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Hepcidin Induction by Pathogens and Pathogen-Derived Molecules Is
Strongly Dependent on Interleukin-6

Richard Rodriguez,®* Chun-Ling Jung,® Victoria Gabayan,? Jane C. Deng,® Tomas Ganz,*® Elizabeta Nemeth,® Yonca Bulut®

Departments of Medicine,? Pathology,” and Pediatrics,® David Geffen School of Medicine, University of California, Los Angeles, California, USA

Hepcidin, the iron-regulatory hormone, is increased during infection or inflammation, causing hypoferremia. This response is
thought to be a host defense mechanism that restricts iron availability to invading pathogens. It is not known if hepcidin is dif-
ferentially induced by bacterial versus viral infections, whether the stimulation of pattern recognition receptors directly regu-
lates hepcidin transcription, or which of the proposed signaling pathways are essential for hepcidin increase during infection.
We analyzed hepcidin induction and its dependence on interleukin-6 (IL-6) in response to common bacterial or viral infections
in mice or in response to a panel of pathogen-derived molecules (PAMPs) in mice and human primary hepatocytes. In wild-type
(WT) mice, hepcidin mRNA was induced several hundred-fold both by a bacterial (Streptococcus pneumoniae) and a viral infec-
tion (influenza virus PR8) within 2 to 5 days. Treatment of mice and human primary hepatocytes with most Toll-like receptor
ligands increased hepcidin mRNA within 6 h. Hepcidin induction by microbial stimuli was IL-6 dependent. IL-6 knockout mice
failed to increase hepcidin in response to S. pneumoniae or influenza infection and had greatly diminished hepcidin response to
PAMPs. In vitro, hepcidin induction by PAMPs in primary human hepatocytes was abolished by the addition of neutralizing
IL-6 antibodies. Our results support the key role of IL-6 in hepcidin regulation in response to a variety of infectious and inflam-

matory stimuli.

Iron is essential for microbial growth. During infections, mi-
crobes use multiple complex mechanisms to acquire iron from
their host, while hosts resist infection by sequestering iron in
forms and locations less accessible to microbes, thereby starving
them of iron and slowing their multiplication within the host (1).
The iron-regulatory hormone hepcidin is thought to be an impor-
tant orchestrator of this host response.

Hepcidin, a 25-amino-acid peptide hormone secreted by hepa-
tocytes, is the principal regulator of iron homeostasis (2). Hepci-
din regulates the absorption and tissue distribution of iron in re-
sponse to plasma iron concentration, iron stores, erythropoietic
demand, and inflammation. Its molecular target, ferroportin, is
the sole mammalian cellular iron exporter (3) and is expressed on
the membranes of cells that deliver iron to the plasma: duodenal
enterocytes, which absorb dietary iron, macrophages, which recy-
cleiron from senescent erythrocytes, and hepatocytes, which serve
as an iron storage site. Hepcidin acts by binding to ferroportin and
inducing its internalization and degradation (4), thereby dimin-
ishing iron supply to the plasma and causing hypoferremia. Hep-
cidin production is greatly increased during infections, which is
thought to decrease iron concentrations available to extracellular
microbes.

Previous reports provided evidence that hepcidin is induced
during various infections. Intraperitoneal Pseudomonas aerugi-
nosa injection and subcutaneous group A streptococcus infections
induced liver hepcidin mRNA in mice (5). C. albicans and influ-
enza A virus infections increased hepcidin mRNA in peripheral
blood mononuclear cells (PBMCs) and in mice (6). Hepcidin lev-
els were also found to be increased in malarial infections in mice
and humans (7, 8).

Several mechanisms have been proposed to increase hepcidin
during infection and inflammation. The cytokines interleukin-6
(IL-6) (9, 10), IL-1 (11), and IL-22 (6) stimulate hepcidin tran-
scription through STATS3 signaling (12-14). Type I interferons
were also reported to increase hepcidin via STAT1 or STAT3 in
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vitro (15-17). Activin B was proposed to mediate inflammatory
increase in hepcidin mRNA via SMAD1/5/8 signaling (18). These
observations point to the importance of STAT as well as BMP/
Smad pathways in the regulation of hepcidin during infections. It
is not yet clear to what extent each of these pathways contribute to
hepcidin mRNA response to diverse infections in vivo.

Innate immune responses serve as the first line of host defense
against pathogens. Early responses to invading microbes are trig-
gered by the interaction of pattern recognition receptors (PRR)
with pathogen-specific microbial molecules, such as lipopolysac-
charide, peptidoglycan, flagellin, and double-stranded RNA
(dsRNA), commonly referred to as pathogen associated molecular
patterns (PAMPs) (19). Recognition of PAMPs by PRRs induces
signaling and transcriptional responses, including the production
of inflammatory cytokines such as tumor necrosis factor alpha
(TNF-a), IL-1,1L-6, and type I interferons (IFN). Selected PAMPs
were shown to stimulate hepcidin production in hepatic cells, pe-
ripheral blood mononuclear cells (PBMCs), or mice (6, 10, 20),
but this response and its dependence on signaling pathways has
not been systematically analyzed.

In this study, we investigated the hepcidin response and its IL-6
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dependence using mouse models of common community-ac-
quired bacterial and viral infections. We also examined IL-6 de-
pendence of hepcidin induction by a large panel of microbial mol-
ecules in mice and in isolated human primary hepatocytes.

MATERIALS AND METHODS

Mice. All animals were housed in UCLA vivaria under pathogen-free con-
ditions throughout the experiment. All animal experiments were per-
formed in accordance with NIH policies regarding the humane care and
use of laboratory animals and were approved by the UCLA Animal Re-
search Committee. Six-week-old wild-type (WT) C57BL/6 mice were
purchased from Charles River Laboratories (Wilmington, MA). IL-6 '~
(IL-6 knockout [KO]) mice on a C57BL/6 background were bred in our
rodent facility (original stock was obtained from The Jackson Laboratory,
Bar Harbor, ME, USA) (10) and were used for experiments at the same age
as the WT mice. Only male mice were used to minimize the gender-related
variability in hepcidin and iron parameters (21).

As standard mouse chow contains high iron content (~300 ppm) and
causes near-maximal hepcidin expression (10), mice at 6 weeks of age
were placed on a low-iron diet (4 ppm; Harlan Teklad, Indianapolis, IN)
for 2 weeks to lower endogenous hepcidin expression. This period of iron
limitation leads to suppression of endogenous hepcidin, a small decrease
in mean corpuscular volume (MCV), and no iron deficiency anemia
(MCV [fl],45.4 = 0.8 [4 ppm] versus 46.5 = 0.9 [standard diet], P = 0.01;
hemoglobin [g/dl], 14.8 = 0.6 [4 ppm] versus 14.7 * 1.0 [standard diet],
no significant difference; n = 12 per group; values represent means =+
standard deviations). Interestingly, IL-6 knockout mice had a more vari-
able suppression of hepcidin baseline on the 4-ppm Fe diet than WT mice
for an unknown reason.

Bacterial and viral pathogens and their administration. The type 3
Streptococcus pneumoniae (ATCC 6303 clinical isolate with capsular sero-
type 3) strain used in our studies was provided by Jane Deng (22). This
serotype was chosen because it is virulent in mice and commonly causes
human disease. Frozen bacterial stocks were grown in Todd-Hewitt broth
(Sigma, St. Louis, MO) with 0.5% yeast extract at 37°C until log phase
(optical density [OD], ~0.3). The concentration of bacteria in broth was
determined by absorbance at 600 nm and using a standard curve gener-
ated by known CFU concentrations. The bacterial culture then was cen-
trifuged at 3,000 X g and diluted in sterile, endotoxin-free phosphate-
buffered saline (PBS) to the desired concentration.

Frozen stocks of mouse-adapted influenza A virus PR8 (22) were
thawed quickly and diluted in sterile, endotoxin-free PBS to the desired
concentration.

Mice were anesthetized with isoflurane, followed by oropharyngeal
aspiration of 100 pl sterile PBS containing either 1 X 10* or 5 X 10* CFU
S. pneumoniae, 100 or 500 PFU of PR8, or PBS alone. Mice were sus-
pended vertically by the upper incisors on a board with a 45° incline. The
tongue was pulled with a blunted forceps gently from the mouth for max-
imal oropharyngeal area exposure, and 100 pl fluid was delivered to the
glottic area with a pipette tip, resulting in the aspiration of the liquid. In
preliminary experiments, the delivery of material to the lungs and not the
stomach was confirmed using an indicator dye. For every S. pneumoniae
experiment, a 100X dilution of the lowest dose (10* CFU) was plated on
blood agar to ensure that microbes were viable and to confirm the admin-
istered CFU count. Furthermore, successful in vivo infection was con-
firmed by observing bacterial growth on blood agar plated with blood
from control and treatment mice at the time of sacrifice. For all infected
mice, animal weight was measured daily as another indicator of illness.

Mice were euthanized 2 or 5 days after infection. Liver samples were
obtained for hepcidin mRNA measurements.

Human primary hepatocytes and Kupffer cells. Fresh human pri-
mary hepatocytes (HH) and nonparenchymal cells were obtained from
the Liver Tissue Procurement and Distribution System (Stephen Strom,
University of Pittsburgh). Human hepatocytes were maintained in hepa-
tocyte maintenance medium (HMM; Lonza, Walkersville, MD). Kupffer
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TABLE 1 List of PAMPs and their concentrations used in experiments

In vivo dose In vitro
Target (pg/mouse) dose

TLR/NLR ligand® TLR/NLR (reference) (pg/ml)
Pam3CSK4 TLR1/2 100 (32, 33) 2
FSL-1 TLR2/6 20 (34) 1
LPS (E. coli 0111:B4) TLR4 25 (35) 1
Flagellin (B. subtilis) TLR5 30 (36) 1
Poly(I-C) HMW TLR3 500 (37, 38) 10
Imiquimod (R837) TLR7 25 (39) 5
ODN2006 TLR9 100 (40, 41) 5
Tri-DAP NODI1 80 (42) 10
MDP NOD2 500 (43) 10

“HMW, high molecular weight.

cells were isolated from the nonparenchymal fraction and maintained in
Iscove’s modified Dulbecco’s medium (IMDM) plus 10% fetal calf serum
(10). To prepare conditioned medium (CM), Kupffer cells were treated
will Toll-like receptor (TLR) ligands for 24 h and supernatant was har-
vested.

Human hepatocytes were stimulated with PAMPs or with a 1/8 dilu-
tion of CM (12.5% final concentration) for 6 h, and cells were harvested
for hepcidin mRNA measurements.

PAMPs and cytokines. Agonists for TLRs and NOD-like receptors
(NLRs) were purchased from InvivoGen (San Diego, CA) and are listed in
Table 1.

For in vivo experiments, WT and IL-6 KO mice were injected intra-
peritoneally (i.p.) with compounds diluted in 100 .l sterile water at com-
monly used concentrations (Table 1). The mice were euthanized 6 or 24 h
later.

For in vitro experiments, human hepatocytes and Kupffer cells were
stimulated for 6 h with TLR/NLR agonists using concentrations listed in
Table 1 and based on references 23 to 25. The treatment was performed in
the presence or absence of anti-human IL-6 (1 pug/ml) and anti-human
IL-6 receptor antibodies (5 pg/ml) (R&D Biosystems, Minneapolis, MN).
Cells were preincubated with antibodies for 10 min prior to treatment
with PAMPs. Cells were also treated with 10 ng/ml IL-6 or 25 ng/ml
BMP-2 (R&D Biosystems) (26) to confirm their responsiveness to stan-
dard hepcidin stimuli.

Isolation of mRNA and quantitative reverse transcription-PCR
(qQRT-PCR). Total cellular RNA from mouse livers and HH was extracted
by TRIzol (Invitrogen) by following the manufacturer’s protocol and re-
verse transcribed into cDNA using an iScript cDNA synthesis kit (Bio-
Rad, Hercules, CA). Quantitative PCR (qPCR) was performed using Bio-
Rad IQ SYBR green supermix (Bio-Rad). All values were normalized
against B-actin (AC, = C; [actin] — C; [hepcidin]). Fold change in
expression was calculated as 2227, where AAC, = AC; (test sample) —
AC; (control). When identical experiments were conducted on different
days, each experiment had its separate saline control group and AAC . was
calculated using only contemporaneous controls.

The primer sequences for the genes examined were the following:
human Hamp, forward, 5'-GACCAGTGGCTCTGTTTTCC-3'; reverse,
5'-AGATGGGGAAGTGGGTGTCT-3'; human B-actin, forward, 5 -AT
CGTGCGTGACATTAAG-3'; reverse, 5'-ATTGCCAATGGTGATGAC-
3'; mouse Hamp, forward, 5'-AAGCAGGGGCAGACATTGCGAT-3';
reverse, 5'-CAGGATGTGGCTCTAGGCTAT-3'; mouse B-actin, for-
ward, 5'-ACCCACACTGTGCCCATCTA-3'; reverse, 5'-CACGCTCGG
TCAGGATCTTC-3'.

Statistics. SigmaPlot version 11.0 (Systat Software) was used for sta-
tistical analysis. Data are expressed as means = standard deviation of the
means for each group. Differences between groups were determined by
one-way analysis of variance (ANOVA), and differences between two
groups were determined by ¢ test.
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FIG 1 IL-6 is required for induction of hepcidin by Streptococcus pneumoniae infection. WT (A) or IL-6 KO (B) mice were infected with 10* or 5 X 10* CFU of
S. pneumoniae, and liver hepcidin mRNA was measured 2 and 5 days after infection. (A) WT mice. For the PBS group, n = 10 (vertical bar includes animals from
both days 2 and 5 as their hepcidin expression was indistinguishable); 10*-CFU group, n = 6 (day 2) and 4 (day 5); 5 X 10*-CFU group, n = 7 (day 2) and 2 (day
5). Survival on day 5 was 4/8 mice for the 10*-CFU group and 2/8 mice for the 5 X 10*-CFU group. (B) IL-6 KO mice. PBS group, n = 12 (includes animals from
both days 2 and 5); 10*-CFU group, n = 6 (day 2) and 3 (days 4 to 5); 5 X 10*-CFU group, n = 7 (day 2) and 7 (days 4 to 5). Survival on day 5 was 1/12 mice for
the 10*-CFU group (2 were euthanized on day 4) and 2/12 for the 5 X 10*-CFU group (5 were euthanized on day 4). Because of the high mortality rate in IL-6
KO mice, hepcidin values from both days 4 and 5 were combined. Hepcidin expression is shown as fold change compared to the PBS group. Expression was
calculated as 2247 (where AAC, = AC, [test sample] — AC. [contemporaneous saline control]). Vertical bars indicate means, and error bars indicate standard

deviations. *, P < 0.001 by one-way ANOVA compared to the PBS group as the control.

RESULTS

IL-6 is required for induction of hepcidin by Streptococcus
pneumoniae infection. As a model of bacterial infection, we used
one of the most common bacterial pneumonias, that caused by
Streptococcus pneumoniae. The specific doses used and time points
for analysis were established in preliminary experiments where we
monitored for signs of illness, such as weight loss, decreased mo-
bility and grooming behavior, and mortality. We tested a range of
doses, 1 X 10°> to 1 X 10° CFU per mouse, and found that mor-
tality was high, above 1 X 10°> CFU, whereas clinical signs of in-
fection were mild or absent at 1 X 10> CFU; thus, we selected 1 X
10*and 5 X 10* CFU for our studies. As clinical signs of infection
were noted as early as 2 days and peak illness at 5 days, these time
points were selected for analysis.

Oropharyngeal administration of both 1 X 10* and 5 X 10*
CFU S. pneumoniae in WT mice caused significant and progres-
sive weight loss up to day 5 compared to the PBS group (see Table
S1 in the supplemental material). Both doses of bacteria also mas-
sively induced hepcidin mRNA in the liver at days 2 and 5 (10 to 15
ACy, or ~1,000 to 15,000-fold; P < 0.001) (Fig. 1A). The fold
increase in hepcidin during inflammation greatly depends on the
level of hepcidin baseline expression. Mice in our study were
placed on a low-iron diet for 2 weeks prior to the infection, which
caused a significant reduction of hepcidin baseline and allowed us
to demonstrate the large increase in hepcidin mRNA after infec-
tion. However, when mice are fed standard chow, the relatively
high iron content of this diet (~300 ppm Fe) results in high (near-
maximal) hepcidin baseline expression so that inflammatory
stimuli cause no or only a small increase in hepcidin expression
(10, 18).

Infected IL-6 KO mice experienced weight loss similar to that
of WT mice by day 5 (P = 0.26 compared to the infected WT
mouse weight loss). However, in contrast to WT mice, IL-6 KO
mice infected with S. pneumoniae did not increase hepcidin
mRNA (Fig. 1B).
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By day 5, we observed 92% and 83% mortality in IL-6 KO mice
infected with 10* and 5 X 10* CFU SP, respectively, compared to
50% and 75% for WT mice (proportions were not statistically
different between IL-6 and WT mice by Fischer exact test).

IL-6 is required for the induction of hepcidin by influenza A
virus (PR8) infection. As a model of viral infection, we used pneu-
monia caused by the mouse-adapted influenza A virus (PR8) (22).
The doses used in the study were established in preliminary exper-
iments where a range of PR8 doses was tested (100, 500, 1,000 and
2,000 PFU). One thousand and 2,000 PFU caused high mortality,
whereas 100 and 500 PFU per mouse resulted in weight loss and
sickness behavior similar to the S. pneumoniae infection, although
with a slightly lower rate of onset of clinical signs of infection. This
is expected, as bacterial pneumonia in mice is known to have a
more rapid onset than viral pneumonia (J. C. Deng, unpublished
observations). Based on the preliminary studies, the 100- and 500-
PFU doses were selected for investigating the hepcidin response to
PRS infection.

WT and IL-6 KO mice were infected oropharyngeally with PR8
or were administered PBS by the same route (control group). An-
imals were analyzed after 2 or 5 days, the same time course as that
for the S. pneumoniae infection. By day 5, infection resulted in
significant weight loss in both WT and IL-6 KO mice (see Table S1
in the supplemental material). Hepcidin mRNA expression in WT
mice started increasing by day 2 and reached up to 1,000-fold
higher levels than those of control animals.(Fig. 2A). In contrast,
IL-6 KO mice infected with PR8 did not significantly induce hep-
cidin mRNA at any time point (Fig. 2B).

Induction of hepcidin by PAMPs in vivo is strongly depen-
dent on IL-6. Bacteria and viruses cause inflammation as micro-
bial molecules (PAMPs) are recognized by the host’s pattern
recognition receptors (PRRs), including TLRs and NLRs. To in-
vestigate which of these receptors induce hepcidin when stimu-
lated and whether PRR-mediated hepcidin induction was depen-
dent on IL-6, WT and IL-6 KO mice were injected i.p. with either

iai.asm.org 747
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FIG 2 IL-6is required for the induction of hepcidin by influenza A virus (PR8) infection. WT (A) or IL-6 KO (B) mice were administered either PBS or PR8 virus
(100 or 500 PFU) by the oropharyngeal route. Liver hepcidin mRNA was measured 2 and 5 days after infection and normalized to $-actin mRNA values. (A) WT
mice. PBS controls, n = 15 (vertical bar combines animals from both days 2 and 5, as their hepcidin expression was indistinguishable); 100- and 500-PFU groups,
n = 8 for each time point. (B) IL-6 KO mice. PBS controls, # = 17 (combines animals from days 2 and 5); 100-PFU group, n = 3 for each time point; 500-PFU
group, n =7 (day2) and 11 (day 5). Hepcidin expression is shown as fold change compared to the PBS group. Expression was calculated as 247, where AAC,- =
AC; (test sample) — AC. (contemporaneous saline control). Vertical bars indicate means, and error bars indicate standard deviations. P < 0.001 (*) and P =

0.014 (**) by one-way ANOVA compared to the PBS group as the control.

endotoxin-free water (vehicle) or PAMPs stimulating the follow-
ing receptors: TLR1/2 (ligand Pam-3), TLR2/6 (ligand FSL-1),
TLR4 (ligand lipopolysaccharide [LPS]), TLR5 (ligand flagellin),
TLR3 [ligand poly(I-C)], TLR7 (ligand imiquimod), TLRY (ligand
CpG oligonucleotide [ODN]), NODI1 (ligand r-alanyl-y-D-glu-
tamyl-meso-diaminopimelic acid [Tri-DAP]), and NOD2 (ligand
muramyl dipeptide [MDP]). Concentrations used to inject mice
are indicated in Table 1. Liver hepcidin mRNA expression was
evaluated 6 or 24 h after injection.

In WT mice, hepcidin mRNA expression increased strongly in
response to extracellularly sensed PAMPs, i.e., those stimulating
TLR1, TLR2, TLR6, TLR4, and TLRS5 (the 6-h time point is shown
in Fig. 3A and 24-h time point in Fig. 3C). Hepcidin was also
induced by stimulation of endosomal receptors TLR3 and
TLRY, although TLR3 may also be expressed on the cell mem-
brane (27). Hepcidin was not significantly increased by ligands
stimulating endosomal TLR7 or cytoplasmic NOD1 and NOD2
(Fig. 3A and C).

In IL-6 KO mice, PAMPs either failed to induce hepcidin (Fig.
3B and D, showing 6- and 24-h time points) or, in the case of LPS
and ODN, hepcidin induction was significantly blunted com-
pared to WT mice (P = 0.016 for LPS and 0.012 for ODN).

Hepcidin induction by PAMPs in primary human hepato-
cytes is dependent on IL-6. To examine whether the regulation of
human hepcidin by PAMPs is similar to that of the mouse model,
we asked whether microbial molecules induce hepcidin mRNA
directly in primary human hepatocytes (HH). We stimulated HH
for 6 h with the same PAMPs as those in the i1 vivo experiment and
observed a similar pattern of hepcidin induction (Fig. 4A). Hep-
cidin mRNA expression increased by at least 16-fold by extracel-
lularly recognized TLR agonists (those stimulating TLR1, TLR2,
TLR6, TLR4, and TLR5) and by the agonist stimulating TLR3, a
predominantly endosomal receptor that also may be expressed on
the cell surface (27). Intracellularly recognized ligands (those
stimulating endosomal TLR7 and TLR9 or cytoplasmic NOD1
and NOD?) failed to induce hepcidin significantly relative to the
control (Fig. 4A).

748 iai.asm.org

Invivo, PAMPswould be expected to stimulate hepatocytes not
only directly to produce hepcidin but also indirectly via stimulat-
ing autocrine/paracrine cytokine production (9). To model indi-
rect stimulation of hepcidin in vitro, we first stimulated human
Kupffer cells with various PAMPs for 24 h and then collected the
conditioned media and stimulated HH with 12.5% conditioned
media for 6 h. Hepcidin expression in HH treated with diluted
conditioned media had a response pattern similar to that of direct
stimulation of HH by PAMPs (Fig. 4B). Although the conditioned
media still contained PAMPs (diluted to 12.5% of the original
dose), hepcidin induction was likely dependent on the cytokines
produced by Kupffer cells rather than direct stimulation by
PAMPs, because we observed no significant increase in hepcidin
expression in HH after stimulation by 12.5% nonconditioned me-
dia containing PAMPs only (data not shown).

We next examined the role of autocrine IL-6 as a mediator of
hepcidin induction by PAMPs. The addition of neutralizing anti-
bodies against IL-6 and IL-6 receptor to human hepatocytes led to
a reduction in the hepcidin response to PAMPs, with a mean de-
crease of 17-fold for the hepcidin-inducing PAMPs (Fig. 5). As
expected, neutralizing antibodies completely ablated the response
to IL-6, and even the response to BMP-2 was partially decreased,
likely because of the known synergistic effect between the IL-6 and
BMP-2 pathways (6, 26). The addition of antibodies against
BMP-2 did not affect the hepcidin mRNA response to TLR/NLR
ligands (data not shown).

DISCUSSION

The iron-regulatory hormone hepcidin controls the absorption of
dietary iron as well as the distribution of iron between intracellular
stores and extracellular fluids, including plasma (2). Increased
hepcidin concentrations and accompanying hypoferremia, ob-
served during various infections, are thought to be a host defense
mechanism that decreases iron available to microbial pathogens,
thereby restricting their growth.

We previously demonstrated in a mouse model of turpentine-
induced inflammation and with an in vitro LPS-stimulated human
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FIG 3 Induction of hepcidin by PAMPs in vivo requires IL-6. PAMPs were injected intraperitoneally at concentrations listed in Table 1. Graph A indicates where
cellular sensing of specific PAMPs occurs. Hepcidin mRNA was quantified by qPCR and normalized to -actin mRNA values, and the results are shown as fold
change in expression compared to the control group (calculated as 2AACT where AAC, = AC; [test sample] — [AC, control]). (A) WT mice 6 h after PAMP
injection. n = 4 mice per group. (B) IL-6 KO 6 h after PAMP injection. n = 5 mice for each PAMP and 9 for control. (C) WT mice 24 h after PAMP injection.
n = 4 to 8 mice per group. (D) IL-6 KO mice 24 h after PAMP injection. n = 4 to 6 mice per group. Vertical bars and error bars represent the means and standard
deviations. ¥, P < 0.05 by one-way ANOVA compared to the control group. Abbreviations: Pam3, Pam3CSK4; FSL, FSL-1; Flag, flagellin; p(I-C), poly(I-C); IMQ,

imiquimod; MDP, muramyl dipeptide.

hepatocyte/macrophage model that IL-6 was required for hepci-
din increase and also showed that IL-6 by itself rapidly induced
hypoferremia in humans (10). However, it remained to be tested
whether these observations were generalizable to other infectious
or inflammatory stimuli.

In the present study, we, for the first time, systematically ana-
lyzed hepcidin regulation in response to bacterial and viral stimuli
and a panel of pathogen-associated molecules, using both mouse
models and isolated human liver cells. Severe infections with
Streptococcus pneumoniae and influenza A virus induced hepcidin
in mouse models several hundred-fold to several thousand-fold,
indicating that the hepcidin response could be triggered by both
bacterial and viral infections. Armitage et al. (6) previously
showed a 2-fold increase in hepcidin 3 days after intranasal ad-
ministration of 3.5 hemagglutinin units of PR8 virus. The much
greater magnitude of hepcidin response by day 5 in our study
could be related to a difference in virus dosage, administration
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route (oropharyngeal versus intranasal), and the timing of the
measurements (latest measurement at 5 versus 3 days). Further-
more, our study used dietary preconditioning where animals were
placed on a low-iron diet for 2 weeks to prevent the maximal
stimulation of hepcidin production by the high iron content of
standard mouse chow.

Importantly, using IL-6 knockout mice, we demonstrated that
hepcidin induction in vivo in both S. pneumoniae and influenza A
virus infection was completely dependent on IL-6. It remains to be
seen whether such strong dependence of the in vivo hepcidin re-
sponse on IL-6 is characteristic of severe infections with other
common pathogens. The role of hepcidin-mediated hypoferremia
in controlling different bacterial and viral infections remains to be
determined.

We also analyzed the effect of stimulation of different TLRs
and NLRs on hepcidin expression in vivo in mice and in vitro in
primary human hepatocytes. Apart from infection, hepcidin reg-

iai.asm.org 749


http://iai.asm.org

Rodriguez et al.

4096 o * 4096 A
° ©
<)) * o
§1024 %1024_
S S
o 256 * T 256
g 2
< ] * T *
Z <ZE 64 * X .
X [hg .
E E 16_
£ =
° e}
o ‘©
o 41
3 5
I L
1
T T T T T T T T T T T T T T T T T T T T T T T T
§EFJID€J‘?)G§QZ%S(P&J §g30\)lf0CDGOZQD.CPN
5 K 5 i I < - i S IR )
1§ [T TSRS < Iy S S ~
85’ s o QS g §ci° ~ o g o’;gs 5
L 1L

| |
endosomal cytoplasmic

extracellular

FIG 4 PAMPs directly and indirectly induce hepcidin expression in primary human hepatocytes. (A) Direct stimulation of human hepatocytes with
PAMPs. HH were incubated overnight in serum-free medium and treated for 6 h with the indicated PAMPs, and hepcidin mRNA was analyzed by qPCR.
PAMP concentrations are listed in Table 1. The graph indicates where cellular sensing of specific PAMPs occurs. Cells were also treated with known
hepcidin inducers recombinant human IL-6 and BMP-2 (rhIL-6 and rhBMP-2, respectively) to confirm the ability of each human hepatocyte preparation
to induce hepcidin mRNA (gray bars). Hepcidin mRNA was normalized to -actin mRNA values, and the results are shown as fold change in expression
compared to the control group (calculated as 2*27, where AAC, = AC; [test sample] — AC [control]). Vertical bars represent means from 5 different
hepatocyte preparations, each with two replicates, and error bars represent standard deviations. *, P < 0.001 (by one-way ANOVA with Holm Sidak
compared to the control group). (B) Human hepatocytes treated with diluted conditioned medium (CM) from Kupffer cells stimulated with PAMPs. HH
were incubated overnight in serum-free medium and treated in duplicate for 6 h with CM (12.5% final concentration), and hepcidin mRNA was analyzed
by qPCR as described for panel A. Vertical bars represent the means and standard deviations from 3 different hepatocyte preparations. P < 0.001 (*) and
P =0.015 (**) by one way ANOVA with Holm Sidak compared to the control group. Abbreviations: Pam3, Pam3CSK4; FSL, FSL-1; Flag, flagellin; p(I-C),
poly(I-C); IMQ, imiquimod; MDP, muramyl dipeptide.

ulation by PRRs may also be relevant in autoimmune diseases,
where activation of certain PRRs occurs (28). A PRR-mediated

5 increase in hepcidin may explain the development of hypofer-
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Ks) ° 8 o ° v fold induction within 24 h. A similar pattern of hepcidin induc-
< 641 e ¢ = tion by extracellularly acting PAMPs was seen with isolated hu-
£ 16 | man hepatocytes, but in these cells most of the intracellularly
E | el 18], el¥ v acting PAMPs failed to increase hepcidin expression. In partially
S 4 o | I7 oo | & Z v overlapping studies, Armitage and colleagues (6) analyzed hepci-
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2 2L &0 g g a a0 [2\, expression was also induced. by sever.al extracellularly acti.ng

§ £ © § s 0o E S = 5 PAMPS, about 2- to 8-fold, with flagellin as the most potent in-

ducer. Using neutralizing antibodies in vitro, the hepcidin re-
sponse to flagellin in peripheral mononuclear blood cells was also
shown to be IL-6 dependent. Armitage et al. similarly reported
that endosomally expressed TLRs were poor inducers of hepcidin
in PBMCs.

We do not know why hepcidin was not increased in response to
some intracellularly sensed PAMPs. The delivery of intracellular

FIG 5 Hepcidin induction by PAMPs in human hepatocytes is IL-6 depen-
dent. HH were incubated overnight in serum-free medium and then treated
for 6 h with either the indicated PAMPs (white bars) or PAMPs and neutral-
izing antibodies against IL-6 and IL-6 receptor (gray bars). Hepcidin mRNA
was analyzed by qPCR and normalized to B-actin mRNA, and the results are
shown as fold change in expression compared to the control (calculated as
288CT where AAC, = AC, [test sample] — AC, [control]). Vertical bars
represent means from 4 different hepatocyte cultures obtained from two do-

nor livers. Individual data points are shown as open circles (PAMP treatment)
or triangles (PAMP plus anti-IL-6/IL6R). Statistical analysis was done only for
the PAMPs that induced hepcidin [Pam3, FSL-1, LPS, flagellin, and poly(I-C)],
and hepcidin expression was analyzed with or without anti-IL-6/IL-6R for
each of the two human livers. Hepcidin mRNA was significantly suppressed by
the antibody treatment, with a geometric mean decrease of 17-fold (P < 107>
by paired ¢ test). Abbreviations: Pam3, Pam3CSK4; FSL, FSL-1; Flag, flagellin;
p(I1-C), poly(I-C); IMQ, imiquimod; MDP, muramyl dipeptide.
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PAMPs (such as Nodl and Nod2 ligands) is reported to occur
either through invasion of the cytosol by intracellular pathogens
or through other cellular uptake mechanisms (e.g., the type IV
secretion system of Helicobacter pylori for a Nodl ligand) (29).
Thus, it is possible that the intracellular delivery of some PAMPs
in our experiments was not efficient and resulted in poor activa-
tion of their receptors. Measurement of IL-6 in hepatocyte super-
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natants and mouse sera from a limited number of samples (data
not shown) suggested that IL-6 production varied similarly to
hepcidin expression: IL-6 was low after stimulation with those
PAMPs that failed to increase hepcidin mRNA. We cannot, how-
ever, exclude the possibility that hepcidin mRNA are induced at
longer time points, higher concentrations, or a different set of
PAMPs that stimulate the same receptors. In accordance with the
primary goal of this study, we focused on whether hepcidin regu-
lation was IL-6 dependent for those PAMPs that increased hepci-
din in our experiments. Both murine in vivo and human in vitro
hepcidin induction was dependent on IL-6, as genetic ablation of
IL-6 in vivo or its neutralization by antibodies in vitro largely pre-
vented the hepcidin response.

Other cytokines implicated in inflammatory regulation of hep-
cidin include IL-1a and -B (11), IL-22 (6), and activin B (18). In
the activin B study, IL-6 was not required for an approximately
4-fold increase in hepcidin mRNA in a murine model of LPS-
induced inflammation 4 h after stimulus. In contrast, in our study
hepcidin increase by LPS was significantly blunted in IL-6 KO
mice. Our experiments differed in the duration of LPS stimulation
(6 and 24 h versus 4 h), the type of LPS (Escherichia coli 0111:B4
versus 055:B5), where the 0111:B4 strain may be slightly more
potent (30), and the dietary preconditioning of mice which makes
hepcidin more responsive to stimuli. Because of the complexity of
cytokine networks and likely synergies, illustrated by the ability of
IL-1B to induce IL-6 (31) and synergistic interactions between
activin B and IL-6 (18), our study does not rule out a significant
contributory role for cytokines other than IL-6. A potential role
for other cytokines is also suggested by the residual increase of
hepcidin mRNA in IL-6 KO mice after treatment with LPS or
ODN (Fig. 3B). Nevertheless, in mouse models of a common bac-
terial and a common viral infection, and with a representative
panel of PAMPs, we now conclusively demonstrate the very strong
IL-6 dependence of hepcidin induction in vivo. Cumulative evi-
dence continues to support the key role of IL-6 in hepcidin regu-
lation during diverse infections and inflammation. Therapeutic
targeting of IL-6, its receptor, and signaling pathways may be use-
ful for the treatment of anemia of inflammation associated with
elevated hepcidin (2).
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