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Abstract

AIM: To investigate the influence of macrophages on
hepatocyte phenotype and function.

METHODS: Macrophages were differentiated from
THP-1 monocytes via phorbol myristate acetate stimu-
lation and the effects of monocyte or macrophage-
conditioned medium on HepG2 mRNA and protein
expression determined. The in vivo relevance of these
findings was confirmed using liver biopsies from 147
patients with hepatitis C virus (HCV) infection.

RESULTS: Conditioned media from macrophages,
but not monocytes, induced a transient morphological
change in hepatocytes associated with upregulation of
vimentin (7.8 £ 2.5-fold, # = 0.045) and transforming
growth factor (TGF)-p1 (2.6 £ 0.2-fold, 2 < 0.001) and
downregulation of epithelial cadherin (1.7 + 0.02-fold,
P = 0.017) mRNA expression. Microarray analysis re-
vealed significant upregulation of lipocalin-2 (17-fold, P
< 0.001) and pathways associated with inflammation,
and substantial downregulation of pathways related to
hepatocyte function. In patients with chronic HCV, real-
time polymerase chain reaction and immunohistochem-
istry confirmed an increase in lipocalin-2 mRNA (FO 1.0
+03,F122+0.2 F23.0+93,F3/440+08,P=
0.003) and protein expression (F1 1.0 £ 0.5, F2 1.3 +
0.4, F3/4 3.6 £ 0.4, P = 0.014) with increasing liver in-
jury. High performance liquid chromatography-tandem
mass spectrometry analysis identified elevated levels
of matrix metalloproteinase (MMP)-9 in macrophage-
conditioned medium, and a chemical inhibitor of MMP-9
attenuated the change in morphology and mRNA ex-
pression of TGF-B1 (2.9 £ 0.2 vs 1.04 £ 0.1, £ < 0.001)
in macrophage-conditioned media treated HepG2 cells.
In patients with chronic HCV infection, hepatic mRNA
expression of CD163 (FO 1.0 £ 0.2, F1/2 2.8 £ 0.3,
F3/4 5.3 = 1.0, # = 0.001) and MMP-9 (FO 1.0 + 0.4,
F1/2 2.8 £ 0.3, F3/4 4.1 £ 0.8, P = 0.011) was signifi-
cantly associated with increasing stage of fibrosis.
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CONCLUSION: Secreted macrophage products alter
the phenotype and function of hepatocytes, with in-
creased expression of inflammatory mediators, suggest-
ing that hepatocytes actively participate in liver injury.

© 2012 Baishideng. All rights reserved.
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INTRODUCTION

Most of the morbidity/mortality from chronic liver disea-
ses occurs in subjects with advanced fibrosis or cirrhosis,
who are at risk of developing complications of end-stage
liver disease including hepatocellular cancer. Activated liv-
er macrophages have a key role in the progression of liver
injury and repair, and knowledge about their interaction
with hepatocytes and other cells in the liver microenviron-
ment may provide new targets for antifibrotic therapy.
In experimental models of liver disease, an increase in
the number of macrophages correlates with the extent
of injury, and damage can be attenuated by depletion
of these cells" . Similarly, in diseased human liver, par-
ticularly chronic viral hepatitis, there is an increase in the
density and size of macrophages'™”. This is seen largely
at inflammatory sites with prominent mononuclear cell
infiltration or within inflamed portal tracts. These tissue-
resident macrophages appear to be derived from circulat-
ing monocytes even in steady state conditions, although
there is 2 marked increase in recruitment of these cells to
the liver following inflammatory insults”. A recent study
has demonstrated that monocytes increase in the circula-
tion as well as in the liver of patients during progression
of chronic liver disease, and that they are activated and
release high amounts of proinflaimmatory cytokines and
reactive oxygen species' .

Secreted products from activated macrophages con-
tribute to stellate cell activation and fibrosis. However,
relatively little is known about the influence of macro-
phages on hepatic epithelial cell phenotype and function.
Early studies have shown that secretions from activated
macrophages influence hepatocyte DNA synthesis and
cytochrome P-450 metabolism!' . In a more recent stu-
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dy using a human cell co-culture model, macrophages
triggered secretion of proinflaimmatory cytokines from
bile duct epithelial cells, as well as apoptosis'?. The au-
thors speculated that this cellular interaction provided a
mechanism to amplify chronic inflammation and bile duct
destruction in vanishing bile duct syndromes . The role
of activated macrophages in modulating the hepatocyte
inflammatory response to injury has not been determined.
Accumulating data also suggest that during inflammatory
liver injury, some hepatocytes and cholangiocytes may lose
epithelial markers and acquire partial mesenchymal char-
acteristics, although the direct role of macrophages and
the contribution of this process to fibrogenesis have not
been determined'™"?,

The aim of this study was to investigate the influence
of macrophages on hepatocyte phenotype and function,
and in particular, to determine whether macrophage-se-
creted products induce a proinflammatory response in he-
patocytes. In order to address this, the effect of monocyte
and macrophage-conditioned medium on cell morphol-
ogy and gene expression was examined in two hepatocyte
cell lines, along with the macrophage-secreted products
that modulated the hepatocyte phenotype. We also evalu-
ated human liver samples from patients with chronic
hepatitis C virus (HCV) infection. Our data indicate that
secreted products from activated macrophages induce an
inflammatory phenotype in hepatocytes, which may have
implications for persistent inflammation and fibrogenesis.

MATERIALS AND METHODS

Cell culture

The human hepatoma-derived cell lines, HepG2 and
Huh?7, and the human acute monocytic leukemia cell line,
THP-1, were purchased from American Type Culture
Collection (ATCC) (Manassas, VA, United States). Cells
were maintained at 37 ‘C and 5% COs2. Unless otherwise
indicated, cells were cultured in “complete medium” com-
prising Dulbecco’s Modified Eagle’s Medium (Invitrogen,
Carlsbad, CA, United States) supplemented with 10%
foetal bovine serum (Invitrogen), 100 U/mL penicillin
and 100 pg/ml streptomycin (Invitrogen), 2 mmol Glu-
taMAX™ (Invitrogen) and 20 umol MEM non-essential
amino acids (Invitrogen).

Macrophages were generated as described previous-
lym’m. Briefly, THP-1 monocytes were seeded in six-well
plates (Nunc, Roskilde, Denmark) at a density of 4 % 10°
cells per well in 3 mL of complete medium and incubated
for 2 h. Cells were treated with phorbol myristate acetate
(PMA) (200 nmol; Sigma-Aldrich, St. Louis, MO, United
States) for 24 h, washed three times with 1 X phosph-
ate buffered saline (PBS) and cultured for 42 h in 2 mL
of fresh complete medium. The resulting macrophage-
conditioned media (MpCM) was collected, clarified by
centrifugation at 400 X g and stored at -20 C until use.
Conditioned media from THP-1 monocytes (MonoCM)
was harvested in a similar fashion. For some experiments,
M@CM was generated in the presence of matrix metallo-
proteinase (MMP)-9 Inhibitor I, (100 umol, Cat# 444278,
Calbiochem, Merck Pty Ltd, Kilsyth, Victoria, Australia).

April 21,2012 | Volume 18 | Issue 15 |



Melino M et a/. Macrophages influence hepatocyte phenotype

Table 1 Demographic and clinical features of patients with

chronic hepatitis C virus infection

No. of patients n 147
Age (yr) mean + SEM 423+0.9
Sex M/F 98/49
Viral genotype 1/2/3 80/6/61
Stage of fibrosis 0/1/2/3-4 13/65/44/25
Grade of steatosis 0/1/2-3 73/44/29
Necroinflammatory score 1-3/4-5/6-8 56/61/30
BMI (kg/m’) mean + SEM 262+04
BMI Lean, overweight, obese' 66/51/24
Alcohol - current (g/d) Median (range) 1 (0-120)
Alcohol - past (g/d) Median (range) 30 (0-500)
Creatinine (umol/L) mean + SEM 77815
Platelets (x 10°/L) mean + SEM 213+6
Red blood cells (x 10*/L) mean + SEM 48+03
Total WBC (x 10°/L) mean + SEM 7.2+02
Neutrophils (x 10°/L) mean + SEM 4001
Lymphocytes (x 10°/L) mean + SEM 2.3+0.06
Monocytes (x 10°/L) mean + SEM 0.6 +0.02

"Lean: < 25 kg/m’; overweight: > 25 and < 30 kg/m’; obese: = 30 kg/m”.
BMI: Body mass index; WBC: White blood cell.

HepG2 and Huh7 cells were seeded in six-well plates
at a density of 2 X 107 cells per well in 3 mL of complete
medium. After 24 h, cells were washed and cultured with
50% M@CM or 50% MonoCM in complete media for
24 h unless indicated otherwise. Cell morphology was
observed by phase contrast microscopy using the Nikon
Eclipse TS100. Culture in CM did not influence cell vi-
ability as determined by trypan blue exclusion.

Microarray analysis of HepG2 cells treated with
macrophage-conditioned media or MonoCM

Total RNA was extracted from untreated, monocyte CM
and M@CM-treated HepG2 cells using TRI Reagent®
(Sigma-Aldrich). RNA quality was assessed with an Agi-
lent 2100 BioAnalyser (Agilent Technologies, Santa Clara,
CA, United States) and only samples with a RNA integrity
number above 8.0 were included. cRNA was generated
from 500 ng total RNA using the Illumina TotalPrep
cRNA Amplification Kit (Applied Biosciences, Carlsbad,
CA, United States) and hybridised to Human HT-12 V3
Expression BeadChips (Illumina, San Diego, CA, United
States). Array data were processed using the Illumina
GenomeStudio software, transformed by variance sta-
bilization transformation"” and normalized by robust
spline normalization™ with Lumi®". Differential gene ex-
pression patterns between MpCM-treated and untreated
HepG2 cells were identified using class comparison cor-
rected for multiple testing with BRB ArrayTools (National
Cancer Institute, Bethesda, MD, United States)mj. Gene
Ontology (GO), KEGG and BioCarta analyses were ap-
plied to the differentially expressed gene sets to identify
altered pathways and cell functions. Least-squares (LS)/
Kolmogorov-Smirnov (KS) permutation tests, Efron-
Tibshirani’s gene set analysis maxmean test and Goeman’s
global test were used to identify relevant pathways and a

significance threshold of 0.005 was applied.
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Patients and clinical data
The study involved 147 consecutive patients with chronic
hepatitis C, who had undergone a liver biopsy at the Prin-
cess Alexandra Hospital, Brisbane, Australia. Informed
consent was obtained from each patient and the protocol
was approved by the University of Queensland and Prin-
cess Alexandra Hospital Research Ethics Committees. Di-
agnosis of chronic HCV infection was based on standard
serological assays and abnormal serum aminotransferase
levels for at least 6 mo. All patients were positive for HCV
antibody by the third-generation enzyme-linked immu-
nosorbent assay (Abbott Laboratories, North Chicago,
IL, United States), with infection confirmed by detection
of circulating HCV RNA by polymerase chain reaction
(PCR) using the Amplicor HCV assay (Roche, New Jersey,
United States). Viral genotyping was performed using the
Inno-Lipa HCV II assay (Innogenetics, Zwijnaarde, Bel-
gium). Patients with other forms of chronic liver disease
or antibodies to human immunodeficiency virus were not
considered for the analysis. Patients with comorbidity such
as acute coronary artery disease, unstable angina, conges-
tive heart failure, significant renal impairment, acute and
chronic infectious diseases, autoimmune and rheumatic
diseases, cancer, endocrine diseases or inflammatory bow-
el diseases were not included in the study. Demographic
and clinical details for the patients are presented in Table 1.
A fragment of liver tissue (2-3 mm) was immediate-
ly frozen in liquid nitrogen at the time of biopsy and
stored at -80 ‘C until extraction of RNA was performed.
The remaining core was fixed in buffered formalin and
embedded in paraffin. The degree of inflammation was
graded according to the method of Ishak™! and fibrosis
was staged (0-4) according to the method of Scheuer™,
Steatosis was graded as follows: 0 (< 5% hepatocytes af-
fected); 1 (5%-33% of hepatocytes affected); 2 (34%-66%
of hepatocytes affected); or 3 (> 66% of hepatocytes af-
fected).

Real-time polymerase chain reaction

Total RNA was extracted from liver biopsy tissue, Huh7,
HepG2, M and THP-1 cells using TRI Reagent® (Sigma-
Aldrich) according to the manufacturer’s instructions and
reverse-transcribed to cDNA by SuperScript® Il Rever-
se Transcriptase (Invitrogen). Liver tissue RNA quality
was assessed using an Agilent 2100 Bioanalyser (Agilent
Technologies) and the RNA 6000 Nano LabChip accord-
ing to the manufacturer’s instructions. The median RNA
Integrity Number (RIN) of RNA extracted from the liver
biopsy samples was 8.0 (range: 6.0-9.2). Semi-quantitative
real-time PCR (qPCR) for genes of interest was pet-
formed using Platinum® SYBR® Green qPCR SuperMix
(Invitrogen) and analysed with MxPro QPCR software for
MxPro 3000P QPCR systems (Stratagene, La Jolla, CA,
United States) as previously described”. The expression
of the housekeeping genes glyceraldehyde-3-phosphate
dehydrogenase, human acidic ribosomal protein and 18S
ribosomal RNA was determined using a multiplex real-
time PCR protocol as previously described”™. The relative
mRNA expression of genes of interest was normalized to
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Table 2 Primer and probe sequences used in real-time poly-

merase chain reaction assays

-ATTGCAAATTCCTGCCATTC-3"
-GCTGGCTCAAGTCAAAGTCC-3'
-GTTTCCAAGCCTGACCTCAC-3
-GCTTCAACGGCAAAGTTCTC-3
'-AAGTGGACATCAACGGGTTC-3"
-TGCGGAAGTCAATGTACAGC-3
-TTCGACGTGAAGGCGCAGATGG-3’
'-AACTCACGCGCCAGTAGAAGCG-3’
'-CCAACAAGATGCTGGAGTGAC-3’
rev -TGACAGCACTTCCACATTCAAG-3’

E-cadherin  for 5
5
5
5
5
5
5
5
5
5

Lipocalin-2  for 5-TCACCCTCTACGGGAGAACCAAGG-3’
5
5
5
5
5
5
5
5
5
5

rev
Vimentin for
rev
TGF-p1 for
rev
MMP-9 for
rev
CD163 for

-TGTGCACTCAGCCGTCGATACAC-3’
-TGCACCACCAACTGCTTAGC-3’
-GGCATGGACTGTGGTCATGAG-3

GAPDH for

probe 5-CCTGGCCAAGGTCATCCATGACAACTT-3'
HuPO for -GCTTCCTGGAGGGTGTCC3-3"

rev -GGACTCGTTTGTACCCGTTG-3"

probe 5-TGCCAGTGTCTGTCTGCAGATTGG-3'
18s for -GCCCGAAGCGTTTACTTTGA-3'

-TCCATTATTCCTAGCTGCGGTATC-3
-AAAGCAGGCCCGAGCCGCC-3

E-cadherin: Epithelial cadherin; TGF-p1: Transforming growth factor-p1;
MMP-9: Matrix metalloproteinase-9; GAPDH: Glyceraldehyde-3-phos-
phate dehydrogenase; 18s: 18S ribosomal RNA; HuPO: Human acidic
ribosomal protein; for: Forward; rev: Reverse.

the geometric mean of the expression of the three house-
keeping genes. Primers for SYBR® Green assays were cus-
tom made by Geneworks (Thebarton, SA, Australia). Cus-
tom made primer-probe sets were purchased from Sigma-
Aldrich (Castle Hill, NSW, Australia). Specific primer and

probe sequences are shown in Table 2.

Immunofiuorescence and immunohistochemistry

To visualise epithelial cadherin (E-cadherin) and vimentin
protein expression, HepG2 and Huh?7 cells were cultured,
as described above, on sterile glass cover slips (Deckgla-
set, Freiburg, Germany). After treatment, cells were fixed
with 4% paraformaldehyde (Thermo Fisher Scientific,
Waltham, MA, United States), washed with 1% glycine in
1 X PBS and permeabilized for 5 min with 0.2% Triton
X-100 (Sigma-Aldrich). Non-specific binding was blocked
with 10% heat-inactivated goat serum (Sigma-Aldrich) for
30 min. Cells were incubated with primary antibodies (1/50
dilution in 1% heat-inactivated goat serum) against H-cad-
herin (mouse monoclonal, ab1416; Abcam, Cambridge,
MA, United States) or vimentin (mouse monoclonal,
ab80069; Abcam) for 1 h at room temperature. After wash-
ing, goat anti-mouse IgG conjugated with Alexa Fluor 488
(Invitrogen; 1/200 dilution) was added for 1 h at room
temperature. Cell nuclei were stained with 4’,6-diamidino-
2-phenylindole (Invitrogen) and observed using the Zeiss
LSM 510 Meta confocal microscope (Cartl Zeiss, North
Ryde, NSW, Australia).

Immunofluorescence was performed on sections of
formalin-fixed, paraffin-embedded liver from patients with
chronic HCV using monoclonal antibodies to MMP-9 (di-
luted 1/400, ab76003; Abcam) and CD163 (diluted 1/300,
NB110-59935; Novus Biologicals, Littleton, CO, United

(49

Tag
Bnishideng®

WJG | www.wjgnet.com

States). Antigen retrieval was performed with 10 mmol
Ttis/1 mmol EDTA, pH 9.0 solution and sections wete
blocked with 20% heat-inactivated goat serum (Sigma-
Aldrich) to prevent non-specific binding, Positively stained
macrophages were observed using the Zeiss LSM 510
Meta confocal microscope.

Immunohistochemistry was also performed on nine
biopsy specimens using an antibody directed against lipo-
calin-2 (LCN2) (diluted 1/35, ab23477; Abcam). Immu-
noreactivity was revealed using the Novolink Polymer de-
tection system (Leica Microsystems Pty Ltd, North Ryde,
NSW; Australia) according to the manufacturer’s instruc-
tions, and sections were photographed using the Nano-
Zoomer (Olympus, Centre Valley, PA, United States).
The sections were assessed for intensity of staining (weak,
1; moderate, 2; heavy, 3) and multiplied by the proportion
of cells stained (0%-24%, 1; 25%-49%, 2; 50%-74%, 3;
75%-100%, 4) to give a value between 1 and 12.

Identification of macrophage-secreted products

CM from Mg and THP-1 cells were subjected to sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) on 4%-20% polyacrylamide gels (Invitrogen)
and stained with SimplyBlue™ Safestain (Invitrogen).
Bands differentially displayed in M@CM (z = 10) were
precisely excised, de-stained, in-gel-trypsin-digested and
analyzed by high performance liquid chromatography-
tandem mass spectrometry (HPLC/MS/MS) and data-
base searching™”". One hundred and thirty-six proteins
were identified. Following pruning to eliminate proteins
of incorrect molecular weight or proteins not known to
be secreted, database and literature searching identified
probable candidates, of which MMP-9 was further inves-
tigated.

Western blotting analysis

MeCM (PMA-differentiated THP-1 cells) and MonoCM
(THP-1 cells) was subjected to SDS-PAGE on 4%-20%
polyacrylamide gels (Invitrogen) and transferred to Im-
mobilon P membrane (Millipore) using standard methods.
Blots were incubated overnight at 4 ‘C with monoclonal
anti-MMP-9 (diluted 1/5000, ab76003; Abcam) followed
by Envision horseradish-peroxidase-linked anti-mouse
polymer (Dako Australia, Botany, NSW, Australia; dilution
1/30). Blots were washed as previously described . Pro-
teins were detected with the enhanced chemiluminescence
(ECL+) system (GE Healthcare Bio-Sciences, Rydalmere,
Sydney, NSW, Australia).

Zymography

Zymography was performed on CM from Megs (PMA-
differentiated THP-1 cells) and monocytes (THP-1 cells)
using Novex® 10% Zymogram (Gelatin) Gel (Invitrogen)
according to the manufacturer’s instructions. Gels were
stained with SimplyBlue™ Safestain (Invitrogen) to visu-
alize bands of protease activity.

Statistical analysis

Continuous normally distributed variables were repre-
sented graphically as mean + SEM. Grade of steatosis,
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Figure 1 Macrophage-conditioned media induces a fibroblast-like morphological change in hepatocytes. Phase contrast microscopy of HepG2 (A and B) and
Huh7 cells (C and D) grown in complete media (A and C) or 50% macrophage-conditioned media in complete medium (B and D). The images shown are representa-

tive of six experiments of cells after 24 h of culture in the indicated medium.

grade of hepatic inflammation, stage of fibrosis, alcohol
consumption and RIN were summarized as median and
range. For normally distributed variables, analysis of vari-
ance (ANOVA) or Student’s 7 test was performed to com-
pate the means between groups. To determine differences
between groups not normally distributed, medians were
compared using the Kruskal-Wallis or Mann-Whitney U
test.

Multivariate analysis was performed, including terms
for age at biopsy, sex, viral genotype, stage of fibrosis,
body mass index (BMI), alcohol consumption, total in-
flammatory score and grade of steatosis. Independent
effects of normally distributed variables were assessed
by ANOVA using general linear models. A backward
climination approach was used to remove non-significant
variables and determine the most parsimonious model.
All analyses were performed using SPSS version 17.0 (SPSS
Inc, Chicago, 1L, United States) and P < 0.05 was consid-
ered significant.

RESULTS

Macrophage-conditioned media induces transient
morphological change in hepatocytes

We began by assessing the effects of macrophage culture
supernatants on hepatocyte morphology and gene ex-
pression. HepG2 and Huh?7 cells typically form epithelial
clusters with well-developed cell junctions (Figure 1A-C).
Upon treatment with MpCM, these hepatocytes displayed
an observable change (Figure 1B-D), acquiring an elon-
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gated spindle shape with loss of cell-cell contact. To de-
termine if the morphological change in hepatocytes was
permanent, after the initial MeCM treatment, HepG2
and Huh7 cells were washed and cultured in fresh growth
medium for a further 2 d. Following release from treat-
ment with MpCM, cells that were initially elongated and
spindle-shaped after 24 h of treatment, formed epithelial
clusters similar to untreated hepatocytes (Figure 2).

In association with the observable morphological chan-
ge, HepG2 and Huh7 cells treated with MpCM dem-
onstrated a substantial reduction in mRNA and protein
expression of the epithelial marker E-cadherin (Figure
3A-C). mRNA and protein levels of vimentin, an inter-
mediate filament and a marker of mesenchymal cells, were
substantially enhanced in M@pCM-treated hepatocytes
(Figure 3D-F). mRNA expression of the pro-fibrogenic
cytokine transforming growth factor-f1 (TGF-B1) was
also increased (HepG2, 2.9-fold induction, P < 0.001;
Huh7, 3.2-fold induction, P = 0.002), whereas collagen
and o-smooth muscle actin (SMA) levels were not signifi-
cantly altered (not shown).

In contrast to M@CM, no morphological changes
or alteration in the levels of epithelial and mesenchymal
markers were observed in hepatocytes treated with THP-1
monocyte CM (data not shown).

Differential gene expression in macrophage-conditioned
media-treated HepG2 cells

Our initial analysis of expression of epithelial and mes-
enchymal marker genes was next extended more globally
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Figure 2 Macrophage-conditioned media induces a transient change in hepatocytes. Phase contrast microscopy of HepG2 cells grown in complete media (A)
for 72 h, macrophage-conditioned media (M$CM) for 72 h (B) or M$pCM for 24 h followed by washing and culture in complete medium for a further 48 h (C). The im-
ages shown are representative of cells after 72 h of culture in the indicated medium.

A _ ;s HepG2 Huh7 D_ 5. HepG2 Huh7
S S
(V2] [}
3 g P =0.045 P =0.045
g % 1.0 + £ g 1.0 +
T P =0.017 é b
RC s &
w v 0.5 ] 0.5 +
B P =0.001 k|
[} [
Toot ool O =
Untr  M¢CM Untr  M¢CM Untr  M¢CM Untr  M¢CM

Figure 3 Expression of E-cadherin is reduced and vimentin is increased in hepatocytes treated with macrophage-conditioned media. A, D: Following culture
in complete media or 50% macrophage-conditioned media (M$CM) for 24 h, E-cadherin (A) and vimentin (D) mRNA levels in HepG2 and Huh7 cells were measured
by real-time polymerase chain reaction. Results are expressed as fold of untreated cells (mean £ SEM, n = 8) (P < 0.05 vs untreated); B, C: Immunofluorescence
staining for E-cadherin (green) in untreated (B) and M¢$CM-treated (C) Huh7 cells; E, F: Immunofluorescence staining for vimentin (green) in untreated (E) and
M¢pCM-treated (F) Huh7 cells. 4',6-diamidino-2-phenylindole stained nuclei blue (63 x magnification). Untr: Untreated.
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Table 3 Selected altered gene ontology, KEGG and BioCarta pathways

ID Biological process (no. genes) Differential expression P value®

Gene ontology 0034097 Response to cytokine stimuli (80) T 0.00125
0034341 Response to interferon-y (11) T 0.00165

0000302 Response to reactive oxygen species (73) T 0.00123

0031663 LPS-mediated signalling pathway (12) T 0.00144

0019882 Antigen processing and presentation (58) T 0.00172

0032393 MHC class I receptor activity (15) T 0.00160

0019217 Regulation of fatty acid metabolic process (48) l 0.00127

KEGG hsa00071 Fatty acid metabolism (51) l 0.00001
hsa00120 Bile acid biosynthesis (41) l 0.00001

BioCarta h_tnfr2Pathway TNFR2 signaling pathway (17) T 0.00130
h_ctlPathway CTL mediated immune response against target cells (15) T 0.00157

h_nkcellsPathway Ras-independent pathway in NK-cell-mediated cytotoxicity (22) T 0.00179

h_cd40Pathway CDA40L signaling pathway (15) T 0.00221

h_fxrPathway FXR and LXR regulation of cholesterol metabolism (7) l 0.00135

“Average P-value < 0.005 as measured by least-squares permutation, Kolmogorov-Smirnov permutation, Efron-Tibshirani’s gene set analysis test and Goe-

man’s global test. LPS: Lipopolysaccharide; TNFR2: Tumour necrosis factor receptor 2; NK: Natural killer; CTL: Cytotoxic lymphocyte; FXR: Farnesoid X

receptor; LXR: Liver X receptor.

Table 4 The 21 most differentially expressed genes between control and macrophage-conditioned media-treated HepG2 cells as de-

termined by microarray

Gene Fold change Differential expression P value
Lipocalin-2 Lipocalin-2 17.8 T <1E-07
TIMP1 Metallopeptidase inhibitor 1 11.8 1 <1E-07
UBD Ubiquitin D 10.9 T <1E-07
SERPINA3 Serpin peptidase inhibitor clade A member 3 7.5 1 <1E-07
IGFBP1 Insulin-like growth factor binding protein 1 7.5 T <1E-07
S100A3 5100 calcium binding protein A3 6.6 T <1E-07
RASD1 RAS dexamethasone-induced 1 6.4 1 <1E-07
CEBPD CCAAT/enhancer binding protein delta 6.2 1 <1E-07
SERPINE1 Serpin peptidase inhibitor clade E member 1 5.9 T 9.00E-07
NDRG1 N-myc downstream regulated gene 1 438 T <1E-07
EMP3 Epithelial membrane protein 3 4.6 T <1E-07
DUSP5 Dual specificity phosphatase 5 4.6 1 <1E-07
SOD2 Superoxide dismutase 2, mitochondrial 44 T <1E-07
F2RL1 Coagulation factor II receptor-like 1 44 T <1E-07
CCL20 Chemokine ligand 20 42 1 <1E-07
SDC4 Syndecan 4 41 T 6.00E-07
TGM2 Transglutaminase 2 41 1 <1E-07
NR1H4 Nuclear receptor subfamily 1, group H, member 4 42 l <1E-07
LIME1 Lck interacting transmembrane adaptor 1 42 l 1.00E-07
DDC Dopa decarboxylase 43 l <1E-07
ANKRD38 Ankyrin repeat domain 38 51 l <1E-07

through expression profiling. The microarray contained
48 000 probes; 34 693 of which were found to be ex-
pressed in at least one sample. Using this probe set, unsu-
pervised hierarchical clustering showed good delineation
between untreated and M@CM-treated HepG2 cells.
MonoCM-treated HepG2 cells did not cluster differently
from untreated cells and were thus not included for fut-
ther analysis.

GO, KEGG and BioCarta analyses revealed signifi-
cant upregulation of genes associated with inflammatory
pathways; the majority of which included responses to cy-
tokines and reactive oxygen species in addition to antigen
processing and presentation (Table 3). Pathway analysis
also identified a number of significantly downregulated
hepatocyte functional processes including fatty acid and
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cholesterol metabolism and bile acid biosynthesis (Table 3).

To identify genes regulated by MpCM in HepG2 cells,
we carried out a two-sample 7 test (with random variance
model) corrected for multiple compatisons. 2665 genes
were identified as significantly differentially expressed
between untreated and MpCM-treated HepG2 cells with
a P value < 0.005 (corrected for false discovery rate). A
significant > 4-fold change in expression was seen for 21
genes (17 upregulated and four downregulated) (Table 4).
The most differentially expressed gene was LCN2 with
an ~18-fold change in expression.

Fibrosis, inflammation and steatosis are associated with

increased expression of lipocalin-2
To validate observations from the 7 witro studies, we ex-
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Figure 4 Lipocalin-2 mRNA expression was increased in hepatitis C virus-infected patients with increasing stage of fibrosis (A), grade of inflammation (B)
or grade of steatosis (C). D and E: Lipocalin-2 (LCN2) staining by immunohistochemistry was minimal in hepatitis C virus (HCV)-infected patients with stage 1 fibro-
sis (D; 400 x magnification) compared with stage 4 fibrosis (E; 400 x magnification); F: Increased LCN2 protein expression in HCV-infected patients with stage 3/4
fibrosis. P < 0.05 vs fibrosis stage 0 (A), inflammation grade 1/2 (B) steatosis grade 0 (C) or fibrosis stage 1 (D).

amined the expression of LCN2 in liver biopsies from pa-
tients with chronic HCV. A significant increase in hepatic
mRNA levels of LCN2 was seen with increasing stage of
fibrosis (Figure 4A), grade of inflammation (Figure 4B)
and grade of steatosis (Figure 4C). Following multivariate
analysis (correcting for BMI, age, sex, alcohol consump-
tion, viral genotype, grade of inflammation and presence
of stainable iron), stage of fibrosis (OR: 1.6, 95% CI:
1.1-2.2) and grade of steatosis (OR: 1.7, 95% CI: 1.1-2.5)
remained independently associated with hepatic mRNA
expression of LCN2.

Immunohistochemistry was performed on a subset
of liver biopsies selected due to their varying levels of
LCN2 mRNA expression. Although negligible LCN2
staining was observed in patients with minimal fibrosis,
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enhanced protein expression was evident with increasing
stage of fibrosis, predominantly within the hepatocyte
cytoplasm, sparse sinusoidal neutrophils and some portal
mononuclear cells (Figure 4D and E). To quantify LCN2
expression, tissue sections were scored for intensity of
staining (1, weak; 2, moderate; 3, heavy) and multiplied by
the proportion of cells stained (1, 1%-24%; 2, 25%-49%;
3, 50%-74%; 4, 75%-100%). In support of the mRNA
data, enhanced LCN2 protein expression was observed in
patients with stage 3-4 fibrosis (Figure 4F).

Activated Mos secrete matrix metalloproteinase-9 that con-
tributes to changes in hepatocyte phenotype and function

To address mechanisms by which macrophages may regu-
late hepatocyte function, we surveyed proteins present in
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Figure 5 Matrix metalloproteinase-9 mRNA expression is significantly increased in macrophages compared with THP-1 monocytes. A: Results are ex-
pressed as fold of monocytes (mean + SEM, n = 6) (P < 0.05 vs monocytes); B: Western blotting analysis (top) and zymography (bottom) of matrix metalloproteinase
(MMP)-9 in MonoCM and macrophage-conditioned media (M$pCM) from three independent experiments; C: Generation of M$CM in the presence of MMP-9 inhibi-
tor I (100 pmol) prevented the M¢pCM-induced morphological change in HepG2 cells; D: Zymography gel confirming MMP-9 inhibitor I reduces MMP-9 activity in
M¢$pCM at 100 umol; E-G: MMP-9 Inhibitor I significantly attenuated downregulation of E-cadherin (E) and upregulation of transforming growth factor-g1 (TGF-B1) (F)
but not lipocalin-2 (LCN2) (G) mRNA expression in response to MpCM. Results are expressed as fold of untreated cells (mean £ SEM, n = 5), P < 0.05 vs untreated.

M@CM (generated in serum-free medium). HPLC/MS/  Fibrosis is associated with increased expression of

MS analysis identified the presence of MMP-9 in MpCM CD163 and matrix metalloproteinase-9

but not MonoCM. qPCR (Figure 5A), Western blotting To validate observations from the 7z vitro studies, we exa-
and zymography (Figure 5B) confirmed the significantly mined expression of MMP-9 and the macrophage marker
enhanced levels of MMP-9 expression in MpCM. Gen- CD163 by qPCR and immunofluorescence in liver bi-
eration of M@CM in the presence of MMP-9 Inhibi- opsies from patients with chronic HCV. Hepatic mRNA
tor I (100 umol) prevented the MpCM-induced morpho- expression of the macrophage marker CD163 (Figure 6A)
logical change in HepG2 cells (Figure 5C). The efficacy as well as MMP-9 (Figure 6B) was significantly associated
of MMP-9 inhibitor I (100 umol) was confirmed by zy- with increasing stage of fibrosis. Immunofluorescence in
mogtaphy (Figure 5D). This reduction in MMP-9 activity liver biopsies from patients with chronic HCV demon-
significantly attenuated the downregulation of E-cadherin strated MMP-9 expression in CD163" macrophages (Figure
(Figure 5E) and the upregulation of TGF-B1 (Figure 5F). 6C-E). Thus, macrophage-expressed MMP-9 may conttib-
In contrast, inducible LCN2 expression was not attenu- ute to hepatocyte dysfunction during chronic liver disease,
ated by the MMP-9 inhibitor (Figure 5G). but macrophages are also likely to regulate hepatocyte
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Figure 6 In patients with chronic hepatitis C, increased hepatic mRNA expression of the macrophage marker CD163 (A) as well as matrix metalloprotein-
ase-9 (B) was significantly associated with increasing stage of fibrosis (P < 0.05 vs F0). C-E: Immunofluorescence in liver biopsies from patients with chronic
hepatitis C demonstrated matrix metalloproteinase (MMP)-9 expression in CD163" macrophages.

function independently of this pathway, as demonstrated
by the failure of the MMP-9 inhibitor to antagonize in-
ducible LCN2 expression.

DISCUSSION

Macrophages are a prominent feature of chronic inflam-
matory liver diseases and have a pivotal role in hepatic
stellate cell activation and ﬁbrogenesis'zgl. This study was
undertaken to determine whether macrophages also have
a proinflammatory or profibrogenic effect on other cell
populations within the hepatic microenvironment, specifi-
cally hepatocytes. Indeed, macrophage-secreted products
induced a morphological change in hepatocytes accom-
panied by an altered gene expression program associated
with the production of inflammatory mediators and fi-
brogenic agonists. This hepatocyte phenotypic change was
transient, at least in vitro, with prompt reversal following
removal of MpCM.

Relatively little is known about the contribution of
liver epithelial cells to the local inflammatory response to
injury. Studies performed more than a decade ago showed
that human hepatocytes secrete a narrow repertoire of
inflammatory cytokines and chemokines in response to
stimulation with interleukin (IL)-1f or tumor necrosis
factor (INF)-a"", and primary hepatocytes isolated
from rat liver produce increased IL-8 in the presence of

(49
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conditioned medium from lipopolysaccharide-stimulated
Kupffer cells”". In a more recent study, exposure of
hepatocytes to bile acids led to increased production of
inflammatory mediators, including cytokines, chemokines,
adhesion molecules and other proteins that may modulate
immune cell accumulation and function. Analogous
to hepatocytes, cholangiocytes alter their phenotype in
response to co-culture with macrophages, with increased
secretion of cytokines involved in inflammation as well as
apoptosis'' /. These studies suggest that liver epithelial cells
are not simply targets of injury, but actively participate in
propagating liver injury by amplifying the inflammatory
response.

In the current study, hepatocytes treated with MpCM
showed downregulation of genes associated with hepatic
metabolism and biosynthetic functions, such as bile acid
biosynthesis, fatty acid and cholesterol metabolism. In
contrast, genes associated with a number of inflammatory
pathways, including the CD40L, interferon-y and TNF
receptor 2 signaling pathways were significantly upregu-
lated. Our data therefore suggest that macrophages both
perturb normal homeostatic hepatocyte functions and
promote a proinflammatory phenotype within these cells.

M@CM was a potent inducer of LCN2. LCN2 is a
small glycoprotein that is secreted by macrophages and
antagonizes the actions of bacterial siderophores. It there-
fore plays a crucial role in innate immunity by limiting
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iron availability to bacterial pathogensm]. It also has direct
effects on inflammatory cells™, and can facilitate muco-
sal regenerationpij. Some studies have also linked LLCN2
expression to chronic disease. During chronic kidney dis-
ease progression, epidermal growth factor (EGF) receptor
activation leads to LCN2 expression, which subsequently
mediates the mitogenic effect of EGE". Circulating
LCN2 levels are elevated in obese subjectsl37J and patients
with non-alcoholic fatty liver disease™, and mRNA levels
of the gene are markedly upregulated in the liver of db/
db obese/diabetic mice compared with their lean litter-
mates””. A recent study using chronic liver injury models
in the rat showed increased expression of LCN2, via an
IL-1B-nuclear factor-kB-dependent pathway, in hepato-
cytes and proliferative bile duct epirheliam]. The authors
suggested that measurement of this protein may have di-
agnostic value as a biomarker of inflammatory liver dam-
age. In keeping with this view, we demonstrated for the
first time that LCN2 was expressed in liver biopsy samples
from subjects with chronic HCV infection, and that the
level of expression was significantly associated with the
extent of liver injury. Furthermore, immunohistochemis-
try demonstrated LCN2 protein expression in hepatocytes,
neutrophils and other inflammatory cells, and immunore-
activity in hepatocytes was particulatly prominent in sub-
jects with severe fibrosis. The pathophysiological function
of LCN2 in liver disease remains unclear. It is not known
at present whether LCN2 has an anti-inflammatory, pro-
tective role or whether it contributes to injury. Neverthe-
less, it appears to be a very good surrogate marker of a
proinflammatory state.

Together with the induction of a proinflammatory
profile, hepatocytes exposed 7 vitro to MpCM underwent
a reversible change in cell shape. This was accompanied
by a decrease in the epithelial marker E-cadherin, and
increases in the expression of the mesenchymal marker
vimentin, and the profibrogenic cytokine TGF-f1. These
epithelial cells did not acquire a-SMA or type 1 collagen
expression however, consistent with the concept that the
observed morphological change is a response to injury,
rather than a permanent transition into a mesenchymal
cell™. Recent studies in human chronic liver disease have
shown dual expression of epithelial and mesenchymal
markers in bile duct cells and in some hepatocytes adja-
cent to portal tracts'®. In addition, strong expression of
TGF-B1 mRNA was seen in epithelial cells comprising
the ductular reaction at the interface with parenchyma.
In a carbon-tetrachloride-induced liver fibrosis model,
abundant TGF-f1 protein expression was seen, not only
in inflammatory cells and myofibroblasts, but also in cells
with the morphology of hepatocytes immediately adjacent
to the scars™. Similatly, in liver biopsies from patients
with chronic hepatitis, TGF-B1 was detected in the cyto-
plasm of hepatocytes at the portal tract interface and in
close proximity to areas of fibrosis™. Our study confirms
expression of another secreted protein, LCNZ2, in hepato-
cytes adjacent to inflammatory/fibrotic areas in patients
with chronic liver disease. Hence, accumulating data sug-
gest that, in response to injury or inflammatory stimuli,
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hepatocytes are not simply bystanders but may directly
contribute to the inflammatory/fibrogenic milieu. Impor-
tantly, our iz vitro results provide support for the plasticity
of this process, with reversal of the phenotypic change
following withdrawal of the inflammatory stimulus. This
is an important finding from a therapeutic perspective
because it implies that, in a chronic setting, it may be pos-
sible to reverse the propagation of inflammation.

The inflammatory cell or signal driving the hepatocyte
inflammatory response 7z vivo remains unclear. In the cur-
rent study, MMP-9 was differentially expressed in MpCM
»s MonoCM, and its inhibition prevented the morphologi-
cal change in hepatocytes and the increase in TGF-f1
production (although chemical inhibitors of MMPs may
also inhibit other unknown proteins and so may not be
as specific as claimed). In contrast, MMP-9 inhibition led
to a paradoxical increase in hepatocyte LCN2 mRNA
levels. LCN2 has been shown to co-localize with MMP-9
in chronic vascular disease™ and in the urine of patients
with cirrhosis'™, where it may modulate proteolytic ac-
tivity by binding to and preventing the degradation of
MMP-9", Further studies are required to determine the
additional factors responsible for inducing the phenotypic
change in hepatocytes.

In conclusion, this study provides evidence that macro-
phage-secreted products can induce transient phenotypic
changes in hepatocytes that may contribute to chronic in-
flammation and fibrogenesis. Importantly, the data suggest
that hepatocytes contribute to LCN2 production during
inflammatory liver injury with recruitment and activation
of liver macrophage populations. In the future, strategies
aimed at blocking macrophage-mediated hepatocyte phe-
notypic changes could be considered as potential thera-
peutic approaches for diseases in which liver inflammation
contributes to pathology.

ACKNOWLEDGMENTS

We thank Professor Herbert Tilg for his insightful com-
ments on the manuscript.

COMMENTS

Background

Activated liver macrophages have a key role in the progression of chronic liver
injury and repair, and knowledge about their interaction with hepatocytes and
other cells in the liver microenvironment may provide new targets for antifibrotic
therapy.

Research frontiers

Macrophages are a prominent feature of chronic inflammatory liver diseases.
Secreted products from activated macrophages contribute to stellate cell activa-
tion and fibrosis. Macrophages also contribute to secretion of proinflammatory
cytokines from bile duct epithelial cells, as well as apoptosis. Currently, there
is limited knowledge about the effects of macrophage secreted products on
hepatic epithelial cell function.

Innovations and breakthroughs

The current study found that macrophage-secreted products induced an altered
gene expression program in hepatocytes associated with the production of in-
flammatory mediators and fibrogenic agonists. Macrophage-conditioned medi-
um is a potent inducer of hepatocyte lipocalin-2 (LCN2) expression. In patients
with chronic hepatitis C, fibrosis, inflammation and steatosis are associated with
increased expression of LCN2.
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Applications

Strategies aimed at blocking macrophage-mediated hepatocyte phenotypic
changes could be considered as potential therapeutic approaches for diseases
in which liver inflammation contributes to pathology.

Terminology

LCN2 is a small glycoprotein that has been implicated in the innate immune re-
sponse to bacterial infection, obesity and in the regulation of chronic inflamma-
tory diseases. However, its pathophysiological functions in liver disease remain
unclear.

Peer review

This is a well written and implemented research paper that explores the rela-
tionship between Kupffer cells and hepatocytes in human liver disease, using
a model of cell lines (the effects of THP-1 conditioned medium, with or without
differentiation to macrophages, on HepG2 or Huh7 cells). The importance of
the findings with regard to LCN2 was confirmed using samples from human
tissues. This is an emerging area of research that has not been studied in great
detail. The study is well implemented and the findings are refreshingly not over-
interpreted. The only change we would suggest is a comment or two on the
fact that chemical inhibitors of matrix metalloproteinases may also inhibit other
unknown proteins (so called specific inhibitors tend to not always be as specific
as claimed), so the findings with regard to the inhibitors need to be interpreted
with caution.
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