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ARTICLE INFO ABSTRACT

Keywords: In mammals, the iron masterswitch hepcidin efficiently controls iron recycling by the macrophage-liver axis but
Iron metabolism/hepcidin the exact interplay between macrophages and hepatocytes remains poorly understood. We here study hepcidin
Hypoxia response during macrophage differentiation as well as the macrophage-hepatocyte crosstalk and its subsequent
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effects on hepatocyte hepcidin using an in vitro co-culture model that mimics the physiological liver micro-
environment. We show that macrophage differentiation strongly induces hepcidin by 60-fold both in THP1
macrophages and primary isolated monocyte-derived macrophages. Removal of H,O, by catalase or inhibition of
NOX2 efficiently blocked hepcidin induction. After differentiation, macrophage hepcidin accounted for 10% of
total hepatocyte hepcidin and did not respond to low oxygen levels. In contrast, co-culture of differentiated
macrophages with Huh7 cells significantly induced hepatocyte hepcidin, which was further potentiated under
low oxygen levels. Hepatocyte hepcidin was also upregulated when Huh7 cells were solely exposed to macro-
phage-conditioned hypoxic medium. A cytokine screen identified macrophage secreted IL-1 as major inducer of
hepcidin in hepatocytes. In confirmation, treatment of Huh7 cells with the IL-1 receptor antagonist (anakinra)
completely blunted macrophage-mediated hepcidin transcription in hepatocytes. Finally, detailed analysis of
potentially involved signaling pathways points toward STAT3 and CEBP§-mediated hepcidin induction in-
dependent of IL-6. In conclusion, our study demonstrates a strong NOX2-mediated hepcidin induction during
macrophage differentiation. These differentiated macrophages are able to efficiently induce hepatocyte hepcidin
mainly through secretion of IL-13. Our data highlight a hitherto unrecognized role of macrophage-hepatocyte
crosstalk for a joint and oxygen-dependent hepcidin production through STAT3 and CEBPS.

Corresponding to its role as antimicrobial peptide, hepcidin is
strongly induced by inflammation namely by IL-6 but also by microbial

1. Introduction

Hepcidin is the master regulator of systemic iron homeostasis in
mammals [1,2]. It is mainly expressed in hepatocytes and secreted from
the liver. Although other tissues can express hepcidin at low levels, such
as heart, kidney, brain it is also found in activated macrophages [3,4]. It
was first described as 25 amino acid antimicrobial peptide and family
member of the defensins in ultrafiltrates of human blood and urine.
Circulating hepcidin binds to the iron exporter ferroportin 1 (FPN1) on
the cell surface of duodenal enterocytes, macrophages and hepatocytes
leading to its internalization and subsequent degradation thereby re-
ducing iron absorption, iron recycling and mobilization from liver iron
stores [5-7].

molecules such as lipopolysaccharide (LPS) rapidly leading to a de-
crease of serum iron. These are important evolutionary conserved me-
chanisms to induce hepcidin during infections causing the so-called
anemia of chronic disease and limiting iron availability for e.g. bac-
terial growth [8]. Beginning with technical problems to accurately
detect hepcidin in human samples, several methods of quantifying
mature hepcidin-25 have been developed. Different kind of strategies
have been applied for hepcidin quantification; MS based (including LC-
MS/MS, SELDI-TOF and MALDI-TOF), based on immunochemical
principles (ELISA and radioimmunoassay) or by using PCR [9]. In ad-
dition, it is now established and widely accepted that hepcidin mRNA
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levels correspond well to peptide levels [10].

Macrophages play a major role in iron homeostasis by recycling
hemoglobin bound iron (approximately 20-25mg per day) from se-
nescent or damaged erythrocytes in the liver, spleen and bone marrow
but can additionally take up hemoglobin and heme from the circulatory
system [11]. Furthermore, liver resident macrophages, the Kupffer cells
may also play a pivotal role in the uptake and clearance of damaged
hepatocytes including the recycling of iron stored in these cells [12].
Thereby macrophages provide the majority of iron for new incorpora-
tion into heme in red blood cell hemoglobin in the bone marrow.
Kupffer cells represent a cellular key component of the human liver in
mediating inflammatory and innate immune responses and are the first
sensors of initial liver injury [13]. These cells are activated in response
to hepatocyte injury and inflammation e.g. induced by alcohol and have
been shown to further recruit pro-inflammatory monocytes, which
mature into monocyte-derived macrophages secreting even more in-
flammatory mediators (such as IL-6, IL-1p3, TNFa and reactive oxygen
species (ROS)) thereby eventually aggravating liver damage [14]. These
pro-inflammatory mediators and cytokines directly influence hepato-
cytes and other non-parenchymal cells thereby regulating hepatic
hepcidin secretion and changing systemic iron homeostasis as well as
storage in the liver.

Hepcidin expression has been shown to increase with elevated he-
patic iron levels [15]; hepatic iron induces BMP6 expression, which
stimulates hepcidin transcription via BMP-responsive elements (BMP-
RE) 1 and 2 in the promoter region. In contrast, inflammatory cytokines
such as IL-6 and inflammatory conditions such as hypoxia and H,O,
upregulate hepcidin expression through activation of the signal trans-
ducer and activator of transcription (STAT) 3 binding site (STAT-BS) in
the hepcidin gene [16-18].

In view of many trans-activating factors influencing hepcidin reg-
ulation, we investigated in detail the cellular crosstalk between mac-
rophages and hepatocytes in regulating hepatic hepcidin under phy-
siological low oxygen levels and cell ratios. We first show a strong and
NOX2-dependent induction of macrophage hepcidin during the differ-
entiation process. Moreover, macrophage differentiation causes hepa-
tocyte hepcidin induction mainly through IL-1f involving STAT3 and
CEBPS mediated mechanisms.

2. Materials and methods
2.1. Cell culture

Huh7 cells from the Japanese Cancer Research Resources Bank
(JCRB, Tokyo, Japan) were grown under standard conditions using
Dulbecco's modified Eagle medium (Sigma-Aldrich, Taufkirchen,
Germany), 25 mM glucose and 10% fetal calf serum under 21% oxygen
and 5% CO, [18]. The immortalized human monocyte THP-1 cells from
the American Type Culture Collection (ATCC, Manassas, VA, USA) were
grown in RPMI-1640 medium with 25mM glucose (Gibco, Thermo
Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal
bovine serum. THP-1 cells were seeded in 12-well plates and treated
with phorbol myristate acetate (PMA) at 100 ng/ml for 24 h to induce
differentiation. After differentiation, cells were washed and incubated
in fresh media for 24 h before experimentation.

2.2. Isolation of blood monocytes and differentiation into MDM

Human primary monocytes were isolated and purified from per-
ipheral blood mononuclear cells (PBMCs) of buffy coats obtained from
healthy blood donors using a Biocoll gradient (Biochrom, Berlin,
Germany). After isolation, PBMCs were resuspended in RPMI medium
and seeded at a density of 2 x 10°cells/well in non-coated 12-well
plates. The monocytes were obtained by selective adherence after 1 h of
incubation and cultured over 7 days in RPMI medium supplemented
with 10% FBS to allow the differentiation into monocyte-derived
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macrophages (MDM).
2.3. Co-culture, treatments and hypoxia studies

THP-1 monocytes were seeded for differentiation with PMA at
0.2 x 10° or 0.5 x 10° cells/well in 12-well plates for a ratio hepato-
cyte to macrophage of 10:1 or 4:1, respectively. After 48h of differ-
entiation, Huh7 cells were added to macrophages at a density of
1.3 x 10° cells/well and incubated over night for attachment. The co-
culture was conditioned to low O, levels by keeping the culture plates
in a sealed chamber flushed with 5% O,, 5% CO, and 90% N, or with
1% O3, 5% CO, and 94% N, at 37 °C for 24 h. Aiming at studying the
effects of macrophage-conditioned medium, differentiated THP-1
macrophages were conditioned for 24h to normoxia or to hypoxia
using the sealed chamber flushed with 1% O, [17,19]. Huh7 cells were
exposed to this macrophage-conditioned medium and kept under 21%
or 1% O, for 24 h. For inhibition experiments, IL-1( receptor antagonist
(Anakinra - Kineret”) or IL-8 receptor inhibitor (Reparixin) was added
during the incubation of Huh7 cells with the conditioned medium at
0.5 pg/ml or 10 ug/ml respectively.

2.4. Chemicals and reagents

PMA (100 ng/ml), VAS2870 (5uM), luminol, horseradish perox-
idase and catalase were all purchased from Sigma-Aldrich (Taufkirchen,
Germany). Dihydrofluorescein diacetate (DHFDA) was supplied by
Molecular Probes Europe BV (Leiden, Holland) and Reparixin by
Cayman Chemical (Ann Arbor, MI, USA). Kineret™ (Sobi, Stockholm,
Sweden) was kindly provided by Prof. U Merle (University of
Heidelberg, Germany). Effectiveness of target inhibition by chemical
inhibitors is shown in Fig. 2 and suppl. Fig. 1. Stock solutions prepared
in DMSO were further diluted in culture medium with a final con-
centration of 0.1% DMSO. Human recombinant IL-13 was purchased
from Enzo Lifesciences (Lorrach, Germany).

2.5. Extracellular release of H,0,

The extracellular release of H>O, by enzymes such as NOXs was
assessed using a horseradish peroxidase (HRP)-luminol based reaction
[20,21]. Briefly, THP-1 monocytes were seeded in white 96-well plate
at a density of 5 x 10” cells/well in HBSS (Sigma-Aldrich, Taufkirchen,
Germany) without FBS. Luminol and HRP were added to each well at a
final concentration of 10 uM and a 1:1000 dilution. After addition of
PMA (100 ng/ml) the luminescence signal was measured every 2 min
for 1 h with the fluostar device (BMG Labtech, Ortenberg, Germany).

2.6. Intracellular detection of H>0,

THP-1 monocytes (1 x 10° cells/ml) were pre-loaded with DHFDA
at a concentration of 10 uM in PBS [21]. After 30 min, the cells were
washed with PBS and seeded in a black 96-well plate at 1 x 10° cells/
well. During 24 h the cells were incubated with PMA (100 ng/ml) in
RPMI-1640 medium without phenol red (Gibco, Thermo Fisher Scien-
tific, Waltham, MA, USA) supplemented with 10% fetal bovine serum.
Fluorescence was determined (excitation 492 nm; emission 540 nm)
using a fluorometer (Fluostar, BMG Labtech, Ortenberg, Germany) and
the results are presented in fluorescence intensity normalized to the
control.

2.7. RNA isolation, cDNA synthesis and real time quantitative PCR analysis

RNA was isolated with Trifast (Peqlab biotechnology GmbH,
Erlangen, Germany) according to the manufacturer specifications.
Reverse transcription and real time quantitative PCR reactions were
performed as previously described [18]. Primers and probes were de-
signed using the Probefinder software (Roche, Mannheim, Germany)
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Fig. 1. Differentiation of monocytes into macrophages leads to tran-
scriptional activation of NOX2 and hepcidin. A) PMA-mediated differ-
entiation of THP-1 monocytes into macrophages caused a significant increase of
NOX2 and B) hepcidin mRNA expression during 24 h. C) Differentiation of
primary isolated human monocytes into monocyte derived macrophages
(MDM) using M-CSF for 7 days causes a significant increase of hepcidin mRNA
expression. NOX2 and hepcidin mRNA was quantified by quantitative real-time
PCR and the results are represented as mean of mRNA levels normalized to 32-
microglobulin + SD. Significant differences are marked by asterisks (  ***,
P < 0.001).

and the sequences are provided in Table 1.
2.8. Transfection experiments

Huh7 cells were transfected with hepcidin promoter constructs
(wild-type or mutated promoters) using Lipofectamine 2000
(Invitrogen, Carlsbad, CA). Hepcidin promoter constructs containing
firefly luciferase and a control plasmid containing renilla luciferase
were co-transfected at a ratio of 1:16 for 48 h as published previously
[18]. For hypoxia studies, cells were transferred for 24 h to 1% O, using
a hypoxia chamber. For the RNA silencing experiments Huh7 cells were
transfected using Lipofectamine 2000 and 10nM STAT3 siRNA or
40nM C/EBP3 siRNA. 48 h after transfection, the cells were condi-
tioned to 1% O, in a hypoxia chamber for additional 24 h. Validated
siRNA against STAT3 was purchased from Ambion (Foster City, CA,
USA) and the double-stranded siRNA against CEBPS was synthesized by
Eurofins Genomics (Ebersberg, Germany) with the following nucleotide
sequence: 5’-aca gcc ugg acu uac cac cac uaa a-3’. Equimolar con-
centrations of universal negative siRNA (Sigma-Aldrich, Taufkirchen,
Germany) were used as control.

THP-1 cells were transfected with HiPerfect (Qiagen, Hilden,
Germany) according to the supplier's protocol. Briefly, the cells were
seeded at 2 x 10° cells/well in a 12-well plate and transfected with
10nM siRNA against NOX2 (Ambion, Foster City, CA, USA) for 30 h.
During the last 24 h the cells were incubated in the presence of PMA
(100 ng/ml).

2.9. Immunoblotting

Cells were washed in ice-cold 1xPBS and harvested in RIPA buffer
plus 1 x Complete protease inhibitor with EDTA (Roche Applied
Sciences, Penzberg, Germany) on ice. Western Blotting was performed
as described previously [18]. Following the transfer, the proteins im-
mobilized on nitrocellulose membranes were incubated over night with
the antibodies anti-pSTAT3, anti-STAT3 (1:1000 dilution; Cell Sig-
naling Technology, Frankfurt am Main, Germany) or anti-B-actin
(1:5000 dilution; Sigma-Aldrich, Taufkirchen, Germany). After in-
cubation with the IRDye-conjugated 680 anti-mouse or 800 anti-rabbit
antibody (1:10000 dilution; LI-COR, Inc., Lincoln, NE, USA) the
membranes were scanned using an infrared imaging system (Odyssey
CLx; LI-COR, Inc., Lincoln, NE, USA).

2.10. Statistical analysis

All the data are expressed as mean * SD. Significant differences
(P < 0.05) between means of data sets were assessed by one-way
ANOVA with Tukey's test or two-way ANOVA with Sidak's test using
GraphPad Prism 6 software.

3. Results

3.1. Monocyte to macrophage differentiation strongly induces macrophage
hepcidin expression mediated by NOX2 and subsequent H;0,

THP1 monocytes typically grow in suspension and require PMA-
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Fig. 2. Differentiation-induced NOX2 leads to enhanced ROS production, IL-1f} release and hepcidin upregulation. A) The release of H,O, by THP-1 cells was
highly increased within 60 min of PMA-induced differentiation and was efficiently blocked by co-incubation with the pan NOX inhibitor VAS2870. Extracellular H>O,
levels were measured by HRPO-enhanced luminescence (relative light units; RLU). B) Increased intracellular ROS accumulation could be lowered by VAS2870 during
the first 24 h of differentiation with PMA. THP-1 monocytes were pre-loaded with dihydrofluorescein diacetate (DHF) and differentiated with PMA for 24 h.
Intracellular ROS were detected by measuring the fluorescence at 540 nm and the mean fluorescence intensity is given in relative fluorescence units (RFU) after
subtraction of the control in the absence of PMA (RFU =+ SD). C) Treatment of THP-1 cells with VAS2870 while PMA-mediated differentiation significantly inhibited
hepcidin, and D) IL-13 mRNA induction during 24 h. E) siRNA-mediated silencing of NOX2 while differentiation significantly decreased hepcidin transcription but
had no effect on IL-13 mRNA expression. NOX2, IL-1f and hepcidin mRNA was quantified by quantitative real-time PCR and the results are the mean of mRNA levels
normalized to B2-microglobulin + SD. Significant differences are marked by asterisks (*, P < 0.05; **, P < 0.01; ***, P < 0.001).
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Table 1
Primer list of the genes analyzed by quantitative RT-PCR.
Gene Primer sequence
human p2-MG forward: 5’-tga ctt tgt cac agc cca aga ta-3’

reverse: 5’-aat cca aat gecg gca tct tc-3”

probe: FAM-tga tgc tgc tta cat gtc tcg atc cca-TAM
forward 5’-cag gac aga gct gga gec a -3’7
reverse: 5’-gca gca cat ccc aca ctt tg-3”
probe: FAM-ctg ctg cgg ctg ctg tca tcg a-TAM
forward: 5’- cat tca acc tct gee acc at -3’
reverse: 5’- ccc cag cca aac cag aat -3’

probe UPL # 26 (Roche)

forward: 5- aaa gct tgg tga tgt ctg gtc -3’
reverse: 5’- gga cat gga gaa cac cac ttg -3’
probe UPL # 39 (Roche)

forward: 5’- gee cag cta tga act cct tet -3”
reverse: 5’- ctt ctc ctg ggg gta ctg g -3’

probe UPL # 68 (Roche)

forward: 5- aaa cag ggg gaa cga att atc -3’
reverse: 5’- acc acg cac cag tgt gac -3’

probe UPL # 50 (Roche)

forward: 5’- gga cat agg agc gca aaa gaa -3’
reverse: 5’- gct tet cte cge agt tta gtg g -3’
probe UPL # 64 (Roche)

human hepcidin

human NOX2

human IL-13

human IL-6

human SMAD7

human CEBP§

mediated PKC activation for differentiation into macrophages [22,23].
This differentiation process is known to involve NOX2-mediated re-
active oxygen species production mainly superoxide which is rapidly
converted into H,O, [24]. Interestingly, and in accordance with an
increase of NOX2 mRNA by almost 4-fold, differentiation of THP1 cells
led to 60-fold upregulation of macrophage hepcidin under 21% O,
during the first 24 h (Fig. 1A and B). Macrophage hepcidin levels de-
creased after 48h, but were still significantly higher (about 30-fold
increase) as compared to nearly absent monocyte baseline levels
(Fig. 1B). In addition, ferroportin mRNA levels were decreased during
PMA-mediated macrophage differentiation accompanied with in-
creased ferritin mRNA levels (heavy and light chain) (see suppl. Fig. 2).
Hepcidin induction could be recapitulated in primary human mono-
cytes isolated from human blood and differentiated into monocyte-de-
rived macrophages (MDM) using M-CSF for 7 days (Fig. 1C). Of note,
PMA-induced differentiation of THP-1 cells into macrophages did not
further induce NOX1 (suppl. Fig 3).

Using horseradish peroxidase (HRP)-enhanced luminol chemilumi-
nescence, we could demonstrate an efficient H,O, release during PMA-
induced differentiation of THP-1 monocytes into macrophages.
Intracellular ROS accumulation was further confirmed by dihydro-
fluorescein diacetate (DHFDA) during 24 h (Fig. 2A and B). Based on
our recent studies on peroxide-mediated hepcidin regulation in hepa-
tocytes, we hypothesized that H,O, may be responsible for differ-
entiation-induced macrophage hepcidin expression. Indeed, the treat-
ment of THP-1 cells during PMA-mediated differentiation with H,O,-
degrading catalase or the pan-NOX inhibitor VAS2870 reduced ROS
production as measured by DHFDA (suppl. Fig. 4A and 2A) and sig-
nificantly blocked macrophage hepcidin induction (suppl. Fig. 4B and
2C). We further studied the effect of siRNA-mediated NOX2 inhibition
in THP-1 cells. Transfection with NOX2 siRNA significantly decreased
the amount of NOX2 mRNA (Fig. 2E) and caused a modest and sig-
nificant inhibition of hepcidin but not back to baseline (compare
Fig. 2E). These results suggest, that NOX2 enzyme activity is most
important for hepcidin regulation whereas the amount of newly syn-
thesized mRNA plays only a minor role. Furthermore, the transcription
of IL-1B, an important inflammatory cytokine was also completely
blocked by VAS2780 treatment, whereas siRNA-mediated NOX2
knockdown had no significant effect (compare Fig. 2D with E).

Taken together, we here demonstrate a strong and NOX2-peroxide
dependent induction of hepcidin in macrophages. Of note and in
comparison to the hepatoma cell line Huh7, an accepted model to study
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hepcidin regulation, basal hepcidin mRNA expression in PMA-differ-
entiated THP-1 macrophages was 8-fold less than in Huh7 cells (suppl.
Fig. 5).

3.2. Hypoxia has no effect on macrophage hepcidin

We could recently demonstrate that physiological low oxygen levels
strongly enhance peroxide or oxidase-mediated upregulation of hep-
cidin in hepatocytes [17,18]. In contrast to these reports, macrophage
hepcidin expression was not responsive to hypoxia. Moreover, neither
NOX2 nor hepcidin mRNA levels are further induced in PMA-differ-
entiated THP-1 macrophages cultivated under 1-5% O, (suppl.
Fig. 6A). In confirmation, the same results could be obtained in human
primary monocyte derived macrophages (MDM cells) (suppl. Fig. 6B)
although differentiation caused a drastic induction of NOX2 and hep-
cidin mRNA. Thus, contrary to hypoxia-induced NOX4 with subsequent
NOX4-mediated hepcidin induction in hepatocytes, macrophage NOX2
and hepcidin were not further induced by low oxygen levels pointing
towards a cell type-specific response to hypoxia.

3.3. Macrophage-hepatocyte crosstalk under physiological low oxygen levels
induces hepcidin in hepatocytes

Since NOX2 activation seems to be crucial for the transcriptional
activation of hepcidin during differentiation of monocytes into macro-
phages, we further analyzed the impact of macrophage differentiation,
namely the activation of macrophage NOX2, on hepatocyte hepcidin
expression by use of a co-culture model. In order to mimic liver con-
ditions, we both explored 21% O, as well as physiological low oxygen
levels (1-5% O,) and (patho)physiological hepatocyte/macrophage cell
ratios (10:1 vs. 4:1). In a normal experimental design, THP-1 cells were
differentiated into macrophages for 24 h followed by co-cultivation for
another 24h with Huh7 cells under 21% O, or 1-5% O, using the
hypoxia chamber for 24 h. Co-culture at both hepatocyte/macrophage
ratios (10:1 and 4:1) under 21% O, induced hepcidin mRNA levels,
which was further enhanced under 1-5% O, (Fig. 3A). Notably, cell
ratios had no effect on hepcidin expression. In contrast and in con-
firmation of a recent study by Chaston et al. [25], hepcidin mRNA was
suppressed under 1% O, using a non-physiological hepatocyte/macro-
phage cell ratio of 1:1.6 (see suppl. Fig. 7). In addition, NOX2 mRNA
was also significantly upregulated in both hepatocyte/macrophage co-
cultures (4:1 and 10:1 ratio) under 1-5% O,. Of note, the increased
number of macrophages in the 4:1 co-culture contributed to the ele-
vated NOX2 mRNA expression (suppl. Fig. 8). We next studied the in-
volvement of STAT3 and/or BMP signaling in macrophage-mediated
hepatic hepcidin induction under physiological low oxygen levels. As
reported recently [17], low oxygen tension per se strongly induced
STAT3 phosphorylation in Huh7 monocultures. Co-cultivation en-
hanced pSTAT3 under normoxia, which was potentiated under low
oxygen levels (1-5% O,) in line with significantly upregulated hepcidin
mRNA levels (Fig. 3A). Notably, no significant contribution of the BMP
signaling pathway was observed since hypoxia as well as hepatocyte/
macrophage co-cultures had no effect on pSmad1/5/8 protein as well as
inhibitory Smad7 mRNA levels (Fig. 3B). In summary, these data sug-
gest that hepatocyte hepcidin is induced in hepatocyte/macrophage co-
cultures via STAT3 but not the BMP/SMAD signaling.

3.4. Macrophage-secreted factors induce hepatocellular hepcidin via STAT3
signaling

We now used macrophage-conditioned medium instead of direct co-
cultures to shed more light on potential soluble factors secreted by
macrophages in modulating hepatocyte hepcidin expression.
Macrophage-conditioned medium significantly increased hepcidin
mRNA level in hepatocytes (see Fig. 4A). Medium from differentiated
macrophages maintained under 1% O, (macrophage conditioned
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Fig. 3. Induction of hepatocellular hepcidin in macrophage/hepatocyte
co-cultures under low oxygen levels is mediated by STAT3 but not BMP
signaling pathway. A) Hepcidin mRNA as well as Stat3 protein levels are in-
creased in hepatocyte/macrophage co-cultures using different (patho-)physio-
logic cell ratios and low oxygen levels. B) Smad7 mRNA as well as Smad1/5/8
protein levels are not significantly changed in hepatocyte/macrophage co-cul-
tures using different (patho-)physiologic cell ratios and low oxygen levels. qRT-
PCR results are presented as mean of target mRNAs normalized to f2-
microglobulin + SD. Western Blots are representatives of three independent

experiments. Significant differences are marked by asterisks (***, P < 0.001).

hypoxic medium = MCHM) showed the highest induction of hepcidin
expression in Huh7 cells cultured under 21% O,. Highest upregulation
of hepcidin was obtained if both macrophages and hepatocytes were
cultured under 1% O,. Notably, levels of pSTAT3 clearly reflect hep-
cidin mRNA levels (Fig. 4A). Spearman Rho correlation between den-
sitometric pSTAT3/STAT3 expression levels and hepcidin mRNA levels
showed a high and significant association (r = 0.943; P = 0.017, see
suppl. Fig. 9). These data point towards a macrophage-secreted factor
whose expression level is enhanced by low oxygen tension (1% O,) and
is able to stimulate hepatocyte hepcidin. Of note, the macrophage-
mediated effect was stronger if direct hepatocytes/macrophage co-
cultures were used. To further narrow the search for the macrophage-
secreted factor(s), we next studied the transcriptional mechanism of
hepcidin induction by MCHM. Luciferase reporter assays were
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performed using full length wild type hepcidin promoter construct (WT
3kb), three increasingly truncated wild type constructs (WT 1 kb, WT
385bp and WT 165bp) and full length hepcidin promoter constructs
with selective deletion of the STAT3-binding site (STAT3-del) or the
BMP-responsive elements 1, 2, and 3 (BMP-RE1-3 del). As shown in
Fig. 4C and consistent with the mRNA results, hepcidin promoter ac-
tivity was 4-fold increased when Huh7 cells were exposed to MCHM if
compared to Huh7 monocultures under normoxic conditions. In addi-
tion, no change of promoter activity in response to MCHM was ob-
served when truncating the wildtype hepcidin promoter construct
starting from the 5’-end or the BMP-responsive elements were deleted.
Of note, selective deletion of the BMP-RE2 still allowed for MCHM-
dependent promoter activation but not reaching statistical significance.
In contrast, only the deletion of the STAT3-binding site completely
blocked macrophage-meditated induction of hepcidin promoter activity
under hypoxia.

Moreover, and in order to validate the important role of NOX2 ac-
tivation during PMA-induced macrophage differentiation and hepato-
cellular hepcidin regulation, we analyzed the effect of NOX2 inhibition
by using the pan NOX inhibitor VAS2870. We could demonstrate that
VAS2870 treatment completely blocked the induction of hepatocellular
hepcidin as well as pSTAT3 expression (Fig. 4B) during macrophage
differentiation under hypoxia (1% O) and sub-cultivation of Huh7 cells
with the resulting medium. These data suggest that NOX2 and peroxide
as well as other secreted factors are involved in the macrophage-
mediated upregulation of hepatocyte hepcidin. Since removal of exo-
genous H,O, by catalase was not able to block hepcidin induction in
hepatocytes (data not shown), we suspect a macrophage-secreted factor
as potential hepcidin inducer.

3.5. Identification of macrophage secreted factors responsible for hepcidin
induction

We next analyzed the cytokine profile of PMA-differentiated THP-1
macrophages under 21% as well as 1% O, and identified a large panel
of cytokines including IL-1f, IL-8, Oncostatin M (OSM) and leukemia
inhibitory factor (LIF), which are all known hepcidin inducers over the
Jak/STAT signaling pathway. We focused on IL-1f, since its secretion
was enhanced under 1% O, and on IL-8 because of its high abundance
(Fig. 5A). We next determined the effects of IL-1( receptor antagonist
anakinra (IL-1RA) as well as Reparixin, an inhibitor of CXC chemokine
receptors 1 and 2, which prevents CXCR activation by IL-8, on MCHM-
induced hepatocyte hepcidin expression. As shown in Fig. 5B treatment
of Huh7 cells with MCHM led to a significant increase of hepcidin
mRNA, which was completely blocked by IL-1RA treatment but only
slightly diminished by Reparixin. The combined treatment with both
inhibitors did not show any additive effect (data not shown). The use of
IL-1RA also completely inhibited the MCHM-induced phosphorylation
of STAT3, whereas Reparixin had no effect (compare Fig. 5C, bar 1 and
4 with bar 3 and 6). These results clearly show, that physiological IL-13
levels secreted by macrophages under 1% O, are able to induce hepa-
tocyte hepcidin expression. In addition, this regulatory circuit seems to
be more sensitive under low oxygen levels and involves STAT3 sig-
naling.

3.6. MCHM-containing IL-1f3 induces hepcidin independently of IL-6

Since it has been shown that IL-1f induces IL-6 production in he-
patocytes [26] and this may be responsible for hepcidin transcription,
we determined IL-6 as well as hepcidin mRNA levels in Huh7 cells
treated with commonly used IL-1( concentration of 10 ng/ml. As shown
in Fig. 6A, nearly no IL-6 mRNA expression was detected in untreated
Huh?7 cells under 21% O,. However, and in confirmation with previous
reports, Huh7 cells treated with commonly used high IL-1f con-
centrations (10 ng/ml) showed over 10 times induced expression of IL-6
along with twice as high hepcidin mRNA level under 21% O, (Fig. 6A).
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Therefore, we next questioned, whether hepcidin upregulation found in
our experimental setting using low oxygen tension was likewise medi-
ated by IL-1fB-induced IL-6 stimulation and subsequent hepcidin tran-
scription. We therefore incubated Huh7 cells with increasing IL-1f
concentrations under 1% O, and found that hepcidin mRNA expression
was significantly induced at concentrations higher than 0.1 ng/ml IL-13
under 1% O, (Fig. 6B). Interestingly, none of the tested recombinant IL-
1P concentrations as well as the MCHM-containing IL-13 was able to
significantly induce IL-6 expression in Huh7 cells, but lead to

significantly enhanced pSTAT3 levels (Fig. 6C and D). In addition, we
also examined the effect of MCHM combined with NOX inhibition by
VAS2870 or IL-1RA treatment on hepatocellular IL-6 expression. Both
inhibitors had no significant impact on IL-6 mRNA levels in hepatocytes
(Fig. 6E and F).

Since the induction of hepcidin transcription by IL-6 stimulation
was found to be dose dependent and only artificially high IL-1f con-
centrations led to IL-6 stimulation with hepcidin induction, while
physiological IL-13 concentrations as secreted by macrophages
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upregulate hepcidin expression without affecting IL-6, we suggest an IL-
6 independent mechanism for hepatocyte hepcidin induction by
MCHM.

3.7. MCHM-containing IL-18 efficiently induces CEBP§

Furthermore, and in agreement with recent findings by Kanamori
et al. we could show that already very low IL-13 concentrations or
MCHM-containing IL-1( highly and significantly induce the expression
of CEBPS (Fig. 6C and F), which might bind to the putative CEBP-BS on
the hepcidin promoter to activate its transcription. We also examined
the effect of MCHM combined with IL-1RA treatment and NOX in-
hibition by VAS2870 on hepatocyte CEBP§ mRNA expression. NOX2 as
well as IL-1 receptor inhibition completely blocked MCHM-induced
CEBPS expression (Fig. 6E and F). Based on this data and the results of

increased phosphorylated STAT3 after IL-1f treatment (Fig. 6D) we
hypothesize that IL-1f secreted by macrophages under low oxygen le-
vels induces hepatocellular hepcidin transcription involving STAT3 and
CEBPS signaling.

3.8. CEBPS binding to the hepcidin promoter is involved in IL-1f3-induced
and STAT3-mediated hepcidin transcription under low oxygen levels

Provided that STAT3 is mandatory for MCHM-induced hepcidin
transcription and to proof our postulated hypothesis, siRNA mediated
knockdown of STAT3 and CEBP3 was explored using Huh7 cells ex-
posed to MCHM. Silencing of STAT3 led to significantly reduced basal
hepcidin mRNA levels in controls as previously shown [17] as well as in
Huh7 cells exposed to MCHM (Fig. 7A). Efficient siRNA mediated
knockdown of STAT3 is shown in Fig. 7A. In contrast, knockdown of
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CEBP$ had no effect in Huh7 cells alone, but significantly reduced the whereas siRNA against STAT3 or CEBPS significantly reduced CEBP§
amount of hepcidin mRNA in Huh7 cells exposed to MCHM. STAT3 mRNA. The combined knockdown of STAT3 and CEBPS$ led to basal
knockdown completely abolished hepatocellular hepcidin induction CEBPS levels as found in the untreated, single knockdown controls
mediated by MCHM (Fig. 7A). Most interestingly, STAT3 and CEBP3 (Fig. 7B). In addition, silencing of CEBPS significantly decreased STAT3
knockdown showed the same effect on CEBPS mRNA levels in Huh7 phosphorylation in Huh7 cells after exposure to MCHM (Fig. 7C). The
cells alone, implicating that a functional STAT3 axis is essential for role of CEBPS in regulating hepcidin was also analyzed at the promoter
CEBP§ promoter activity/transcription (Fig. 7B). Exposure of Huh7 level. As demonstrated in Fig. 7D, siRNA mediated knockdown of
cells to MCHM significantly increased CEBP§ mRNA expression, CEBPS completely blunted the effect of MCHM on hepcidin promoter
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activity. However, silencing of CEBPS does not further suppress the
effect of the lacking STAT3 binding site, but abolished the damped
effect of MCHM. All together, the results point towards an essential role
of STAT3 in mediating the induction of hepatocyte hepcidin by mac-
rophage secreted IL-1f3 and an involvement of CEBPS. Furthermore, the
concerted effect of both proteins seems to enhance the transcription of
hepcidin in our experimental setting mimicking physiological cell ratios
and oxygen levels. Furthermore, both proteins might be mutually de-
pendent or closely interlinked.

4. Discussion

Normal liver oxygen tension ranges from around 60-70 mmHg (ca.
10-12% O,) in the periportal area and drops to about 25-35 mmHg
(3-5% O,) in the perivenular area [27]. A prominent feature of in-
flamed or diseased tissues is the presence of even lower oxygen tensions
in the range of 1-2% O,. Effector cells of the innate immune system
such as tissue resident macrophages in the liver (Kupffer cells) as well
as blood circulating monocytes are recruited to inflammatory sites.
There they differentiate into macrophages and must maintain their
viability and physiologic functions, e.g. iron uptake and recycling from
damaged or aged erythrocytes as well as dying hepatocytes even in a
low oxygen microenvironment.

This study shows that NOX2, as well as hepcidin mRNA levels are
significantly upregulated in THP-1 cells during macrophage differ-
entiation. This could be recapitulated in isolated primary monocytes
differentiated into macrophages. However, the expression of macro-
phage hepcidin is about 8-fold less than in Huh7 cells suggesting a
minor but not negligible role of macrophage hepcidin during differ-
entiation and maybe during subsequent inflammatory responses. In
addition, we could demonstrate that hepcidin induction during mac-
rophage differentiation is accompanied by a reduction of FPN mRNA as
well as a slight increase in TfR1 and ferritin (FTL and FTH) mRNA,
which decreased during 48 h to levels found in naive THP-1 cells. Our
results in differentiating macrophages support previous findings by
Recalcati et al., who reported that activation of M1 macrophages is
associated with an induction of the iron storage protein H ferritin and a
reduction of the iron exporter ferroportin leading to iron retention [28].
These findings could suggest that hepcidin plays an important autocrine
role in the differentiating macrophage.

Notably, differentiation-induced macrophage hepcidin transcription
is impaired by both NOX2 inhibition and H,O, degradation by catalase.
Likewise, IL-13 mRNA transcription could also be efficiently blocked by
NOX inhibition using VAS2870 as well as H,O, scavenging by 20 mM
NAC [29]. These results demonstrate a novel role of H,O, as a second
messenger in macrophage iron homeostasis, as well as in regulating
cytokine expression. We hypothesize that enhanced IL-1f transcription
during macrophage differentiation results from NOX2-derived H,O,.
H,0, has been proven to act as a second messenger in the activation of
nuclear factor-kB (NFkB) signaling [30], thereby inducing the tran-
scription of its target genes including IL-1p [31]. However, further in-
vestigation is still needed to understand the detailed underlying me-
chanisms.

In addition, macrophages are shown to tolerate long periods of
chronic hypoxia and acquire the ability to exert their specific functions
even in a hypoxic and inflammatory environment by rendering their
energy metabolism and changing their phenotype including the secre-
tion of specific cytokines [32]. Interestingly and in contrast to previous
studies on hepatocytes [17], macrophage hepcidin expression is not
further enhanced under low oxygen. Since the hypoxia-mediated in-
duction of hepcidin in hepatocytes was shown to depend on constitutive
active NOX4, which is mainly expressed in the liver, the lack of NOX4
in macrophages could explain the absence of hypoxia response.

However, detailed co-culture experiments using physiological and
pathophysiological hepatocyte/macrophage cell ratios, as well as ex-
posure of hepatocytes to macrophage conditioned hypoxic medium
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significantly increased hepcidin transcription in hepatocytes. This data
is in agreement with previous studies using peritoneal macrophages,
PMA-differentiated THP-1 cells or macrophage-conditioned medium
[33-36]. The stimulatory effect on hepcidin transcription is even more
pronounced under physiologically low liver oxygen levels (hypoxia)
and drastically enhanced in comparison to the previously discovered
hypoxia-mediated hepcidin induction in hepatocyte monocultures [17].
However, our findings are in contrast to Chaston et al. who reported a
significant decrease of hepcidin mRNA in Huh7/THP-1 co-cultures by
hypoxia and oxidative stress (Hy0,) [25]. We believe that this dis-
crepancy is mainly explained by the non-physiological hepatocyte/
macrophage cell ratios (1:2) and very high H,O, bolus treatments
(100 uM) that lead to unspecific inhibition of the mRNA transcription
machinery thereby suppressing hepcidin [18,37]. Here we study hep-
cidin regulation at mRNA level, since hepcidin is transcriptionally
regulated by STAT3 or BMP/SMAD pathway [38,39]. In addition, it is
widely accepted, that mRNA level correspond to the amount of protein
and secreted peptide levels are only used in clinical studies if liver
biopsies are not available [10]. We are also aware that a direct in vivo
proof is missing. However, studies in total or myeloid specific NOX2
knockout mice revealed severe dysregulation in immune responses and
persistent inflammation highly affecting the cytokine milieu. In addi-
tion, these animals presented with splenomegaly, which might point
towards an abnormal erythrocyte turnover impairing systemic iron
homeostasis [40,41].

Various studies have described that activated macrophages secrete a
number of cytokines e.g. IL-6, IL-1p3 or TGF-f [42], as well as release
H>0, from superoxide anion mainly produced by NOX2, which are all
factors known to stimulate hepcidin expression. Therefore, we hy-
pothesized that under physiologically low oxygen levels the production
and secretion of these factors may be increased and responsible for
enhanced hepatocyte hepcidin transcription. Interestingly, a microarray
study analyzing gene expression profiles of THP-1 cells following ad-
dition of PMA, revealed a 16-fold increase in IL-1f suggesting a pre-
dominant role of this cytokine during macrophage differentiation [42].
In support of this hypothesis, Lee et al. suggested that in addition to IL-6
also IL-1a and P stimulated hepcidin expression in murine hepatocytes
and that this stimulation by both IL-1 forms was even greater than
stimulation by IL-6 [33]. Therefore we next performed a cytokine array
using PMA-differentiated THP-1 cells under 21% as well 1% O,. Many
cytokines such as IL-1p, IL-8, Oncostatin M (OSM) or leukemia in-
hibitory factor (LIF), which are all known hepcidin regulators are ex-
pressed, but only IL-1f expression increased under low oxygen levels.

Previous studies showed that IL-1B upregulates CCAAT-enhancer
binding protein (CEBP) 8 through IL-6, which then stimulated hepcidin
transcription via C/EBP-BS and CRE site B as well as STAT3-BS on the
hepcidin promoter [43,44]. A novel regulation of hepcidin by IL-1 is
revealed under low oxygen levels in hepatocytes. We could demonstrate
that macrophage-released IL-1 at physiological concentrations induces
hepcidin over IL-1 receptor activation and STAT3 signaling, but in-
dependent of IL-6 in hepatocytes and may suggest an early hepcidin
response towards IL-1f released by differentiated macrophages, which
might be further regulated when macrophages undergo pro-in-
flammatory M1 activation. In addition, stimulation was completely
blocked by using IL-1 receptor antagonist anakinra or selective deletion
of the STAT3-binding site in the hepcidin promoter. This is in agree-
ment with Lee et al. showing that mice with targeted disruption of the
gene encoding IL-6 (IL-6~/7) retain their ability to respond to en-
dotoxin injections by increasing hepcidin transcription in the liver or
that the addition of IL-6 antibody did not ablate the IL-1-mediated ef-
fect [33]. In addition, IL-1f induces the expression of CEBPS protein,
which binds to putative CEBP-BS in the hepcidin promoter to activate
transcription. We also confirm the involvement of CEBPS in transcrip-
tional activation of hepcidin expression by hepatocytes induced by
macrophage-conditioned hypoxic medium. CEBPS§ is known as in-
flammatory response gene and its expression is induced by low oxygen
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in mammary tumors in vivo and in breast cancer cells in vitro [45].
Furthermore, it has been shown that CEBPS is activated by STAT3 in
mammary gland involution [46]. Most interestingly, it is shown that the
murine CEBPS promoter contains a STAT3-BS [47]. To our knowledge,
we are the first to demonstrate an induction of CEBP§ by macrophage-
conditioned hypoxic medium in hepatocytes depending on the STAT3
signaling pathway. CEBP8 might integrate and amplify low oxygen and
IL-1-induced signaling by contributing to a more efficient binding to the
CEBP-BS in the hepcidin promoter. In addition, Zhang et al. has shown
that inflammation mediated CEBPS induction is completely blocked in
STAT3 KO mice [48]. Likewise, we show that siRNA mediated STAT3
inhibition decrease CEBPS§ expression abolishing hepcidin transcription
induced by macrophage-conditioned hypoxic medium. Interestingly,
deletion of the STAT3 binding site in the HAMP promoter in combi-
nation with siRNA-mediated silencing of CEBP§ expression completely
blocked luciferase activity in the presence of MCHM. This suggests that
STATS3 plays a major role in controlling hepatocyte hepcidin regulation
in macrophage co-cultures under physiologically low oxygen levels.

In summary, differentiated macrophages induce hepatocyte hep-
cidin transcription in a direct or indirect co-culture under (patho)phy-
siological cell ratios. This effect is strongly enhanced under physiolo-
gically low oxygen levels in liver (hypoxia). We are the first to reveal
the induction of macrophage hepcidin during their differentiation.
Taken together, present and previous data demonstrate that oxidases
such as NOX2 and NOX4 are powerful inducers of hepcidin via syn-
chronic modulation of both oxygen and peroxide levels in different cell
populations present in the liver involving the STAT3 signaling pathway.
Thus, hepatocyte-macrophage crosstalk is important for hepatocyte
hepcidin regulation and points towards a concerted action of both cell
types during inflammatory processes.
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