Provided for non-commercial research and education use.
Not for reproduction, distribution or commercial use.

WE 53 Moy 1 July ELSEVIER

JOURNAL
OF HEPATOLOGY

« HCV related morbidity

e Aquaporin 4 and brain
oedema in ALF

= Lamivudine and HCC'in HBV cirrhosis /8

* Metabolic syndrome and liver
transplantation

"BEASL Filieerotoay

This article appeared in a journal published by Elsevier. The attached

copy is furnished to the author for internal non-commercial research

and education use, including for instruction at the authors institution
and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party
websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/copyright


http://www.elsevier.com/copyright

Research Article

JOURNAL OF
HEPATOLOGY

EUROPEAN
° go EAS ASSOCIATION
| FOR THE STUDY
°°° OF THE LIVER

Brucella-infected hepatocytes mediate potentially
tissue-damaging immune responses

M. Victoria Delpino!, Paula Barrionuevo?, Romina Scian', Carlos A Fossati', Pablo C. Baldi'""

nstituto de Estudios de la Inmunidad Humoral (CONICET), Facultad de Farmacia y Bioquimica, Universidad de Buenos Aires, Buenos Aires,

20

Argentina; *Laboratorio de Inmunogenética, Hospital de Clinicas “José de San Martin”, Facultad de Medicina, Universidad de Buenos Aires,
Buenos Aires, Argentina

Background & Aims: Hepatic involvement is frequent in human
brucellosis. While different histopathological lesions have been
reported in these patients, the underlying cellular and molecular
mechanisms have not been addressed.

Methods: This study assessed whether Brucella abortus can infect
a human hepatoma cell line and induce a proinflammatory
response in these cells.

Results: The bacterium not only infected the human hepatoma
cell line HepG2 but also exhibited intracellular replication. The
infection induced hepatoma cells to secrete IL-8, and superna-
tants from Brucella-infected hepatoma cells were shown to
induce the migration of human neutrophils. The infection also
induced the expression of the intercellular adhesion molecule
ICAM-1 on hepatoma cells, and the adhesion of neutrophils to
these cells was significantly higher than to uninfected hepatoma
cells. ICAM-1 expression was also induced by stimulation of
hepatoma cells with supernatants from Brucella-infected neutro-
phils. While Brucella infection did not induce the expression of
matrix metalloproteinases (MMPs) in hepatoma cells, it signifi-
cantly induced MMP-9 in neutrophils. Hepatoma cell apoptosis
was significantly induced by B. abortus infection and also by stim-
ulation with supernatants from Brucella-infected neutrophils.
Conclusions: The present study provides clues regarding poten-
tial mechanisms of tissue damage during liver brucellosis.

© 2010 European Association for the Study of the Liver. Published
by Elsevier B.V. All rights reserved.

Introduction

Brucella spp. are gram-negative facultative intracellular bacteria
that infect domestic and wild animals and can be transmitted
to humans, in whom they produce a debilitating and eventually
chronic disease. Human brucellosis remains endemic in many
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countries. The predilection of Brucella for the reticuloendothelial
system is well characterized and is expressed clinically as hepa-
tomegaly, splenomegaly, and peripheral lymphadenopathy
[1,2]. The frequency of liver involvement in active brucellosis
has ranged from 5% to 52% or more [1].

In a series reported by Akritidis et al. [3], all brucellosis
patients with hepatic involvement, in which liver biopsy was per-
formed, presented with granulomas, ranging from single paren-
chymal granulomatas to multiple localizations in both portal
space and parenchymal tissue. Most of the patients presented
with inflammatory infiltrations, and a half exhibited parenchy-
mal necroses. With variations regarding frequency, these histo-
logical patterns have also been reported in other series.
Intriguingly, there also have been speculations about a possible
causal relationship between Brucella abortus infection and cirrho-
sis, which has not been definitively established [3]. In spite of
several histopathological descriptions of liver brucellosis, the cel-
lular and molecular mechanisms underlying the hepatic lesions
have not been addressed.

The liver plays an important role in the innate immune
response, providing the first line of defense against microbes
and toxins crossing the intestinal barrier [4]. Kupffer cells are
critical for the rapid clearance of microorganisms from the sys-
temic circulation, and can facilitate the generation of a local
inflammatory response leading to recruitment of inflammatory
cells such as neutrophils, monocytes, and lymphocytes. On the
other hand, hepatocytes can also produce proinflammatory cyto-
kines and chemokines in response to bacterial invasion and/or
cytokine activation [5-7]. The inflammatory microenvironment
can then activate recruited neutrophils to release toxic oxygen
radicals, cytokines, and matrix metalloproteases, all of which
have been shown to mediate hepatocyte injury in vitro [8,9].

Matrix metalloproteinases (MMPs) are a family of enzymes
that can degrade different extracellular matrices [10,11]. Many
MMPs are not expressed in resting, healthy tissues, but are
promptly induced in response to injury caused by trauma, infec-
tion, and toxins. Inflammatory cytokines, such as TNF-o and IL-
1B, are the most potent inducers of many secreted MMPs
[9,11]. In particular, the induction by IL-1 of locally produced
MMP-9 was shown to be involved in liver damage in a model
of acute liver failure [9].

In the present study, we investigated whether Brucella spp. can
infect and survive within human hepatocytes and whether this

Journal of Hepatology 2010 vol. 53 | 145-154

Molecular and Cell Biology



Molecular and Cell Biology

Research Article

infection elicits an inflammatory response that may be involved in
the hepatic manifestations of brucellosis. The up-regulation of cyto-
kines, adhesion molecules, and MMPs was in particular assessed.

Materials and methods
Bacterial culture

B. abortus 2308 were grown overnight in tryptic soy broth with constant agitation
at 37 °C, harvested by centrifugation, and washed twice with phosphate-buffered
saline (PBS). Bacterial numbers in cultures were estimated by comparing the opti-
cal densities at 600 nm with a standard curve. To prepare inoculum, cultures were
diluted in sterile PBS to the desired bacterial concentration on the basis of optical
density readings, but the precise concentration of inoculum was determined by
plating cells on tryptic soy agar. All live Brucella manipulations were performed
in biosafety level 3 facilities.

Cell culture

The human hepatoma cell line HepG2 was cultured as monolayers in a 5%
CO, atmosphere at 37°C in Dulbecco’s modified Eagle’s medium supple-
mented with 2mM r-glutamine, 10% heat-inactivated fetal bovine serum
(FBS), 100 U/ml penicillin, and 100 pg/ml streptomycin (all from Gibco, Grand
Island, NY). Human neutrophils were isolated from venous blood from healthy
human volunteers by Ficoll-Paque (GE Healthcare, Uppsala, Sweden) gradient
followed by sedimentation of erythrocytes in 6% dextran and hypotonic lysis.
Neutrophils were harvested, washed twice with sterile PBS, and resuspended
at a cell concentration of 1 x 10° cells/ml in RPMI 1640 supplemented with
5% FBS, 1mM glutamine, 100 U/ml penicillin, and 100 pg/ml streptomycin.
Cell viability was >98%, as determined by trypan blue exclusion. The purity
of the final neutrophil preparation was >95% as assessed by morphological
examination with Giemsa staining and flow cytometry light scatter patterns.
The human monocytic cell line THP-1 was obtained from the American Type
Culture Collection (Manassas, VA) and was cultured as previously described
[12].

Cellular infections

Cells were seeded at 5 x 10° cells/well in 24-well plates. B. abortus suspensions
were added to get different multiplicities of infection (MOIs) (10:1, 100:1,
250:1, 500:1, and 1000:1 bacteria:cell). The plates were centrifuged for 10 min
at 2000 rpm and then incubated for 2 h at 37 °C under a 5% CO, atmosphere. Cells
were extensively washed with DMEM to remove extracellular bacteria and incu-
bated in medium supplemented with 100 pg/ml gentamicin and 50 pg/ml strep-
tomycin to kill extracellular bacteria. At different times post-infection (p.i.) (2, 24,
48, or 72 h), the supernatants from individual wells were harvested for measure-
ment of cytokines, chemokines and metalloproteinases. To evaluate Brucella
intracellular survival, cells were washed three times with sterile PBS and lysed
with a sterile solution of 0.1% (vol/vol) Triton X-100 in H,0. Serial dilutions of
lysates were rapidly plated on tryptic soy agar plates to enumerate CFU. Infec-
tions of neutrophils were performed as described for HepG2 cells, and set up at
MOI 100. At 24 h p.i. the supernatants from infected and non-infected cells (used
as control) were harvested and sterilized by filtration through a 0.22 pm nitrocel-
lulose filter, and used to stimulate non-infected HepG2 cells. Supernatants were
used diluted 1/2 in complete medium. THP-1 cells were infected at MOI 100 as
described for HepG2 cells.

ICAM-1 expression

HepG2 cells were infected at MOI 100 with B. abortus or stimulated with super-
natants from Brucella-infected neutrophils for 24 h. As a positive control, some
cells were stimulated with 200 mM of phorbol 12-myristate 13-acetate (PMA).
At the end of culture, cells were washed and incubated with a fluorescein isothi-
ocyanate (FITC)-labeled anti-human CD54 monoclonal antibody (BD Pharmingen,
San Jose, CA), or an isotype-matched control antibody for 30 min on ice. Cells
were then washed and analyzed with a FACScan flow cytometer using CellQuest
software (both from Becton-Dickinson, Franklin Lakes, NJ). The results were
expressed as mean fluorescence intensity (MFI).

Migration assay

Cell migration was quantified using 96-well microchemotaxis plates with 5 um
pore diameter polycarbonate filters (Corning, Corning, NY). Neutrophils
(1 x 106 cells/ml) were placed in the upper well of the chambers and the indi-
cated stimuli (dilutions of culture supernatants from B. abortus-infected hepa-
toma cells) were placed in the lower wells. Migration was scored by counting
the number of cells that had reached the bottom well after 2 h. Migration toward
N-formyl-i-methionyl-i-leucyl-i-phenylalanine (fMLP, 1 x 10~ M) (Sigma-
Aldrich) served as a positive control.

Adhesion of neutrophils to hepatoma cells

HepG2 cells grown in 96-well plates were infected with B. abortus 2308 at differ-
ent MOIs or stimulated with PMA as a positive control, and were washed to elim-
inate residual bacteria or stimulant before the addition of 1 x 10 human
neutrophils previously labeled with calcein acetoxymethylester fluorescent dye
(BD Biosciences). After incubating 1h at 37 °C the non-adherent cells were
washed away and plates were read in a fluorescence plate reader (Victor?, Perkin
Elmer, Waltham, MA) using 485/530 nm excitation/emission filters. Average per-
cent adhesion was calculated as: relative fluorescence units (RFU) after wash/RFU
before wash x 100.

Apoptosis assays

HepG2 cells were infected at an MOI of 100 with B. abortus 2308 or its isogenic
virB10 polar mutant or virB1 polar mutant (kindly provided by Diego Comerci),
or were treated with 4% paraformaldehyde (PFA), and were harvested 24 h later.
Cells were washed and the percentage of apoptotic cells was assessed by the
Annexin V-FITC (Sigma-Aldrich) assay with FACs analysis. Apoptosis was also
assessed by FACs analysis using the TUNEL assay performed with the Fluores-
cein-FragEL™ DNA Fragmentation Detection Kit (Calbiochem, San Diego, USA).
The percentage of apoptotic cells was assessed by fluorescence microscopy after
labeling the cells by the TUNEL assay or by staining with the Hoechst 33342 dye.

LDH activity

As an indicator for cellular injury, the LDH activity present in the conditioned
medium from HepG2 cells infected at different MOIs for 24 h was determined
using a kinetic UV assay according to the manufacturer’s instructions (LDH opti-
mized, Roche, Mannheim, Germany). The non-specific release of LDH, as mea-
sured in supernatants from non-infected hepatoma cells, was subtracted from
the LDH released in the medium of the infected cells. Total LDH activity in HepG2
cells was determined in sonicated cell samples. The percentage of specific lysis
was calculated as [(experimental release — spontaneous release)/(maximum
release — spontaneous release)] x 100. Spontaneous release values were always
<5% of the maximum release values.

Cytokine and metalloproteinase ELISA

MCP-1, IL-1B, TNF-a, GM-CSF, and IL-8 were quantified by ELISA (BD Pharmingen)
as was also metalloproteinase-9 (MMP-9) (R&D Systems, Minneapolis, MN). All
the protocols were performed according to manufacturer’s instructions.

Zymography

A zymographic method [13] was used to measure gelatinase activity in culture
supernatants from hepatoma cells or neutrophils infected or not with B. abortus.
The samples were separated by SDS-PAGE in 10% gels containing 1 mg/ml gelatin
(Sigma-Aldrich). Following electrophoresis, gels were serially washed with
50 mM Tris-HCl, pH 7.5 containing 2.5% Triton X-100 for 30 min, and with the
same buffer added with 5 mM CaCl, and 1 uM ZnCl, for 30 min. Finally, gels were
incubated for 24 h at 37 °C with 50 mM Tris-HCl, pH 7.5, containing 10 mM CaCl,
and 200 mM NacCl. Sodium azide at 0.02% was included in all the buffers. Gelatin-
ase activity was visualized by staining with 0.5% Coomassie Blue. Unstained
bands indicated the presence of gelatinase activity, and their position indicated
the molecular weight of the enzymes involved. The identity of the candidate
MMP was confirmed by a specific ELISA as mentioned above.
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Statistical analysis

Statistical analysis was performed with one-way ANOVA, followed by Post Hoc
Tukey’s Multiple Comparison test. Data are represented as mean + SD.

Results
B. abortus infects and multiplies in hepatoma cells

As shown in Fig. 1A, B. abortus 2308 was internalized by the human
hepatoma cell line HepG2 in vitro. The magnitude of the infection
(intracellular UFC) was directly related to the MOI used, but
infection and intracellular replication were observed even for
MOIs as low as 100. The number of bacteria internalized into hep-
atoma cells after 2 h of infection was MOI-dependent (870
98.994 UFC/ml for MOI 1000; 570 + 42.426 UFC/ml for MOI 500;
375+ 35.355 UFC/ml for MOI 250; 100 + 42.426 UFC/ml for MOI
100). The number of intracellular bacteria had increased by more
than one log at 48 h post-infection and continued growing
thereafter.

For comparison, the THP-1 monocytic cell line, which is
known to support Brucella intracellular growth, was infected in
parallel under the same conditions used for hepatoma cells
(MOI 100 in both cases). The magnitude of the infection was
lower in hepatoma cells than in THP-1 cells (Fig. 1B). While
CFU counts decreased by about 1 log during the first 6 h post-
infection only in monocytic cells, the subsequent replication
kinetics were similar in both cell lines.

Since the type IV secretion system (T4SS) encoded by the virB
genes is involved in the capacity of Brucella to establish an intra-
cellular replication niche in several cell types [14], we decided to
test whether the T4SS is involved in the ability of B. abortus to
replicate within human hepatoma cells. Hepatoma cells were
infected (MOI 100) with wild type B. abortus 2308 or its isogenic
virB10 and virB1 polar mutants, which cannot survive or replicate
in HelLa cells [15]. At 48 h post-infection CFU counts were more
than one log lower in hepatoma cells infected with the mutants
than in those infected with the parental strain (Fig. 1C). While
CFU from the latter had increased at 72 h post-infection, no
CFU were recovered at this time point from cells infected with
the mutant. Collectively, these results showed that B. abortus
can infect and replicate in human hepatoma cells, and that repli-
cation depends on the T4SS.

JOURNAL OF HEPATOLOGY

B. abortus infection is cytotoxic for hepatoma cells

To determine whether B. abortus affects the viability of hepatoma
cells, LDH activity was measured in supernatants of HepG2 cells
at 24 h post-infection as an indicator of cytotoxicity. As shown in
Fig. 2, infection induced a MOI-dependent specific release of LDH
from hepatoma cells, which was significantly higher than that of
uninfected cells. As shown in Fig. 2, LDH release also depended on
a functional T4SS, since levels found after infection with virB
mutants did not differ significantly from the spontaneous LDH
release of uninfected cells.

B. abortus induces apoptosis of hepatoma cells in vitro

To analyze whether B. abortus is capable of inducing hepatocyte
apoptosis, the HepG2 cell line was infected with B. abortus at
MOI 100 or treated with paraformaldehyde (PFA) 4% as a positive
control, and after 24 h cells were stained with annexin V-FITC
(AV) and analyzed by flow cytometry. As shown in Fig. 3A, B.
abortus-infected hepatoma cells exhibited a significantly higher
AV binding than that of uninfected cells, suggesting a pro-apop-
totic effect of Brucella infection. The occurrence of apoptosis
was confirmed by a significantly higher TUNEL reaction of
infected hepatoma cells than that of uninfected controls
(Fig. 3A, lower panel). In the cell count performed by fluorescence
microscopy (Fig. 3B and C) the mean percentage of apoptotic cells
in infected cultures was 27% as determined by TUNEL and 30% as
determined by Hoechst 33342 staining (versus 6% and 8%, respec-
tively, for uninfected cells). Apoptosis depended on the expres-
sion of a functional T4SS, since the percentage of apoptotic cells
did not differ significantly between hepatoma cells infected with
virB mutants of B. abortus and uninfected controls.

Brucella infection induces IL-8 secretion in hepatoma cells

Supernatants from Brucella-infected hepatoma cells were ana-
lyzed for the presence of several proinflammatory cytokines.
Infection resulted in a significant (p < 0.05) secretion of the che-
mokine IL-8 in a MOI-dependent fashion, with maximal levels
at 48 h post-infection (Fig. 4A). In contrast, no specific secretion
of IL-6, IL-1B, TNF-o,, GM-CSF, and MCP-1 was detected.

Since the type IV secretion system (T4SS) encoded by the virB
genes has been shown to be involved in the immune response
to B. abortus infection [16], we decided to test whether IL-8
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Fig. 1. Infection of human hepatocytes with B. abortus. (A) HepG2 cells were infected with B. abortus at different multiplicities of infection (MOI) and cells were lysed at
different times post-infection to determine the number of viable intracellular bacteria by plating lysates on tryptic soy agar. (B) HepG2 cells and the monocytic cell line
THP-1 were infected in parallel using a MOI of 100, and the number of intracellular bacteria at different times post-infection was determined as above. (C) HepG2 cells were
infected with either wild type B. abortus or its isogenic virB10 or virBl mutants, and intracellular replication was monitored as above.
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Fig. 2. Cytotoxic effect of B. abortus infection in human hepatocytes. HepG2 cells were infected at different MOI with either wild type B. abortus or its isogenic virB10 or
virB1 mutants, and the activity of lactate dehydrogenase (LDH) was measured in culture supernatants. Values are expressed as percentages relative to the LDH activity in

supernatants from the 100% lysis control. **p <0.01 as compared to uninfected cells.

secretion by infected hepatoma cells depends on T4SS. No signif-
icant difference in IL-8 secretion was found between hepatoma
cells infected with the wild type strain and those infected with
the virB1 or virB10 isogenic mutants, indicating that the T4SS is
not implicated in IL-8 secretion (not shown).

B. abortus-infected hepatoma cells induce neutrophil migration

Considering that B. abortus-infected hepatoma cells secrete IL-8,
experiments were conducted to evaluate if conditioned media
from such cells can induce neutrophil migration. To this pur-
pose, purified neutrophils were placed in the top well of a
microchemotaxis plate and different dilutions of culture super-
natants from infected or non-infected hepatoma cells were
placed in the bottom well of the chamber. Migrated cells were
counted 2 h later, and results were expressed as a chemoattrac-
tion index (CI) calculated as the number of cells that migrated
to conditioned media divided by the number of cells that
migrated to fresh culture medium (background migration). The
CI was significantly higher (p <0.01) in wells containing condi-
tioned media from infected hepatoma cells (and also in the
fMLP control) than in those with conditioned medium from
uninfected hepatoma cells (which was similar to background
migration) (Fig. 4B).

B. abortus infection increases ICAM-1 protein expression in
hepatoma cells

A key molecule involved in cellular recruitment during immune
responses is the intercellular adhesion molecule-1 (ICAM-1,
CD54), which is expressed by several cell types, including hepato-
cytes [17,18]. As shown in Fig. 5A, B. abortus infection stimulated
ICAM-1 protein expression in HepG2 cells, yielding a MFI compa-
rable to that of PMA-stimulated cells used as positive control.
Since protein kinase C (PKC) signaling is usually involved in
ICAM-1 induction in hepatocytes [19], we investigated if PKC is
involved in ICAM-1 up-regulation by B. abortus infection. The
stimulatory effect on ICAM-1 expression could be almost com-
pletely blocked by coincubation of B. abortus with the PKC inhib-
itor Calphostin C (Fig. 5A).

Neutrophils adhere more to Brucella-infected hepatoma cells

Neutrophilic infiltrates have been found in histologic studies on
liver involvement in human brucellosis [3]. Since ICAM-1 expres-
sion was upregulated in Brucella-infected hepatoma cells, we
investigated if neutrophils can adhere to such cells. Hepatoma
cells were infected at different MOIs, and calcein-labeled unin-
fected neutrophils were added. While only 5% of neutrophils
adhered to uninfected hepatoma cells, the percentage of adhered
neutrophils increased significantly when hepatoma cells were
infected with B. abortus, and this increase was MOI-dependent
(Fig. 5B).

B. abortus infection increases MMP expression in neutrophils but not
in hepatoma cells

Matrix metalloproteinases (MMPs) are involved in cellular
migration to inflammatory foci, but if overexpressed they can
also mediate tissue damage. Since parenchymal necroses have
been observed in hepatic brucellosis, we decided to evaluate
the production of MMPs by hepatoma cells and neutrophils in
response to Brucella infection. Since most MMPs have gelatinase
activity, such activity was determined in culture supernatants
from infected cells by SDS-PAGE zymography. Exposure of hep-
atoma cells to PMA, used as a positive control, significantly
induced the expression of a gelatinase with a molecular weight
compatible with MMP-9. In contrast, these cells did not pro-
duce any MMP in response to B. abortus infection (data not
shown). As shown in Fig. 6A, a gelatinase activity compatible
with MMP-9 was detected by zymography in supernatants of
neutrophils infected with B. abortus or stimulated with 10 ng/
ml of Escherichia coli LPS (positive control). The increased pro-
duction of this metalloproteinase in response to Brucella infec-
tion was confirmed by a specific ELISA test, which revealed a
MOI-dependent production of MMP-9 in culture supernatants
collected at 2 h post-infection (Fig. 6B). At 24 h post-infection
the levels of MMP-9 were higher than those at 2 h post-infec-
tion (not shown). These results show that neutrophils, but not
hepatoma cells, release high levels of MMP-9 after B. abortus
infection.
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Conditioned media from Brucella-infected neutrophils induce
necrosis and apoptosis of hepatoma cells, and increase ICAM-1
expression

Neutrophils have been shown to induce tissue injury in different
organs, including the liver, through the release of MMPs, reactive
oxygen species, and TNF-o [20-21]. To analyze whether factors
secreted by Brucella-infected neutrophils can induce hepatocyte
injury we studied the effects of conditioned media from infected
neutrophils (CMIN) on HepG2 cells. CMIN added at 1/2 dilution
induced a significant LDH release by hepatoma cells, indicating
a cytotoxic effect (Fig. 7A). Although CMIN already contained
LDH levels equivalent to the lysis of 17.2 + 0.2% of the hepatoma
cells (8.6 £ 0.1% in the transferred diluted CMIN), levels found in
supernatants from stimulated hepatoma cells were significantly

p <0

001 for comparisons with uninfected controls. NI, non-infected cells.

higher (29.5 + 0.1%), indicating a specific LDH release by hepa-
toma cells. In contrast, LDH levels in culture supernatants from
hepatoma cells stimulated with conditioned media from unin-
fected neutrophils were very similar to those already present in
the transferred media.

The potential of CMIN to induce hepatocyte apoptosis was also
investigated. As revealed by flow cytometry analysis of the stimu-
lated hepatoma cells subjected to Annexin V-FITC and TUNEL tech-
niques, CMIN induced apoptosis of these cells (Fig. 7B). In the cell
count performed by fluorescence microscopy (Fig. 8) the percent-
age of apoptotic cells in hepatoma cell cultures stimulated with
CMIN was 42 + 3% as determined by TUNEL and 36 + 2% as deter-
mined by Hoechst 33342 staining (versus 8.5 + 1.5% and 11 = 1%,
respectively, for cells stimulated with conditioned media from
uninfected neutrophils, and 5 * 1% in unstimulated cultures).
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The addition of CMIN to hepatoma cells also resulted in a sig-
nificant induction of ICAM-1 expression on the cell surface
(Fig. 9). It has been demonstrated that IFN-vy, IL-1B, TNF-a, or
combinations of such cytokines stimulate ICAM-1 expression in
hepatocytes [17]. Interestingly we found that neutrophils secrete
TNF-a, IL-1B, and IFN-y in response to B. abortus infection
(Fig. 10).

Discussion

The liver is frequently affected in patients with active brucellosis,
with histopathological lesions such as granulomas, inflammatory
infiltrations, and parenchymal necroses [3]. In the present study
we have examined some potential mechanisms of liver damage
in brucellosis.

To our best knowledge, the present study is the first to show
that B. abortus can infect and multiply within hepatoma cells.
This intracellular replication, and its dependence on a functional
T4SS, are in line with the well known ability of Brucella to prolif-
erate inside several cell types, including phagocytic and non-
phagocytic cells [14].
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Fig. 5. Neutrophil adhesion to Brucella-infected hepatocytes. (A) Flow cyto-
metry analysis of ICAM-1 expression in Brucella-infected hepatocytes, uninfected
cells, and cells stimulated with phorbol-myristate-acetate (PMA, positive
control). The effect of a PKC inhibitor on ICAM-1 expression is shown in the
lower panel. Results are expressed as indicated for Fig. 3A. (B) Adhesion of
calcein-labeled human neutrophils to hepatocytes infected with B. abortus at
different MOIs, uninfected hepatocytes, or PMA-treated cells after coincubation
for 1 h at 37 °C. Non-adherent cells were washed away, and plates were read in a
fluorescence plate reader. Percent adhesion is calculated as: (relative fluorescence
units (RFU) after wash/RFU before wash) x 100. **p <0.01 as compared to
uninfected cells.

Hepatocytes have been shown to respond to bacterial and
viral infections with the secretion of proinflammatory cytokines
and chemokines [5,6,22]. Therefore, hepatocytes may not only
constitute a site for Brucella replication in the liver, but may also
mediate the recruitment of inflammatory cells to the infectious
focus. In line with this hypothesis, we found that hepatoma cells
respond to B. abortus infection with a significant production of IL-8,
a potent chemoattractant for neutrophils. In addition, we found
that conditioned media from Brucella-infected hepatoma cells
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induce neutrophil migration in vitro. Therefore, the presence of a
neutrophilic infiltrate in the liver of Brucella-infected patients
[23,24] may be related, at least in part, to the ability of hepato-
cytes to secrete neutrophil-attracting factors. There is growing
evidence about the role of inflammation as a potential pathogenic
factor in liver disease. Hepatocytes and neutrophils recruited to
the liver are activated in microbial infections [5,6] and other
hepatic pathological conditions [20].

The induction of ICAM-1 by infection and inflammation
ensures the influx of neutrophils to the tissues were they are
needed. Notably, we found that B. abortus infection induced
ICAM-1 expression by hepatoma cells, which could facilitate
the interaction of these cells with the infiltrating neutrophils. In
agreement with this hypothesis, we found that neutrophils
adhered more to Brucella-infected hepatoma cells than to unin-
fected cells. In addition, ICAM-1 expression on hepatoma cells
was induced by factors secreted by Brucella-infected neutrophils.
Interestingly, B. abortus infection has been shown to induce IL-8
secretion by neutrophils [25], and it has been demonstrated that
IL-8 stimulates ICAM-1 expression in hepatocytes [18]. Globally,
these interactions may constitute a positive feedback circuit by
which neutrophils recruited to the infection focus in response
to IL-8 produced by Brucella-infected hepatocytes engulf bacteria
and respond to such phagocytosis by producing cytokines that in
turn can induce ICAM-1 expression in proximal hepatocytes, thus
favoring the recruitment of additional neutrophils.
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Fig. 7. Effects of Brucella-infected neutrophils on the viability of uninfected
hepatocytes. (A) LDH release by hepatocytes stimulated with conditioned media
from neutrophils infected or not with B. abortus, as compared to LDH already
present in the transferred media. (B) Hepatocyte apoptosis induced by condi-
tioned media from Brucella-infected or non-infected (NI) neutrophils, as revealed
by flow cytometry analysis of cells stained using the Annexin V-FITC and TUNEL
techniques. Results are expressed as indicated for Fig. 3A.

Leukocyte migration across the extracellular matrix also
depends on matrix degradation, which also generates extracellu-
lar matrix derived fragments that can be highly chemotactic for
leukocytes [26]. To promote their own transmigration, neutro-
phils can release matrix metalloproteinase-9 (MMP-9), which
mediates the degradation of several extracellular matrix proteins.
Notably, we found that neutrophils produce high levels of MMP-9
in response to B. abortus infection.
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Overall, our results suggest that Brucella-infected hepatocytes
may be inducers of neutrophilic infiltration in the liver through
both the secretion of IL-8 and the increased expression of
ICAM-1. Recruited neutrophils can amplify this inflammatory
reaction by secreting additional IL-8, inducing a further increase
of ICAM-1 expression in hepatocytes, and degrading the extracel-
lular matrix through MMP-9 secretion. The presence of neutro-
phils has been documented in active inflammatory hepatic
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Fig. 9. Flow cytometry analysis of ICAM-1 (CD54) expression in hepatocytes
after stimulation with conditioned media from Brucella-infected neutrophils
or uninfected control cells. MFI, mean fluorescence intensity. Results are
expressed as indicated in Fig. 3A.

lesions in patients with brucellosis [23], and in the liver of maca-
ques experimentally infected with Brucella [27].

Liver parenchymal necroses have been described in hepatic
brucellosis [3]. Such tissue damage may be due to a direct effect
of Brucella infection on hepatocytes and/or to effects produced by
the ongoing inflammatory response. In line with the first pro-
posed mechanism, we found that B. abortus infection can induce
apoptosis of hepatoma cells. Whether pathogen-induced apopto-
sis is harmful or beneficial to the host has been a considerable
source of debate. Hepatocyte apoptosis may be responsible, at
least in part, for the damage produced by Brucella infection to
liver parenchyma. Apoptosis may also have an indirect damaging
effect by triggering neutrophilic inflammation [28]. On the other
hand, apoptosis might down-modulate the inflammatory
response orchestrated by hepatocytes and may thus limit the tis-
sue damage caused by proinflammatory mediators. It may seem
contradictory that B. abortus is able to induce hepatocyte apopto-
sis when it has been reported that Brucella species are able to
inhibit macrophage apoptosis [29]. However, this finding is not
particularly surprising since Brucella spp. are preferentially
adapted to establish chronic infections in macrophages [14].
Thus, our results suggest that hepatocytes do not constitute a
survival niche for long-term Brucella persistence in the liver.
We hypothesize that this role is probably played by Kupffer cells.

As mentioned above, parenchymal damage in liver brucellosis
might be also due to collateral effects of the inflammatory reac-
tion. While MMP-9 secretion may be important for neutrophil
transmigration to the infectious focus, excessive MMP-9 activity
can lead also to tissue injury. The expression of MMP-9 has been
linked to numerous pathological conditions, including liver ische-
mia-reperfusion injury [30]. Therefore, the high levels of MMP-9
produced by Brucella-infected neutrophils may potentially be
harmful to hepatic tissue. We have also found that neutrophils
produce a variety of proinflammatory cytokines (TNF-a, IL-1B,
and IFN-y) in response to B. abortus infection. Although these
proinflammatory mediators could hypothetically play a role in
host defense against B. abortus in the liver, they may also play
an important role in the tissue damage observed during hepatic
brucellosis. Previous studies have shown that proinflammatory
mediators released by neutrophils and hepatocytes, including
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Fig. 10. Production of proinflammatory cytokines by Brucella-infected neutrophils. Cells were infected at different MOIs and the levels of TNF-o, IL-1p, and IFN-y were

measured by ELISA at 24 h post-infection.

IL-1B, IL-6, TNF-0, nitric oxide, reactive oxygen species, and che-
mokines, can worsen liver diseases [8].

Most of the cellular responses detected in the present study,
such as IL-8 secretion by Brucella-infected HepG2 cells or the
secretion of MMP-9 and proinflammatory cytokines by infected
neutrophils, were MOI-dependent. This is in line with previous
studies on Brucella infection in other cell types, either profes-
sional or non-professional phagocytes [31,32]. Therefore, the
mechanisms of tissue damage proposed above may be more pro-
nounced as the load of Brucella in the liver is higher.

In summary, the present study provides clues regarding
potential mechanisms of tissue damage during liver brucellosis.
As shown here, Brucella infection can induce apoptosis in human
hepatocyte-like cells. In addition, in response to Brucella infec-
tion, these cells mount an inflammatory response that could con-
tribute towards damaging liver cells via several mechanisms.
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