et al. 1992; Seganti et al. 1994). With regard to mixed vi-
ral infections, we have demonstrated an increase of
poliovirus multiplication in cells infected with rotavirus,
and an interfering effect of poliovirus on rotavirus repli-
cation (Superti et al. 1994).

Here we report results of astudy on the infection of en-
terocyte-like cells by rotavirus or poliovirus and L. mono-
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cytogenes. For this purpose, Caco-2 cells, a gut tumour-
derived cell line, was choosen asrepresenting asuitablein
vitro model for investigating the infectious process of
pathogens for which the intestine is the usual site of entry
or replication (Gaillard et al. 1987; Svensson et al. 1991;
Tucker et al. 19934, b; Tucker and Compans 1993).

Materials and methods
Host cells

Caco-2 cells (a human colonic carcinomacell line) were kindly pro-
vided by Dr. Lina Bernardini (Department of Cellular Biology and
Development, Faculty of Science, Rome, Italy) and were utilised
between passages 60 and 70. Cells were cultured in minimal essen-
tial medium (MEM), supplemented with 1.2 g/l NaHCOg, 2 mM glu-
tamine, 100 U/ml penicillin, 0.1 mg/ml streptomycin and 20% heat-
inactivated foetal calf serum in a’5% CO, incubator.

Listeria monocytogenes

A clinical isolate of L. monocytogenes (L 37), kindly provided by Dr.
Paolo Aureli (Istituto Superiore di Sanita, Rome, Italy), wasroutine-
ly subcultured on “Listeria selective agar base” (Oxoid) and grown
in “brain heart infusion” (BHI, Oxoid).

Viruses

Simian rotavirus SA-11 was grown in LLC-MK 2 cells. Virus was
preactivated with 20 pg/ml trypsin (type 1X, Sigma) for 30 min at
37°C, diluted tenfold in 199 medium and inoculated into confluent
cell monolayers grown in roller bottles at a multiplicity of infection
(MQI) of 5 plague-forming units (PFU)/cell. After 90 min at 37°C,
the inoculum was removed, and the monolayers were washed once
with phosphate-buffered saline (PBS), pH 7.4 and then incubated at
37°Cin 199 medium containing 1 pg/ml trypsin. When an extensive
cytopathic effect was observed, infected cultures were frozen and
thawed three times, centrifuged (3000 rpm for 10 min) and superna-
tants were stored at —70°C.

Poliovirustype 1, Mahoney strain, wasgrown in Vero cells. Con-
fluent cell monolayers were infected at an MOI of 1 PFU/cell. After
60 min at 37°C, the inoculum was removed, monolayers were
washed once with PBS and MEM supplemented with 2% foetal calf
serum was added. After 48-h incubation at 37 °C, the cultures were
frozen and thawed, centrifuged (3000 rpm for 10 min) and superna-
tants were stored at —70°C.

Invasion assays

The entry of L. monocytogenes into Caco-2 cells was tested accord-
ing to Conte et al. (1994). Briefly, semiconfluent monolayers of
Caco-2 cells, propagated without antibiotics in Eagle’'s MEM, were
infected for 1 h at 37°C at an MOI of approximately 100 exponen-
tially grown bacteriaper cell. After infection, cellswere washed five
times with Eagle’s MEM, and 1 ml of fresh medium containing
5 pg/ml gentamicin was added to each well. After a 1-h incubation
period at 37 °C, the cells were washed in MEM, trypsinised, count-
ed by haemacytometer, and lysed by addition of cold 0.1% Triton
X-100 and plated on Listeria-selective agar base to determine viable
intracellular bacteria.

For the kinetic intracellular growth assays, Caco-2 cells were
infected for 1 h at 37°C [100 colony-forming units (CFU)/cell],
and incubated in gentamicin containing medium for an additional
period of 8 h at 37°C. At various time intervals [3, 5 and 7 h post
infection (p.i.)], cell monolayers were washed with MEM, count-

ed by haemacytometer, and lysed with Triton X-100 for CFU
counts.

Viral infection

Viral infections were performed in Caco-2 cells grown in 24-well
Nunc cultures dishes (3x10° cells/well) by incubating rotavirus (0.4
or 4 PFU/cell) or poliovirus (0.1 or 1 PFU/cell) suspensionswith cell
monolayersfor 1 h at 37 °C. Non-adsorbed viral particles were then
removed by washing with PBS, and fresh MEM was added for dif-
ferent interval s before L. monocytogenes invasion assays. | ntracyto-
plasmic rotavirus antigen synthesis was determined by indirect im-
munofluorescence (Superti and Donelli 1991). Poliovirusrelease in
the supernatants of infected Caco-2 cells was measured by PFU as-
say in Vero cells (Marchetti et al. 1992).

Coinfected monolayers were also washed five timeswith MEM,
fixed in methanol, and stained by Giemsa stain.

Phalloidin-tetramethyl rhodamine isothiocyanate staining

Caco-2 cells, infected with rotavirus (4 PFU/cell) or poliovirus
(1 PFU/cell) for 3 hat 37 °C, wereincubated with L. monocytogenes
(100 CFU/cell) for 3 hat 37 °C and then stained by tetramethyl rhod-
amineisothiocyanate (TRITC)-conjugated phalloidin (Sigma). Prior
to the staining assay, the cellswere washed three timeswith PBS and
fixed with paraformaldehyde in the same buffer containing 2% su-
crosefor 10 minat roomtemperature. Cellswerethenwashedin PBS
and incubated for 10 min at room temperature in 0.5% Triton X-100
(Sigma) in the same buffer. Cells, washed five timesin PBS, were
then incubated with TRITC-phalloidin for 30 min at 37 °Cin amoist
chamber. After extensive washing, cellswere examined with aLeitz
Dialux epifluorescence microscope. Control cells, incubated with
L. monocytogenes for 3 h at 37 °C were processed as above.

Transmission electron microscopy

Infected cell monolayers were fixed in 3% cacodylate-buffered
(0.1 M, pH 7.2) glutaraldehydefor 1 h at room temperature and post-
fixedin 1% OsO, for 1 h. Fixed specimens were dehydrated through
agraded series of ethanol solutions. They were then scraped off the
surface of culture dishes and embedded in Agar 100 (Agar Aids,
Cambridge, UK). Serial ultrathin sections were collected on
200-mesh grids and then counterstained with uranyl acetate and lead
citrate. Sections were observed on a Zeiss 902 at 80 kV. Samples of
Caco-2 cells coinfected with rotavirus and L. monocytogenes were
taken at 5h p.i. while Caco-2 coinfected with poliovirus and
L. monocytogenes were observed at 8 h. Rotavirus and poliovirus
were added to cell monolayersat an MOI of 4 PFU/cell and 10 PFU/
cell, respectively, and L. monocytogenes was inoculated 3 h p.i.
(100 CFU/cell).

Results

Invasiveness of L. monocytogenes in Caco-2 cells
preinfected with SA-11 rotavirus

In afirst series of experiments, Caco-2 cells were incu-
bated with L. monocytogenes suspensions (100 CFU/ml)
1, 3, and 5 h after rotavirus infection (4 PFU/cell). As
shownin Table 1, preincubation of cellswith rotavirusin-
creased bacterial invasion efficiency in a time-dependent
manner. The difference between virus-infected cells and
control cells was more evident 5 h after virus exposure,
when the percentage of bacterial internalisation reached



valuessixfold higher ininfected cell swith respect to mock-
infected cells.

In these experiments, controls were performed using
rotavirus which had been incubated with rabbit anti-rota-
virushyperimmune serumfor 2 hat 37 °C beforeinfection.
Neutralised virions were unable to induce any variation in
bacterial internalisation (data not shown).

Table1 Invasiveness of Listeria monocytogenes in Caco-2 cells
preinfected with SA-11 rotavirus

Preincubation of cells Invasion efficiency

with SA-11 rotavirus (h) 2 (%)°

Control 3.0+0.3
1 4.3+0.5
3 5.7+0.5
5 18.1+3.0

& Caco-2 cells were infected with SA-11 rotavirus at a multiplicity
of infection (MQI) of 4 PFU/cell for different intervals

Invasion assays were performed by adding to cell monolayers
L. monocytogenes (100 CFU/cell) as described in Materials and
methods. Invasion efficiency is the percent of the inoculated CFU
which were internalized into Caco-2 cells. Data are presented as
means (tstandard deviation) of at least four experiments

Table2 Invasiveness of L. monocytogenes in Caco-2 cells prein-
fected with poliovirus type 1

Preincubation of cells Invasion efficiency

with poliovirus type 1 (h) (%)°

Control 2.8+0.3
1 1.4+0.2
2 1.0+£0.1
3 0.8+0.1

& Caco-2 cells were infected with poliovirus type 1 at an MOI of
1 PFU/cell for different intervals

b Invasion assays were performed by adding to cell monolayers
L. monocytogenes (100 CFU/cell) as described in Materials and
methods. Invasion efficiency is the percent of the inoculated CFU
which were internalized into Caco-2 cells. Data are presented as
means (tstandard deviation) of at least four experiments

Fig.1a, b Vira replicationin
Caco-2 cells postincubated with
Listeria monocytogenes. a SA-
11 rotavirus antigen synthesis
in Caco-2 cells postincubated
with L. monocytogenes. Bacte-
ria (100 CFU/cell) were added
to Caco-2 cells 5 h after rotavi-
rus infection (0.4 PFU/cell) and
viral antigen synthesis was de-
termined 7 h post infection
(p.i.). b Poliovirusyield in Ca-
co-2 cells postincubated with

L. monocytogenes. Bacteria
(100 CFU/cell) were added to
Caco-2 cells 5 h after poliovi-
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Invasiveness of L. monocytogenes in Caco-2 cells
preinfected with poliovirus

In other experiments, cells were infected with poliovirus
(1 PFU/cell) before the addition of L. monocytogenes. As
shown in Table 2, virus-infected cells were less suscepti-
ble to bacterial invasion than mock-infected cells since a
reduction in the bacterial entry was achieved. As observed
for rotavirusinfection, the effect of poliovirus on bacterial
internalisation was a time-dependent process, with inhibi-
tion being more pronounced 5 h after viral infection.

Controls were performed using poliovirus which had
been incubated with human anti-poliovirus hyperimmune
serum for 2 h at 37°C before infection. Under these ex-
perimental conditions, no variation in bacterial internal -
isation was observed (data not shown).

Viral replication in Caco-2 cells postincubated
with L. monocytogenes

Caco-2 cells were infected for 5h with rotavirus
(0.4 PFU/cell) or poliovirus (0.1 PFU/cell) prior the addi-
tion of L. monocytogenes suspensions (100 CFU/cell). Af-
ter 1-h incubation at 37 °C, cells were washed and further
incubated in gentamicin containing medium for 1 h. Rot-
avirus antigen synthesis and poliovirus yield were then
measured as described in Materials and methods. The ad-
dition of bacteriain virus-infected cells resulted in an en-
hancement of rotavirus replication, whereas poliovirus
yield was not affected (Fig. 14, b). In fact, we observed a
two-fold increase in the percentage of rotavirus-infected
cells, whereas no significant differences in the release of
poliovirus in supernatants were detected.

Intracellular multiplication of L. monocytogenes
in Caco-2 cells preinfected with rotavirus or poliovirus

To verify whether viral infection had any effect on intra-
cellular bacterial multiplication, the number of L. mono-
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rus infection (0.1 PFU/cell) and
virus yield was determined 7 h
p.i.
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Fig. 2 Intracellular multiplication of L. monocytogenes in Caco-2
cells preinfected with SA-11 rotavirus or poliovirus type 1. Caco-2
cells were infected with SA-11 rotavirus (4 PFU/cell) or poliovirus
type 1 (1 PFU/cell). At 3 hp.i., cells were incubated with L. mono-
cytogenes (100 CFU/cell, see Materialsand methodsfor details). Re-
sults are expressed as the log,, of viable bacteria/ml (mean of three
determinations; standard deviation 0.21). Ordinate: 0g,, intracellu-
lar bacteria (CFU/mI). Abscissa: hours post infections

cytogenes per cell was measured at different intervals
(3, 5 and 7 h after bacterial addition) in Caco-2 cells pre-
infected for 3 h with either rotavirus (4 PFU/cell) or polio-
virus (1 PFU/cell). Results obtained demonstrated that
L. monocytogenes replication was enhanced by rotavirus
infection, whereas in cells infected with poliovirus a de-
crease in bacterial multiplication was noticed (Fig. 2).

Giemsa staining

To revealethe degree of viral cytopathic effect, coinfected
Caco-2 cells were stained by Giemsa. As shown in Fig. 3,
no significative differences in cell morphology between
rotavirus-L. monocytogenes (Fig.3a) and poliovirus-
L. monocytogenes (Fig. 3b) coinfected cells were ob-
served. Moreover, rotavirus-infected cells seems to con-
tain an higher number of bacteria than poliovirus-infected
cells.

Fluorescence microscopy
To visualise actin polymerization and rearrangement into

tails, TRITC-phalloidin stain was performed in L. mono-
cytogenes-coinfected cells. Figure 4 shows control cells

Fig. 3 Light micrographs of islets of Caco-2 cells coinfected with
rotavirus (4 PFU/cell) and L. monocytogenes (a) or poliovirus
(1PFU/cell) and L. monocytogenes(b). Bacteria(100 CFU/cell) were
added to Caco-2 cells 5 h after viral infection and cells were incu-
bated at 37°C for 1 h. After washing, cells were seeded with gen-
tamicin containing medium for 1 h and then fixed and stained with
Giemsa. a x3000; b x3800

incubated with L. monocytogenes (Fig. 44), rotavirus-L.
monocytogenes-coinfected cells (Fig. 4b), and poliovirus-L.
monocytogenes-coinfected cells(Fig. 4c). Actintailswere
more evident in rotavirus-infected cells comparing to po-
liovirus-infected cells.

Electron microscopy

Caco-2 cell monolayers, infected with either rotavirus
(4 PFU/cell) or poliovirus (10 PFU/cell), were postincu-
bated with L. monocytogenesand examined by electron mi-
croscopy. At5 hp.i., L. monocytogenesand rotaviruswere
both located in Caco-2 cell cytoplasm asshowninFig. 5a
L. monocytogenes appeared to be enclosed within a mem-
brane-bound vacuole. Figure 5b shows a Caco-2 cell co-
infected with poliovirus and L. monocytogenes. After 8 h
on infection, viral aggregates were located free in the cy-
toplasm, while L. monocytogenes still appeared laying
close to the cell membrane.



Fig. 4a—c Phalloidin-TRITC staining of Caco-2 cells coinfected
with rotavirus or poliovirus and L. monocytogenes. a Control cells
incubated with L. monocytogenes (100 CFU/cell). b Caco-2 cellsin-
fected with rotavirus (4 PFU/cell) and postincubated with L. mono-
cytogenes (100 CFU/cell). ¢ Caco-2 cells infected with poliovirus
(1 PFU/cell) and postincubated with L. monocytogenes (100 CFU/
cell). Several listeriae followed by actin tails can be seen in control
(a) and rotavirus preinfected (b) cells. a x4000; b, ¢ x2500

Discussion

Combined infection with viral and bacterial agents often
results in a more severe disease than does infection with
either agent alone. One possible explanationisthat the host
becomes compromised and is, therefore, non-specifically
susceptible to bacterial disease (Davison and Sanford
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Fig. 5a,b Electron micrograph of thin sections of Caco-2 cellsin-
fected with rotavirus or poliovirus and L. monocytogenes. a Cell
monolayers were previously infected with SA-11 rotavirus and then
with L. monocytogenes as described in Materials and methods. Af-
ter 5 h of infection, rotavirus and L. monocytogenes can be seen in
the cytoplasm of a Caco-2 cell. Bacteria are enclosed in a phagoso-
mal membrane. b Cell monolayerswere previously infected with po-
liovirus type 1 and then with L. monocytogenes as described in Ma-
terials and methods. At 8 h p.i., electron-dense viral aggregates
(black arrow) are located in the cytoplasm. White arrowhead high-
lights the enlarge area (inset) showing a poliovirus aggregate.
L. monocytogenes can be seen laying close to the cell membrane.
Barsa, b=1 pm, inset=0.3 um

1981). However, investigators have proposed that specific,
rather than non-specific, interactions may lead to bacterial
colonisation and penetration of virus-infected cells (Degré
and Glasgow 1968).

In this report we describe the effect of rotavirus or po-
liovirus infection on L. monocytogenes invasiveness in
Caco-2 cells, a human enterocyte-like cell line. As intes-
tinal epithelial cells constitutes the primary barrier of the
host which must be traversed prior to L. monocytogenes
dissemination from the infected organism, Caco-2 cells
represent a useful in vitro tool for the investigation of the
infectious process of this pathogen for which the gut isthe
usual site of entry.

The results presented in this study show that infection
of enterocyte-like cellswith different enteric virusesinflu-
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ences the cell susceptibility to a secondary bacterial inva-
sion. Infact, rotavirusinfection made these cellsmore per-
missive to L. monocytogenes, with the invasion efficiency
increasing with the length of the virus preincubation time,
whereas poliovirus replication slightly reduced bacterial
entry. Moreover, L. monocytogenes replication was en-
hanced by rotavirus infection and reduced in poliovirus-
infected cells. Light microscopy, fluorescence microscopy,
and transmission electron microscopy observations con-
firmed these findings.

Itiswell known that different mechanismsare involved
in theinteractions between viruses, bacteriaand host cells.
With respect to rotavirus, our results are in agreement with
those of other authors who noticed a general increase of
the invasive ability of several intestinal bacteria towards
various cell lines infected with different viruses such as
enteroviruses, measles virus, rotavirus and vesicular sto-
matitis virus (Bukholm and Degré 1984; Bukholm et al.
1985, 1986, 1988; Bukholm 1988; Marchetti et al. 1992;
Seganti et al. 994).

The increase of the invasiveness of L. monocytogenes
in rotavirus-infected cells could reflect the expression of
virally synthesized membrane receptors. Alternatively,
rotavirus adsorption to cell receptors might trigger a cell-
mediated event responsible for the phagocytosis of inva-
sive bacteriaor, morelikely, may render the membranere-
ceptor E-cadherin (Mengaud et al. 1996) more easily ac-
cessible to the internalin protein of L. monocytogenes.

Under our experimental conditions, poliovirusinfection
did not induce significant differencesin bacterial internal -
isation or replicationinhost cells. Similar resultshave been
obtained by Konkel and Joens (1990), who observed that
poliovirus infection had no effect on the ability of differ-
ent strains of Campylobacter jejuni to adhere to or to in-
vade HEp-2 cells. The dlight reduction in L. monocyto-
genes entry observed in poliovirus-infected cellsis likely
to be related to the virus-induced modifications of cell
membrane, allowing gentamicin penetration into Caco-2
cells. In fact, it has been reported that enterovirus multi-
plication in susceptible cells correlates with altered ionic
conditions and consequent changes in membrane electric
potential and permeability (Schaefer et al. 1982; Carrasco
1981).

Rotavirus antigen synthesisisincreased when virus-in-
fected cells are exposed to L. monocytogenes. After entry
intocells, L. monocytogenesorganismsarerapidly rel eased
from the phagocytic vacuole and replicate within the cy-
tosol (Portnoy 1994). In this compartment, they become
covered with filamentous actin (Mounier etal. 1990)
whichisrearranged into tails by the bacterial surface ActA
protein, allowing the intracellular movement of bacteria
Whether these deep modificationsin the cytosol can bere-
sponsible of the enhancement of rotavirus antigen synthe-
sisremains to be explained.

In conclusion, infection of cellswith viruses may be an
important contributing factor for L. monocytogenes inter-
nalisation. Our data indicate that the enhancement of bac-
terial invasion isthe result of specific rather than non-spe-
cific events becausethe two different enteric virusestested

exert different effects on L. monocytogenes invasiveness
in Caco-2 cells.

Since polymicrobial infections of the gastrointestinal
tract by bacteriaand virusesfreguently occur invivo (Kon-
kel and Joens 1990), further studies arein progress to pro-
vide additional insights into the mechanisms of the rela-
tionship between L. monocytogenes and enteric viruses.
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