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Abstract

Withdrawal of iron from serum (hypoferraemia) is a con-
served innate immune antimicrobial strategy that can with-
hold this critical nutrient from invading pathogens, impair-
ing their growth. Hepcidin (Hamp1) is the master regulator
of iron and its expression is induced by inflammation. Mice
lacking Hamp1 from birth rapidly accumulate iron and are
susceptible to infection by blood-dwelling siderophilic bac-
teria such as Vibrio vulnificus. In order to study the innate im-
mune role of hepcidin against a background of normal iron
status, we developed a transgenic mouse model of tamoxi-
fen-sensitive conditional Hamp1 deletion (termed iHamp1-
KO mice). These mice attain adulthood with an iron status
indistinguishable from littermate controls. Hamp1 disrup-
tion and the consequent decline of serum hepcidin concen-
trations occurred within hours of a single tamoxifen dose.

We found that the TLR ligands LPS and Pam3CSK4 and heat-
killed Brucella abortus caused an equivalent induction of in-
flammation in control and iHamp 1-KO mice. Pam3CSK4 and
B. abortus only caused a drop in serum iron in control mice,
while hypoferraemia due to LPS was evident but substan-
tially blunted in iHamp1-KO mice. Our results characterise a
powerful new model of rapidly inducible hepcidin disrup-
tion, and demonstrate the critical contribution of hepcidin
to the hypoferraemia of inflammation.

© 2016 The Author(s)
Published by S. Karger AG, Basel

Introduction

Iron is required for the proliferation of almost all
pathogens, and iron availability within the host critically
influences the outcome of infection [1-3]. Under normal
conditions, serum iron is tightly chaperoned by transfer-
rin and cellular iron is stored within the protective pro-
tein shell of ferritin. In response to infection, iron avail-
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ability is further restricted. Notably, serum iron levels can
plummet, causing ‘the hypoferraemia of infection’ [4],
and this provides a defence against siderophilic blood-
dwelling organisms such as Vibrio vulnificus [5].

Ferroportin is the iron export protein that releases iron
into serum from enterocytes, red pulp macrophages,
Kupffer cells and some hepatocytes [6-8]. The iron regu-
latory hormone hepcidin inhibits ferroportin [9, 10], and
is upregulated by inflammation. Hepcidin’s critical role
in governing iron homeostasis is demonstrated by hepci-
din knockout (HampI-KO) mice that rapidly and mas-
sively accumulate iron from early in life. In addition,
Hamp1-KO mice have serum iron elevated to such a de-
gree that the binding capacity of transferrin is saturated,
leading to the presence of non-transferrin-bound iron
[11]. However, this profound effect compromises the
utility of Hamp1-KO mice for investigating the role of
hepcidin under normal iron conditions [12]. Maintaining
Hamp1-KO mice on iron-deficient diets can equalise se-
rum iron parameters between HampI-KO and wild-type
mice [5]; however, total iron levels and the ratio of serum
iron to stored iron within HampI-KO mice still differ,
which is important when investigating alterations in iron
trafficking as a result of inflammation.

To address these issues, we developed a novel trans-
genic mouse in which floxed Hamp1 alleles can be excised
conditionally by activation of a ubiquitously expressed
Cre-recombinase that is fused to a mutated oestrogen re-
ceptor ligand-binding domain (CreER'2). Inducible
HampI-KO mice (that we termed ‘iHamp1-KO’) grow to
adulthood with normal iron stores and serum iron pa-
rameters but, upon exposure to tamoxifen, delete Hamp1
irreversibly. Here we first validate this novel model by
investigating the effects of induced hepcidin deletion on
long- and short-term iron traffic, and then test the role of
hepcidin in acute inflammatory hypoferraemia caused by
the administration of LPS, Pam3CSK4 and heat-killed
Brucella abortus (HKBA).

Materials and Methods

Mice

All animal procedures were performed in a licensed establish-
ment under the authority of the UK Home Office project
(PPL40/3636) and personal licenses in accordance with the Ani-
mals (Scientific Procedures) Act 1986, and were approved by the
University of Oxford ethical review committee.

Mice were bred and housed in individually ventilated cages
within the Department of Biomedical Services (University of Ox-
ford). Mice were fed ad libitum with a standard diet containing 188
ppm iron (SDS Dietex Services, diet 801161). C57BL/6 mice were
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purchased from Harlan Laboratories. To develop an iHamp1-KO
model, we used floxed-hepcidin mice on a C57BL/6 background
(Hamp fl/fl) generated by gene targeting in JM8F6 embryonic stem
cells as described (Hamp™™"*g2) [13]; in these mice, exons 2 and 3
of the Hamp1 gene are flanked by LoxP sites. These were crossed
with B6.129-Gt(ROSA )26Sortm1(cre/ERT2)Tyjl] mjce (referred to hence-
forth as Rosa-CreER'?), which express Cre fused to a modified oes-
trogen receptor (allowing nuclear translocation, and thus activa-
tion, in the presence of tamoxifen) under the control of the ubig-
uitous Gt(ROSA)26Sor promoter [14]. A breeding colony of mice
homozygous for the floxed-Hamp allele and either heterozygous
or wild-type for Rosa-CreER"? were generated and crossed to yield
50% Cre-positive Hamp fl/fl (termed iHampI1-KO’ mice) and 50%
Cre-negative Hamp fl/fl littermate control (termed ‘iHamp1-Ctrl’)
offspring (see online suppl. fig. 1; for all online suppl. material, see
www.karger.com/doi/10.1159/000447713).

Induction of Targeted Disruption of Hamp1

To stimulate targeted disruption of the Hamp1 gene, mice were
given 1 mg of tamoxifen (Sigma, T5648) in 100 pl of 10% ethanol
(Sigma)/90% corn oil (Sigma) vehicle intraperitoneally. Depend-
ing on the experiment, mice were given between 1 and 5 tamoxifen
doses over 1-5 days.

Mouse Treatments

For LPS and Pam3CSK4, mice were given 1 pg/g of E. coli LPS-
055:B5 (Sigma, L2880) or 400 ng/g Pam3CSK4 (Invivogen) diluted
in Dulbecco’s PBS (Lonza) intraperitoneally, and were culled after
6 or 3 h, respectively. For HKBA, mice were given 2.5 x 103 HKBA
particles (strain 1119-3, grown and heat inactivated at the Animal
and Plant Health Agency, Weybridge, UK) in 200 pl of Dulbecco’s
PBS (Lonza) intraperitoneally, and were culled 6 h later.

Genotyping

Genotyping was performed initially using DNA extracted from
ear notches, with subsequent confirmation using DNA extracted
from the liver; DNA was extracted using the Isolate II Genomic
DNA Kit (Bioline) or by alkaline lysis (25 mM NaOH/0.2 mM
EDTA) at 95°C followed by neutralisation (40 mM Tris-HCI; ear
notches only). Genotyping PCRs were performed using MyTaq
Red mix (Bioline) to detect: (a) floxed or wild-type Hamp]l alleles,
(b) deleted Hampl, and (c) Cre. The primers and cycling condi-
tions are described in the online supplementary materials.

Gene Expression Analysis

Liver and spleen explants (approximately 1-2 mm?®) or whole-
lung lobes were stored immediately after culling mice in RN Alater
(Life Technologies); duodenum was snap-frozen and explants
were subsequently used for RNA isolation. RNA was extracted,
cDNA prepared and gene expression quantified (using invento-
ried TagMan assays; online suppl. table 1) as described [15].

Serum Measurements

Blood was taken by cardiac puncture immediately after sacri-
ficing the mice. Serum was prepared by the centrifugation of clot-
ted blood at >6,000 g for 3-5 min in BD Microtainer SST tubes
(Beckton Dickinson); serum aliquots were frozen immediately at
-80°C. Serum hepcidin concentrations were quantified by com-
petitive ELISA using the Hepcidin-Murine Compete Kit (Intrinsic
Lifesciences) according to the manufacturer’s protocol, with sera
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diluted to either 5 or 2.5%. Serum iron and unsaturated iron bind-
ing capacity (UIBC) were quantified using the MULTIGENT Iron
Kit on the Abbott Architect c16000 automated analyser (Abbott
Laboratories) [16]. When UIBC data were obtained, transferrin
saturation (Tsat) was calculated using: Tsat = [(Serum Iron)/(Se-
rum Iron + UIBC)] x 100. UIBC results returned below the assay
lower limit of detection (7.3 umol/l) were inferred as 0 umol/l. Se-
rum ferritin concentrations were measured using the Ferritin
mouse ELISA Kit (ab157713, Abcam).

Histology: Perls’ Staining

Immediately after the mice were culled, tissues (liver, spleen,
heart, pancreas) were fixed in 10% neutral-buffered formalin and
processed to paraffin. Four-micron sections were stained with
Perls’ stain using standard techniques. Sections were examined by
a specialist haematopathologist and photographed using a Nikon
DS-FI1 camera with a Nikon DS-L2 control unit (Nikon UK Ltd)
and Olympus BX40 microscope (Olympus UK Ltd).

Tissue Non-Heme Iron Measurement

Tissue samples were dried for 4-6 h at 100°C before weighing.
Dried tissue was digested with 10% trichloroacetic acid/30% hy-
drochloric acid for 20 h at 65°C. Non-heme iron content was mea-
sured colorimetrically (ODs3;5 nm) against a standard curve gener-
ated from ferric ammonium citrate (F5879, Sigma) serial dilutions
following reaction with chromogen reagent containing 0.1% (w/v)
batho-phenoldisulphonic acid (BPS, 146617, Sigma)/0.8% thiogly-
colic acid (88652, Sigma).

Statistics

Statistical analyses were performed using Prism 6 (GraphPad
software). In cases where data values were spread over orders of
magnitude, statistical tests were performed on log-transformed
data, and geometric means were plotted on graphs.

Results

Tamoxifen-Induced Hepcidin Disruption in Multiple

Tissues and Severe Iron Overload in iHamp1-KO Mice

In order to generate a model in which the gene encod-
ing hepcidin (Hamp1) could be selectively, ubiquitously
and rapidly disrupted in adult mice, we crossed floxed-
hepcidin [13] (Hamp1™!fl/fl) with Rosa-CreER™ mice
(online suppl. fig. 1). We termed the resultant mouse, ho-
mozygous for the floxed-Hamp1 gene and heterozygous
for Rosa-CreER"?, the ‘iHamp1-KO’ mouse, and Cre-neg-
ative littermate controls ‘iHampI-Ctrl’ mice. Tamoxifen
administration to iHampI-KO mice permits nuclear ac-
cess for the CreER"? protein that consequently mediates
the excision of exons 2-3 of the Hamp1 gene, resulting in
a null allele. The loss of hepcidin activity would be ex-
pected to lead to iron accumulation over time.

We first treated 7-week-old male iHamp1-Ctrl and
iHamp1-KO mice (fig. 1a) with tamoxifen daily for 5
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consecutive days and analysed mice 3 months later. The
deleted Hamp1 allele (481 bp) was detected in the ear,
liver, duodenum and spleen (fig. 1b). Deletion of exons
2 and 3 was associated with a marked loss of Hamp1
mRNA detection in the liver, spleen, lung and duode-
num (fig. 1c) and significant loss of serum hepcidin
(fig. 1d).

Tamoxifen-induced iHamp1-KO mice displayed sig-
nificant liver iron loading, preferentially around peri-
venular areas (fig. 2a, b). Iron loading was also evident
in cardiomyocytes in the heart and in pancreatic paren-
chyma (online suppl. fig. 2A, B). Conversely, induced
iHamp1-KO mice showed no stainable iron in the spleen
(fig. 2¢, d), consistent with the uninhibited release of
iron from red pulp macrophages. Hepatic expression of
Bmp6 mRNA (increased by iron loading [17]) was sig-
nificantly elevated in induced iHamp1-KO mice (fig. 2e).
Serum iron was significantly elevated, such that trans-
ferrin was fully saturated (fig. 2f, g), and serum ferritin
was consistently raised with increased tissue iron stor-
age (fig. 2h).

Together, these data demonstrate that the Hamp1 gene
can be disrupted in adult iHampIl-KO mice through
tamoxifen administration, resulting in the loss of hepci-
din expression and induction of an iron-overloading phe-
notype over 3 months.

Non-Induced iHamp1-KO Mice Have Equivalent Iron

Status to Littermate Controls

Our intention was to use iHamp1-KO mice for inves-
tigating the role of hepcidin against a background of nor-
mal iron status. In order to satisfy this criterion, we com-
pared the iron status of non-induced iHampI1-KO mice
to that of iHampI-Ctrl mice. The deleted Hamp1 allele
was not detected in either non-tamoxifen-treated
6-month-old male iHampl-Ctrl or iHampIl-KO mice
(online suppl. fig. 3A; compare with fig. 1a) consistent
with no detectable Cre leakage and retention of intact
Hamp] alleles in non-induced mice. Accordingly, there
were no significant differences in liver Hampl mRNA ex-
pression, serum hepcidin or serum iron concentrations,
or liver Bmp6 mRNA between groups (online suppl.
tig. 3B-E). There was no evidence of liver iron loading by
Perls’ staining in either iHampl-Ctrl or iHampl-KO
mice (online suppl. fig. 3F), and both groups displayed
stainable macrophage iron in the spleen (online suppl.
tig. 3G). Therefore, the hepcidin and iron status of non-
induced iHamp1-KO mice at 6 months is equivalent to
that of littermate controls.
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Fig. 1. Induction of targeted disruption of Hampl following
tamoxifen administration to iHampl-KO mice. Seven-week-old
male iHampIl-KO mice and littermate iHamp1-Ctrl mice were
treated daily for 5 days with 1 mg of tamoxifen per mouse; 3
months later, the mice were sacrificed and tissues taken for analy-
sis. a Genotyping PCR from ear tissue confirming the presence of
the Cre allele (upper panel) in iHamp1-KO but not iHampI-Ctrl
mice (lower panel) despite the presence of the flox-Hamp1 allele in
both (761 bp). b Genotyping PCR confirming deletion of Hamp1
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exons 2-3 in the ear, liver, duodenum and spleen in tamoxifen-
induced iHamp1-KO mice, but not iHamp1-Ctrl mice. ¢ Signifi-
cant depletion of Hampl mRNA in the liver, lung, spleen and du-
odenum in tamoxifen-induced iHampl-KO mice compared to
iHamp1-Ctrl mice, quantified by gqRT-PCR (dot plots show the
geometric mean * geometric SD, with p values reflecting the re-
sults of t tests based on log-transformed data). d Significant de-
crease in serum hepcidin in tamoxifen-induced iHamp1-KO mice.
Dot plot shows the arithmetic mean + SD; t test.
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Fig. 2. Evidence of iron loading 3 months after tamoxifen-admin-
istration to iHampI-KO mice. Seven-week-old male iHamp1-KO
mice and littermate iHampI-Ctrl mice were treated daily for 5 days
with 1 mg of tamoxifen per mouse; 3 months later, the mice were
sacrificed and tissues taken for analysis. Comparisons between
tamoxifen-induced iHampl-KO and littermate iHampl-Ctrl
mice. a Perls’ staining of 4-um liver sections indicating no iron
loading around the terminal venule (TV) in iHampI-Ctrl mice
(left), but increasing iron loading towards the TV compared to the
portal triad (PT) in induced iHamp1-KO mice (right). b Non-
heme liver iron quantification. ¢ Perls’ staining of 4-um spleen sec-
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tions with macrophage iron staining in iHampI-Ctrl spleens (left)
indicated with yellow arrows, absent in induced iHamp1-KO mice.
d Non-heme spleen iron quantification. e Elevated Bmp6 mRNA.
f Serum iron. g Tsat (the dataset includes imputed Tsat values:
when UIBC was below limit of detection, Tsat was allocated the
value of 100%) h Serum ferritin in iHamp1-KO mice. Images were
obtained using a Nikon DS-FI1 camera with a Nikon DS-L2 con-
trol unit and an Olympus BX40 microscope. Dot plots show the
arithmetic mean + SD; p values indicate the results of t tests. For
colors, see online version.
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Short-Term Effects of Tamoxifen Administration in

iHamp1-KO and Control Mice

We next tested the effects of varying the schedule of
tamoxifen administration on hepcidin deletion and iron
phenotype in iHampl-KO mice in the short term. In-
creasing the number of daily tamoxifen doses adminis-
tered to iHampl-KO mice cumulatively reduced liver
Hampl mRNA and serum hepcidin at 3 days after the
final tamoxifen injection (fig. 3a, b). However, a single
tamoxifen dose was still able to deplete both parameters,
and was also sufficient to significantly increase serum
iron and Tsat (fig. 3¢, d). To investigate how rapidly hep-
cidin disruption occurred, we reduced the time between
a single tamoxifen dose and analysis. The deleted Hamp1
allele could be detected in the liver as early as 6 h after
tamoxifen administration (fig. 3e; online suppl. fig. 4A),
with corresponding significant reductions in serum hep-
cidin and liver Hampl mRNA (fig. 3f, g; online suppl.
fig. 4B, C) and elevations in serum iron (fig. 3h; online
suppl. fig. 4D, E) observed by 24 h post-tamoxifen; in-
deed, only 6 h after tamoxifen, these parameters were sig-
nificantly altered in female mice (online suppl. fig. 4). The
higher hepcidin levels in male (fig. 3e, f) and female (on-
line suppl. fig. 4B, C) iHampI-Ctrl mice at the 6-hour
time point, compared to the 24- and 72-hour time points,
likely relate to the time of day that experiments were ter-
minated: 6-hour samples were taken in the afternoon
when hepcidin levels are raised, while 24- and 72-hour
samples were taken in the morning. To summarise, in
adult mice, changes in serum iron levels following Hamp1
disruption occur rapidly, reflecting the sensitive control
of serum iron by hepcidin.

To ensure that these effects were not related to tamox-
ifen itself, we examined changes in hepcidin and serum
iron in tamoxifen-treated wild-type C57BL/6 mice and
iHampl-Ctrl mice. Liver Hampl mRNA levels were
equivalent in vehicle- and tamoxifen-treated C57BL/6
mice 6 h after a single tamoxifen dose, but were margin-
ally lower in tamoxifen-treated wild-type mice by 24 h,
possibly due to the structural similarity between tamoxi-
fen and oestrogen, which can suppress hepcidin [18] (on-
line suppl. fig. 5A). At the same time point, there was a
slight but significant decrease (as opposed to expected in-
crease) in serum iron, but no difference in Tsat (online
suppl. fig. 5B, C).

At 30 h post-tamoxifen administration - the afternoon
time point equivalent to that used in the following exper-
iments assessing the effect of hepcidin disruption on in-
flammatory hypoferraemia - tamoxifen-treated male and
female C57BL/6 mice had equivalent liver Hampl mRNA
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expression to vehicle-treated controls, although baseline
Hampl expression was higher in females (online suppl.
tig. 6A) as previously reported [19]. A modest decrease in
serum hepcidin was observed in female mice (online
suppl. fig. 6B), which again may relate to oestrogen-relat-
ed hepcidin suppressive effects. However, this did not
manifest as confounding changes in serum iron (online
suppl. fig. 6C), and was not associated with alterations Id1
mRNA, reflecting perturbation of the hepcidin-stimula-
tory BMP (bone morphogenetic protein) pathway, nor
Stat3-signalling as indicated by fibrinogen alpha chain
(Fga; online suppl. fig. 6D, E).

In iHamp1-Ctrl mice, we found no difference in liver
Hampl mRNA or serum iron levels between vehicle- and
tamoxifen-treated groups at 3 days post-tamoxifen ad-
ministration (online suppl. fig. 5A, B). These data show
that tamoxifen had at most mild hepcidin-suppressive ef-
fects but that these were not accompanied by increases in
serum iron. Although there are sex-dependent effects on
baseline iron status (as previously observed), the Hamp1
allele is disrupted in both male and female mice in re-
sponse to tamoxifen, with rapid and marked effects on
serum iron. The results in iHamp1-KO mice are therefore
unlikely to be significantly affected by the tamoxifen ad-
ministration.

Hepcidin Is Required for Maximal Induction of

Hypoferraemia in Response to TLR Agonists and

HKBA

We next wished to investigate the role of hepcidin in
the hypoferraemic response to inflammation. As induc-
ers of inflammation we first chose the TLR4 ligand LPS
and the TLR2 ligand Pam3CSK4, both of which have pre-
viously been shown to decrease serum iron in mice [12,
20]. We administered male iHamp1-KO and iHampl-
Ctrl adult mice with 1 dose of tamoxifen and then inject-
ed mice with either LPS or vehicle 24 h later, and in a
separate experiment with either Pam3CSK4 or vehicle.

Six hours after LPS treatment, liver expression of inter-
leukin-6 (116), and the acute phase response gene Fga were
upregulated (fig. 4a, b), indicating an intact inflammatory
response in iHampl-KO and iHampI-Ctrl mice. Like-
wise, splenic expression of splenic ferroportin-1 (Slc40al),
encoding ferroportin, was suppressed in both groups of
LPS-treated mice (fig. 4c). In PBS-treated iHampI-KO
mice, tamoxifen reduced liver HampI mRNA (fig. 4d) and
serum hepcidin levels (fig. 4e), and increased serum iron
compared to tamoxifen-treated iHampl-Ctrl mice
(fig. 4f). In iHampI-Ctrl mice, LPS caused a significant
upregulation of liver Hampl mRNA (fig. 4d), increase in
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Fig. 3. Effect of the tamoxifen dose and schedule on HampI dis-
ruption in iHampI-KO mice. a-d Seven- to eight-week-old male
iHamp1-KO mice were treated with 1 dose of 1 mg of tamoxifen
per day, daily for between 1 and 4 days (i.e. 1 dose per day for up
to 4 days); littermate iHampI-Ctrl mice were given 1 tamoxifen
dose each day for 4 consecutive days. The mice were sacrificed and
tissues taken for analysis 3 days after the last tamoxifen dose.
Changes in liver Hampl mRNA (p < 0.0001; a), serum hepcidin
(p =0.0002; b), serum iron (p < 0.0001; c), and Tsat (p = 0.015; d)
with increasing numbers of tamoxifen doses. Dot plots show the
arithmetic mean * SD (except a, which shows the geometric mean
+ geometric SD, with statistics based on log-transformed data);
p values represent the results of one-way ANOVA, with Dunnett’s
multiple comparison test (*** p < 0.001, ** p < 0.01, * p < 0.05;

serum hepcidin (fig. 4e) and decrease in serum iron
(fig. 4f). In induced iHamp1-KO mice LPS did not in-
crease liver Hampl mRNA or hepcidin peptide (fig. 4d, e).
LPS was associated with a decrease in serum iron in
iHamp1-KO mice suggesting a partial hepcidin-indepen-

Induced Hepcidin Deletion Inhibits
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* dataset includes imputed Tsat values: when UIBC was below the
limit of detection, Tsat was allocated the value of 100%). e~h Sev-
en- to ten-week-old male iHampI-KO mice and littermate
iHamp1-Ctrl mice were administered a single 1 mg/mouse tamox-
ifen dose; mice were sacrificed and tissues taken for analysis after
6, 24 or 72 h. e PCR detection of HampI deletion in tamoxifen-
induced iHampI-KO mice, indicated by the presence of a Cre al-
lele. f Reduction in liver Hampl mRNA in iHampIl-KO mice as
early as 6 h post-tamoxifen administration. Changes in serum hep-
cidin (g), and serum iron (h). Dot plots show the mean + SD (ex-
cept e, which shows the geometric mean + geometric SD, with
statistics based on log-transformed data); p values indicate the re-
sults of t tests.

dent contribution to LPS-mediated hypoferraemia, yet se-
rum iron levels still remained significantly higher than in
non-LPS-treated iHamp1-Ctrl mice (fig. 4f).

For Pam3CSK4 treatment, we followed the same pro-
tocol as for LPS but analysed mice 3 h after administra-

] Innate Immun 2016;8:517-528
DOI: 10.1159/000447713

523


http://dx.doi.org/10.1159%2F000447713

p < 0.0001 p < 0.0007
= 0.0285
0.13 Pp<00001 = p<00001 5007 p<00001 p<0.0001 10 3 _p%
Iy ] vl o5dse T 400 A ' . <t ] {.— | ecg®
' ' Z Q. ' \d
ST 0013 : =53 v . 2T L
5 o E , = o 300 , ° € o \ e
c = i € - o i A R 1 El i
(% Bl ' (] _ 1 S @ 3 1
©-2 0001 HE S -2 200 D . S E '
=% ’ EREE ! CR . I® ] ! °
e i R 51 Wl
0.0001 ‘ —— ; 0-— —— ; 0.1 ‘ — ;
PBS LPS ' PBS  LPS PBS LPS ' PBS  LPS PBS LPS  PBS  LPS
a iHamp 1-Ctrl iHamp1-KO b iHamp 1-Ctrl iHamp1-KO C iHamp 1-Ctrl iHamp 1-KO
p < 0.0001 p = 0.0007 p < 0.0001
10003 p<00001  p=0.2201 20007 p=00139  p=0566 8o P<00001 p<0.0001
= ] : = 1 ¢ s s
=5 1 NE I £ 1,500 1 ! 2 60 :"?f
2T 1009 g : 2 ] : 2 : .
Se} E ! - o ! P !
- ] L £ 1000 4 e 6 407 = : .
QU > [ L) (] e B [ - ]
IS=] 10 4 ' —%— o ' 'Ec '
= ] - S 500 } : .. € 20 :
s | g Ul R g ot |
1 T T : T T O T T : T T 0 T T : T T
PBS LPS ' PBS  LPS PBS LPS ' PBS  LPS PBS LPS ' PBS  LPS
d iHamp1-Ctrl ~ iHamp1-KO e iHamp1-Ctrl ~ iHamp1-KO f iHamp1-Ctrl ~ iHamp1-KO

Fig. 4. Effect of tamoxifen-induced hepcidin disruption on the re-
sponse to LPS in iHampI-KO mice. Seven- to ten-week-old male
iHampI-KO mice and littermate iHampI1-Ctr]l mice were admin-
istered 1 mg of tamoxifen per mouse 24 h prior to being given
1 pg/g of LPS (E. coli O55:B5) or PBS vehicle intraperitoneally;
mice were culled 6 h after LPS administration. Induction of liver
Il6 (a) and Fga (b) mRNA, and reduction of Slc40al mRNA (c) in
both tamoxifen-treated iHamp1-Ctrl and iHamp1-KO mice treat-

tion of the TLR ligand in line with protocols previously
used by others [20]. The results overall were similar to
those obtained with LPS in that liver /6 and Fga were up-
regulated (fig. 5a, b), and splenic Slc40al was downregu-
lated (fig. 5¢) by Pam3CSK4 in both tamoxifen-treated
iHampl-KO and iHampl-Ctrl mice. However, while
Pam3CSK4 increased liver Hampl mRNA and serum
hepcidin, and caused a significant drop in serum iron in
iHampI-Ctrl mice, these changes did not occur in
iHamp1-KO mice (fig. 5d-f).

We next wished to test the effect of exposing iHamp1-
KO mice to intact microbes, and chose HKBA as this
treatment has been shown to cause inflammation and
hepcidin upregulation [21]. Six hours after HKBA treat-
ment, we observed increased liver 116 and Fga (fig. 6a, b),
and decreased splenic Slc40al (fig. 6¢), in both tamoxi-
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ed with LPS. Lack of Hampl mRNA (d) and serum hepcidin (e)
response to LPS in tamoxifen-treated iHampl-KO mice in con-
trast to tamoxifen-treated iHamp1-Ctrl mice. f Lack of absolute
hypoferraemic response to LPS in tamoxifen-treated iHamp1-KO
mice. Dot plots show the mean * SD; p values indicate the results
of t tests; in cases where data are spread over orders of magnitude,
data are plotted with log scales, geometric means + geometric SD
are shown, and t tests are performed on log-transformed data.

fen-treated female iHamp1-KO and iHampI-Ctrl mice.
Significant increases in liver Hampl mRNA and serum
hepcidin peptide, and a decrease in serum iron, were re-
stricted to HKBA-treated iHamp1-Ctrl mice (fig. 6d-f).
Similar patterns of inflammatory responses and hepcidin
responses to HKBA we seen in male iHampI-KO and
iHamp1-Ctrl mice (online suppl. fig. 8A-E); in this ex-
periment, although there was no reduction in serum iron
in HKBA-treated iHamp1-KO mice, the reduction in se-
rum iron in HKBA-treated littermate control mice was
not significant (online suppl. fig. 8F). These experiments
show that, when a decrease of serum iron is observed in
response to pro-inflammatory stimuli, hepcidin is a non-
redundant contributor to inflammation-induced hypo-
ferraemia.
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Fig. 5. Lack of hypoferraemic response to the TLR1/2 agonist
Pam3CSK4 in tamoxifen-induced iHampl-KO mice. Eight- to
nine-week-old male iHampI-KO mice and littermate iHamp1-
Ctrl mice were administered 1 mg of tamoxifen per mouse 24 h
prior to being given 400 ng/g Pam3CSK4 or PBS vehicle intraper-
itoneally; mice were culled 3 h after LPS administration. Induction
ofliver Il6 (a) and Fga (b) mRNA, and reduction of Slc40al mRNA
(c) in both tamoxifen-treated iHamp1-Ctrl and iHamp1-KO mice
treated with Pam3CSK4. Lack of Hampl mRNA (d) and serum

Discussion

Hepcidin regulates the rate of iron release from ferro-
portin-expressing cells, especially macrophages and en-
terocytes. Hereditary hemochromatosis due to inappro-
priately low hepcidin concentrations (caused by muta-
tions in HFE, TFR2, HJV or, rarely, HAMP) is charac-
terised by increased serum iron and iron accumulation in
parenchymal cells, including hepatocytes [reviewed in
22]. Conversely, the injection of hepcidin peptide de-
creases serum iron [23], and humans or mice with dys-
functional TMPRSS6 have higher hepcidin levels and
consequently low serum iron, an impaired capacity to ab-
sorb oral iron, and severe iron-restricted erythropoiesis
and anaemia [24, 25]. Hepcidin is also increased by in-
flammation, which may be beneficial in the context of

Induced Hepcidin Deletion Inhibits
Inflammatory Hypoferraemia

hepcidin (e) response to Pam3CSK4 in tamoxifen-treated iHamp1-
KO mice in contrast to tamoxifen-treated iHampl-Ctrl mice.
f Lack of hypoferraemic response to Pam3CSK4 in tamoxifen-
treated iHamp1-KO mice. Dot plots show the mean + SD; p values
indicate the results of t tests; in cases where data are spread over
orders of magnitude, data are plotted with log scales, geometric
means + geometric SD are shown, and t tests are performed on
log-transformed data.

some infections, by withholding iron from the pathogen
(5, 26-28].

Current models for studying the physiological role of
hepcidin by negating its activity have limitations. Treat-
ments that neutralise circulating hepcidin peptide (anti-
hepcidin antibodies and hepcidin-binding L-RNA ap-
tamers) induce a ‘rebound’ of very high endogenous hep-
cidin production [29, 30], as the homeostatic machinery
attempts to compensate for a lack of active hepcidin. Mice
genetically deficient in hepcidin avoid this problem, but
rapid iron accumulation from birth means that adult
germline Hampl-KO mice have a drastically different
iron status compared to wild-type controls [11]. It is
therefore difficult to assess the importance of hepcidin
upregulation for the inflammatory hypoferraemic re-
sponse in mice that have such a different baseline iron
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Fig.6.No hypoferraemic response to HKBA in tamoxifen-induced
iHampI-KO mice. Eight- to nine-week-old female iHamp1-KO
mice and littermate iHamp1-Ctrl mice were administered 1 mg of
tamoxifen per mouse 24 h prior to being given 2.5 x 103 HKBA or
PBS vehicle intraperitoneally; mice were culled 6 h after HKBA
administration. Induction of liver II6 (a) and Fga (b) mRNA, and
reduction of Slc40al mRNA (c) in both tamoxifen-treated iHamp1-
Ctrland iHampI-KO mice treated with HKBA. Lack of Hamp1I (d)

status compared to controls. This problem can be par-
tially alleviated through the use of iron-deficient diets,
but iron is still distributed differently in mice lacking hep-
cidin. For example, although serum iron in germline
Hamp1-KO mice fed a diet of 4 ppm Fe for 4-6 weeks was
comparable to serum iron in wild-type mice fed a diet of
10,000 ppm Fe for 2 weeks, liver iron was significantly
higher in the iron-loaded wild-type mice [5].

Here, we developed the iHamp1-KO mouse in which
a floxed Hamp1 gene is inducibly disrupted following the
administration of tamoxifen, which activates a CreER™?
recombinase. In the absence of tamoxifen, iHamp1-KO
mice grow to adulthood with iron indices and hepcidin
levels essentially indistinguishable from age-matched
Cre-negative controls (iHampI-Ctrl mice). Upon tamox-
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mRNA and serum hepcidin (e) response to HKBA in tamoxifen-
treated iHampl-KO mice in contrast to tamoxifen-treated
iHamp1-Ctrl mice. f Lack of hypoferraemic response to HKBA in
tamoxifen-treated iHamp1-KO mice. Dot plots show the mean +
SD; p values indicate the results of t tests; in cases where data are
spread over orders of magnitude, data are plotted with log scales,
geometric means + geometric SD are shown, and t tests are per-
formed on log-transformed data.

ifen exposure, hepcidin is efficiently disrupted in all the
tissues examined (liver, duodenum, ear, spleen) and in
theory in all tissues that are well perfused. The liver is es-
pecially well perfused, and so hepcidin may be especially
suitable for tamoxifen-induced gene disruption ap-
proaches. Three months following hepcidin disruption,
mice exhibited high serum iron and ferritin, low spleen
non-heme iron, and increased liver non-heme iron that
Perl’s staining revealed had accumulated in perivenular
areas. This pattern is characteristic of more severe hepci-
din deficiency models in mice [11, 31], and contrasts with
the periportal iron accumulation that occurs in Hfe-/-
and TfR2-/- mice [32, 33] and early stages of human he-
mochromatosis [34].
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Next, we followed the effects of tamoxifen injection over
shorter periods of time. Mice injected once with tamoxifen
showed reduced Hampl mRNA and serum hepcidin pep-
tide 3 days later, although both parameters further de-
clined in mice injected multiple times with tamoxifen.
However, the single tamoxifen injection was sufficient to
maximally increase serum iron levels and raise Tsat to
100%. Subsequently, we found that only 6 h after a single
tamoxifen injection, disruption of the HampI gene in the
liver had occurred to a significant extent. At this time
point, effects on liver Hampl mRNA, serum hepcidin and
serum iron were already apparent in female mice, becom-
ing highly significant in both female and male mice by
24 h after injection. These data show that gene disruption,
decline in gene expression and downstream physiological
effect occur rapidly after exposure to tamoxifen.

We then used this model to assess the role of hepcidin
in the hypoferraemic response to inflammation. The in-
flammatory response to each of LPS, Pam3CSK4 and
HKBA in the liver was comparable between tamoxifen-
induced iHamp1-KO and littermate iHampI-Ctrl mice, as
indicated by II6 and Fga mRNA upregulation. In controls
exposed to pro-inflammatory stimuli, Hampl mRNA and
serum hepcidin was increased, while in all but one experi-
ment (males treated with HKBA), significant decreases in
serum iron concentrations were observed, as expected.
However, in tamoxifen-induced iHamp1-KO mice, liver
Hampl mRNA was vastly reduced and not increased by
pro-inflammatory stimuli, serum hepcidin peptide was
also reduced, and there was no evidence of absolute hypo-
ferraemia. LPS treatment did lead to decreased serum iron
in tamoxifen-induced iHamp1-KO mice, but serum iron
was still above that of non-LPS-treated iHamp1-Ctrl mice.
Although hepcidin peptide alone can induce hypoferrae-
mia [23], and although anti-hepcidin antibody or Spie-
gelmer can alleviate inflammation-induced hypoferrae-
mia [29, 30, 35], whether hepcidin is absolutely required
for hypoferraemia is not clear. Ferroportin transcription
can be decreased by inflammation, potentially also con-
tributing to hypoferraemia [36, 37]. Indeed, Deschemin
and Vaulont [12] found that germline Hamp1-KO mice
could still develop hypoferraemia 6 h after LPS injection,
potentially due to hepcidin-independent decreases in fer-
roportin, Dmtl and Dcytb in the duodenum, while Guida
et al. [20] found that inflammation induced by the admin-
istration of FSL1 (a TLR2/6 agonist) or Pam3CSK4 to mice
decreased the expression of ferroportin in splenic macro-
phages and induced hypoferraemia 3 h post-injection in a
hepcidin-independent fashion. In our experiments, we ob-
served an approximate 10-fold reduction in splenic Fpnl
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mRNA levels in both iHamp1-KO and iHampI1-Ctrl mice.
The lack of hypoferraemia in our experiment suggests that
in mice in which the baseline iron status is similar to con-
trols (unlike the Hamp1-KO mice used by Deschemin and
Vaulont [12], or the C326S hepcidin-resistant ferroportin
mutant mice used by Guida et al. [20]), transcriptional
downregulation of Fpnl (and/or Dmt1, Dcytb) caused by
LPS, Pam3CSK4 or HKBA is insufficient alone to cause
hypoferraemia below normal serum iron levels. The rela-
tively lower serum levels in LPS-treated iHamp1-KO mice
compared to vehicle-treated iHamp1-KO mice is, howev-
er, consistent with a hepcidin-independent contribution
to decreases in serum iron during inflammation, which
appears to vary depending on the nature of the inflamma-
tion-inducing entity. Nevertheless, our experiments show
that hepcidin is required for maximal decrease of serum
iron to below normal levels by acute inflammation. Hep-
cidin induction may also be the more important contribu-
tor to longer-term inflammatory anaemia because anti-
hepcidin treatments can largely rescue serum iron levels
and partly restore haemoglobin [21, 29, 30, 35].

In conclusion, we have developed and characterised a
new inducible hepcidin-disruption mouse model that il-
lustrates the role of endogenous hepcidin in the rapid
control of serum iron under steady-state conditions and
in inflammation and infection. The model will allow a
detailed investigation of hepcidin in a variety of patho-
logical conditions that involve iron dysregulation.
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