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Multiplication of Listeria monocytogenes in a Murine
Hepatocyte Cell Line
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Listeria monocytogenes was shown to invade and multiply in a murine hepatocyte cell line (ATCC TIB73).
Hemolytic and nonhemolytic L. monocytogenes strains exhibited similar abilities to invade hepatocytes, but
only hemolytic L. monocytogenes multiplied within this cell line. Microscopic evaluation of monolayers stained
with Wright stain demonstrated focal necrosis (plaques) in the hepatocyte monolayers, with large numbers of
intracellular listeriae visible within the hepatocytes that lined the margins of these plaques. Murine
recombinant interleukin-lh, human recombinant tumor necrosis factor alpha, and murine recombinant
gamma interferon did not affect the multiplication of L. monocytogenes in the hepatocytes. These data confirm
in vivo observations of the intracellular multiplication of L. monocytogenes in hepatic lesions in infected mice.

Murine listeriosis has been widely used as a model infec-
tion for studying cellular immunity. When injected intrave-
nously into mice, the majority of the listeriae rapidly accu-
mulate in the liver and to a lesser extent in the spleen (2, 24).
Following an initial decline in the numbers of viable listeriae
recovered from these organs, the surviving listeriae increase
in number for 2 to 4 days and then decline as the host
mobilizes a protective cellular immune response. Until re-
cently, most had considered Listeria monocytogenes to be a
pathogen of tissue macrophages, such as the Kupffer cells in
the liver (17). Recently, several lines of investigation have
indicated that considerable multiplication of L. monocyto-
genes occurs in the hepatocytes of experimentally infected
mice (2, 10, 15, 25).

In the present study, we describe the ability of hemolytic
L. monocytogenes to multiply in a murine hepatocyte cell
line. To do this, we used a murine embryonic hepatocyte cell
line obtained from the American Type Culture Collection
(ATCC TIB73). The cells were cultured in Dulbecco modi-
fied Eagle tissue culture medium (DMEM) (Sigma) supple-
mented with 4 mM glutamine, 2 mM pyruvate, 20 mM
HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic
acid), 25 mM D-glucose, 26.7 mM sodium bicarbonate, 1 mg
of gentamicin sulfate per liter, and 10% heat-inactivated fetal
bovine serum (FBS) (Hyclone lot 11111026 and GIBCO lot
46K7319). Hepatocytes were added to wells at a density of 3
x 105 cells per ml in 24-well tissue culture plates and were
incubated for 24 h at 37°C with 5% CO2.
Two hemolytic strains of L. monocytogenes (EGD and

1WK91), a nonhemolytic mutant of 1WK91 (DPL-215), and
a hemolytic revertant of DPL-215 (DPL 291) were gener-
ously provided by D. Portnoy, Philadelphia, Pa. (23), and
stored as aliquots at -70°C. Before each experiment, the
bacteria were thawed, washed 3 times in phosphate-buffered
saline (PBS), and adjusted to a concentration of 105 bacteria
per ml. Each hepatocyte monolayer was incubated with 1 ml
of the bacterial suspension for 2 h at 370C with CO2.
Following infection, the extracellular listeriae were removed
by three washes with warm DMEM. The infected hepato-
cyte monolayers were then incubated for 24 h in DMEM
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with 10% FBS and 1 ,ug of gentamicin per ml. Preliminary
data demonstrated that this concentration of gentamicin
inhibited extracellular multiplication of the listeriae while
allowing an approximately 100-fold increase in intracellular
L. monocytogenes to occur in a 24-h incubation period (data
not shown). Similar results were obtained with a gentamicin
concentration of 5 ,ug/ml, whereas gentamicin concentra-
tions of 25 and 50 ,ug/ml reduced the number of intracellular
listeriae recovered by 0.78 log1o CFU and 1.17 log1o CFU,
respectively. The latter observations probably reflect the
fact that gentamicin is not totally excluded from entering
cells in vitro (13) and that high extracellular concentrations
of gentamicin may have resulted in an intracellular gentami-
cin concentration that was somewhat inhibitory to L. mono-
cytogenes multiplication in the hepatocyte cytoplasm. When
the effects of cytokines were to be evaluated, they were
added to the hepatocyte monolayers before addition of the
listeriae and remained present throughout the subsequent
24-h incubation period. Cytokines used included recombi-
nant murine interleukin-lot (IL-lot) (Hoffmann-LaRoche,
Nutley, N.J.), human tumor necrosis factor alpha (TNF-a)
(Cetus, Emeryville, Calif.), gamma interferon (IFN-y)
(American Cancer Society, New York, N.Y.), and human
IL-6 (Genetics Institute, Cambridge, Mass.). At appropriate
time points, the hepatocytes were lysed with sterile deion-
ized water, and the lysates were serially diluted in PBS. The
dilutions were plated in duplicate on blood agar (BBL
Microbiology Systems, Cockeyville, Md.) and incubated for
24 h at 37°C. Results were expressed as the mean + standard
error of the mean (SEM) log1o CFU ofL. monocytogenes per
well. Some hepatocyte monolayers were grown on sterile
glass coverslips, infected with L. monocytogenes, and incu-
bated as described above. At the end of the incubation
period, the coverslips were removed, washed, fixed with
methanol, and stained with a Wright stain. The coverslips
were inverted, mounted on a clean glass slide with Permount
(Fisher), examined microscopically, and photographed.
We first examined the ability ofL. monocytogenes EGD to

invade and multiply within the TIB73 murine hepatocyte cell
line. Preliminary experiments indicated that a 2-h incubation
of L. monocytogenes with hepatocyte monolayers resulted
in approximately 15 to 20% of the bacterial inoculum becom-
ing cell associated, as determined by lysis of the monolayers
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FIG. 1. Intracellular multiplication of L. monocytogenes EGD in

mouse hepatocyte cell line ATCC TIB73. Hepatocyte monolayers
were grown and infected as described in Materials and Methods. At
the indicated time points, triplicate monolayers were washed and
lysed with distilled H20, and the lysates were diluted in PBS and
plated on blood agar. Results are expressed as the mean t SEM
log10 L. monocytogenes CFU from a representative experiment.

and plating on blood agar (data not shown). Because 1 Rg of
gentamicin per ml is microbiostatic rather microbicidal, it is
likely that only a portion of these were internalized and that
the remainder were adherent to the surface of the hepato-
cytes. The intracellular listeriae multiplied more than 100-
fold in the infected monolayers when they were incubated
for 24 h in DMEM that contained 1 ,g of gentamicin per ml
to inhibit extracellular listerial growth (Fig. 1). Similar
results were observed at a gentamicin concentration of 5
,ug/ml, which was microbicidal for L. monocytogenes.

Intracellular multiplication, but not invasion, required that
the L. monocytogenes be hemolytic. Both strain EGD and a
second hemolytic strain (1WK91) exhibited significant
growth within hepatocytes compared with a nonhemolytic
mutant (DPL-215) that invaded hepatocytes but failed to
multiply (P < 0.001). (see Fig. 2). A hemolytic revertant
(DPL-291) of the nonhemolytic mutant multiplied in hepato-
cytes to an extent similar to that of the parental hemolytic
strain (Fig. 2). Infection of hepatocytes with hemolytic L.
monocytogenes resulted in focal necrosis (plaques) (Fig.
3A). Cells adjacent to plaques contained large numbers of
intracellular listeriae. In contrast, plaques did not form in
monolayers infected with nonhemolytic L. monocytogenes
(Fig. 3B) and far fewer intracellular listeriae were visible
within hepatocytes. Hemolytic and nonhemolytic strains of
L. monocytogenes grew equally well in DMEM and were
inhibited by similar concentrations of gentamicin (data not
shown), providing further evidence that this system detected
intracellular growth of L. monocytogenes.

Various cytok-ines, including IL-la (5, 14), IL-2 (11),
TNF-a (15, 19, 24), and IFN--y (1, 19), have been reported to
increase the resistance of mice to experimental L. monocy-
togenes infection. We were interested in determining
whether cytokines might exert their effects in part by re-
stricting the intracellular multiplication of L. monocytogenes
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FIG. 2. Hemolytic L. monocytogenes multiply within a murine
hepatocyte cell line, whereas nonhemolytic L. monocytogenes do
not. Hepatocyte monolayers were infected with Hly+ strain 1WK91,
Hly- strain DPL-215, and Hly+ strain DPL-291 (a revertant of
DPL-215) as indicated in Materials and Methods. Monolayers were
lysed, and the lysates were plated on blood agar immediately after
infection (O) and after the infected monolayers were incubated for
24 h at 37°C (a). Results are the mean + SEM log10 L. monocyto-
genes CFU per monolayer as determined in four separate experi-
ments.

in hepatocytes. This was tested in vitro by incubating
hepatocytes with graded amounts of cytokines before and
during infection with L. monocytogenes. We observed no
obvious difference in the initial number of intracellular
listeriae, or in their ability to multiply, in hepatocytes
incubated with murine recombinant IL-la, human recombi-
nant TNF-a, or murine recombinant IFN-y compared with
control hepatocytes in the same experiments (Table 1).
Treatment of hepatocytes with recombinant human IL-6
decreased the intracellular multiplication of L. monocyto-
genes, but this effect was very modest (Table 1). This
difference was not present at 12 to 16 h of incubation,
suggesting that IL-6 caused a slight decrease (approximately
twofold) in the total number of listeriae rather than a
significant decrease in the rate of listerial multiplication.
The results of this study indicate that L. monocytogenes

can invade and multiply within a murine hepatocyte cell line.
This finding is consistent with recent reports that consider-
able multiplication of L. monocytogenes occurs in the hepa-
tocytes of experimentally infected mice rather than in he-
patic macrophages, as had been surmised previously (2, 10,
15, 25). Hepatic involvement in human listeriosis has also
been reported (9). The in vitro study presented here confirms
these in vivo observations and provides additional evidence
that our thinking about the regulation of antilisteria resis-
tance in the liver tnust recognize that listeriae are multiplying
in hepatocytes. The bacterial multiplication and plaque
formation that we observed in vitro are consistent with the
histopathologic picture presented by the liver during the
early stages of L. monocytogenes infection. One of the
earliest lesions detected in experimentally infected mice is
the formation of small zones of necrotic hepatocytes that
soon become infiltrated with polymorphonuclear and mono-
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FIG. 3. Microscopic examination of hepatocyte monolayers infected with Hly' (A) and Hly- (B) L. monocytogenes. The Hly+ strain
caused formation of plaques. The intensely staining cells adjacent to the plaques are packed with intracellular listeriae that are released as
the hepatocytes lyse (arrows). In contrast, plaques did not form in monolayers infected with Hly- L. monocytogenes and intracellular listeriae
were infrequent (arrows). Wright stain; magnification, x400.

nuclear cells (2, 15, 25). Both light and electron microscopic
evaluation of these liver lesions has provided evidence of
invasion and multiplication of L. monocytogenes within
hepatocytes (2, 15, 25).
Using strains of L. monocytogenes provided by D. Port-

noy (23), we noted that both hemolytic and nonhemolytic
strains were taken up by hepatocytes but only hemolytic L.
monocytogenes multiplied and caused plaques in the hepa-
tocyte monolayer. This observation is consistent with recent

information about the molecular pathogenesis of L. mono-
cytogenes (reviewed in reference 22), which indicates that
bacterial invasion involves a surface protein, internalin (7),
escape from the membrane-bound vacuole and subsequent
intracellular multiplication require the hemolysin (23), and
movement through the cytoplasm and into adjacent cells
require a protein (ActA) on the bacterial surface that acti-
vates formation of actin filaments (6). Although a previous
report indicated that L. monocytogenes can bind to hepato-
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TABLE 1. Effects of continuous treatment with recombinant
human IL-6, human IL-lot, human TNF-a, and murine IFN-y on
the intracellular growth of L. monocytogenes in hepatocytesa

Cytokine No. of Log10 CFU (mean ± SEM)
(100 ng/ml) expts Control With cytokine

IL-6 7 6.95 + 0.14 6.41 0.16b
IL-la 3 6.75 ± 0.21 6.46 ± 0.15
TNF-a 2 6.58 ± 0.03 6.57 ± 0.02
IFN-,y 3 7.27 + 0.18 7.23 ± 0.22

a All cytokines were added pre- and postinfection. Hepatocyte monolayers
were incubated with 105 CFU of L. monocytogenes for 2 h at 37°C, washed 3
times with warm DMEM, and incubated in DMEM with 10% FCS and
gentamicin (1 jig/ml) for 24 h at 37'C with 5% CO2. Monolayers were washed
3 times with DMEM and lysed with distilled water, and the lysates were
serially diluted and plated in duplicate on blood agar.

b Statistically significant decrease from control cultures as calculated by the
Bonferroni modification of the Student t test (P < 0.0065).

carcinoma cells in vitro (3), the present study is the first to
demonstrate invasion and intracellular multiplication in he-
patocytes in vitro.

Several cytokines have been shown to increase the resis-
tance of mice to L. monocytogenes in vivo (4, 11, 16, 24).
The mechanisms by which these cytokines exert their ben-
eficial effects have not yet been identified. We examined the
possibility that several of these cytokines might directly
reduce the multiplication of L. monocytogenes in hepato-
cytes. This proved not to be the case for IL-la, TNF-a, and
IFN--y, all of which are known to increase antilisteria resis-
tance in vivo (1, 4, 11, 14, 15, 19, 24). Other investigators
have reported that IL-6 is a potent hepatocyte-activating
agent in vivo and in vitro (8, 12, 21, 26). We therefore
investigated what effect IL-6 might have on multiplication of
L. monocytogenes in hepatocytes. Treatment of hepatocytes
with IL-6 reduced the intracellular multiplication of L.
monocytogenes; however, this effect was far too modest
(approximately a twofold reduction) to account for the
dramatic decrease in numbers of L. monocytogenes in the
liver during the latter stage of infection. This conclusion is
consistent with observations that high levels of IL-6 in
plasma occur in mice unable to resist L. monocytogenes
infection (2, 15, 20) and that administration of human recom-
binant IL-6 does not increase antilisteria resistance in vivo
(5). Liu et al. recently reported, however, that high concen-
trations (20 to 50 ,ug per mouse) of murine recombinant IL-6
increased antilisteria resistance in vivo if given 4 h before
experimental challenge (18).

In conclusion, the results of this study provide new
evidence for the ability of L. monocytogenes to invade and
multiply within hepatocytes. This confirms recent in vivo
observations and provides a new model system for investi-
gating the regulation of L. monocytogenes growth in a
nonphagocytic cell line that is relevant to the pathogenesis of
listeriosis.
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