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Absence of functional Hfe protects mice from invasive Salmonella enterica
Serovar Typhimurium infection via induction of lipocalin-2
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Mutations of HFE are associated with
hereditary hemochromatosis, but their in-
fluence on host susceptibility to infection
is incompletely understood. We report
that mice lacking one or both Hfe alleles
are protected from septicemia with Salmo-
nella Typhimurium, displaying prolonged
survival and improved control of bacterial
replication. This increased resistance is
paralleled by an enhanced production

of the enterochelin-binding peptide
lipocalin-2 (Lcn2), which reduces the
availability of iron for Salmonella within
Hfe-deficient macrophages. Accordingly,
Hfe~'-Lcn2-'- macrophages are unable
to efficiently control the infection or to
withhold iron from intracellular Salmo-
nella. Correspondingly, the protection
conferred by the Hfe defect is abolished
in Hfe~/~ mice infected with enterochelin-

deficient Salmonella as well as in
Hfe~'-Lcn2-'- mice infected with wild-
type bacteria. Thus, by induction of the
iron-capturing peptide Lcn2, absence of
functional Hfe confers host resistance to
systemic infection with Salmonella,
thereby providing an evolutionary advan-
tage which may account for the high
prevalence of genetic hemochromatosis.
(Blood. 2009;114:3642-3651)

Introduction

HFE, a nonclassical MHC-I molecule, is the protein product of the
gene mutated in hereditary hemochromatosis (HH) type I (also
termed HFE-related HH), a prevalent autosomal recessive iron
overload disorder. Two missense mutations, C282Y and H63D, in
the HFE gene account for most HH cases. The C282Y mutation is
found with an allelic frequency of 8% to 12% in people of northern
European descent, whereas the H63D substitution is also present in
other populations.'

Despite considerable efforts to elucidate its physiologic func-
tion, the precise role of HFE remains incompletely understood. On
the one hand, HFE controls cellular iron homeostasis both by
lowering the affinity of transferrin receptor-1 (TfR1) for iron-laden
transferrin and by influencing cellular iron efflux.> On the other
hand, through its interactions with TfR1 and TfR2 expressed on
hepatocytes, HFE modifies the formation of the key iron-regulatory
hormone hepcidin antimicrobial peptide (Hamp) and thus affects
systemic iron balance.%!!

Although parenchymal organs such as liver, heart, or pancreas
progressively accumulate iron in subjects with HFE-related HH,
cells of the mononuclear phagocyte system are depleted of this
metal.!>!3 The mononuclear phagocyte system is centrally in-
volved in the maintenance of body iron homeostasis as it recycles
iron from senescent erythrocytes to the circulation by the transmem-
brane protein ferroportin-1 (Fpn1; also termed Slc40al).!*!5 Impor-
tantly, the expression of Fpnl on cells is controlled by the
acute-phase reactant Hamp. Both iron overload and inflammation

stimulate the formation of Hamp, which binds to Fpnl, resulting in
its internalization and proteolysis with subsequent blockade of iron
export.'%!7 Macrophages need certain amounts of iron for the
generation of ROS, which represents an important mechanism of
innate immune defense. However, iron also exerts negative regula-
tory effects on IFN-y or LPS-inducible macrophage immune
effector pathways, including the formation of nitric oxide, the
expression of MHC class II molecules, and the generation
of TNF-q.18-20

On infections with intracellular microbes, including Salmo-
nella, host phagocytes and invading pathogens have a shared
requirement for iron. Consequently, competitive interactions be-
tween macrophage iron transporters and microbial iron acquisition
systems form a central battlefield that determines the course of
disease.?!"2* Salmonella enterica Serovar Typhimurium (S Typhi-
murium) is a facultative intracellular microbe whose pathogenicity
depends on its ability to invade macrophages, thus exploiting these
cells as a habitat for multiplication and for spreading within the
host.>* To acquire the scarce amounts of free iron present within
mononuclear phagocytes, S Typhimurium has evolved siderophore-
dependent and -independent mechanisms,??¢ both of which are
linked to its virulence.?’8

In response to infections, innate immune cells secrete the
antimicrobial peptide lipocalin-2 (Lcn2; also known as neutrophil
gelatinase-associated lipocalin, siderocalin, or 24p3), which cap-
tures iron-laden bacterial siderophores, such as enterochelin (also
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known as enterobactin) and carboxymycobactins.??° Intriguingly,
the interaction of an iron-siderophore-Lcn2 complex with its
receptor (LenR) results in the import of iron into mammalian cells
and subsequent iron storage.’! However, an iron-free siderophore
can be bound by Lcn2 and taken up into host cells by LenR.
Intracellularly, this imported siderophore can complex iron and
export it out of cells, resulting in cellular iron deprivation.?!

Given the central importance of iron for the growth and
proliferation of intracellular pathogens and the well-known relation
between intramacrophage iron availability and immune function,
we hypothesized that Hfe deficiency, which results in mononuclear
iron depletion, may be advantageous to the host during infections
with intraphagocytic microbes such as § Typhimurium.

Methods

Cell culture and Salmonella infection in vitro

Thioglycolate-elicited primary peritoneal macrophages were harvested
from C57BL/6 mice of different genotypes (detailed in supplemental
Methods, available on the Blood website; see the Supplemental Materials
link at the top of the online article), matched for sex and age, and cultured in
RPMI (purchased from Biochrom AG) containing 5% heat-inactivated fetal
calf serum (FCS; PAA Laboratories GmbH), 100 U/mL penicillin, 0.1 mg/
mL streptomycin, and 10 mM HEPES (all from Sigma-Aldrich). Cell
preparations used for subsequent experiments had at least 90% to 95%
purity, as determined by the expression of F4/80 on the cell surface in
fluorescence-activated cell sorting analysis.

Wild-type (WT) S Typhimurium strain ATCC14028 and its isogenic
derivatives deficient in iroBC, entC, entC sit feo, ssrA, and SPI-1,
respectively, were generated and used as described.?>2832 Briefly, macro-
phages were infected with S Typhimurium at a multiplicity of infection of 5
at 37°C for 24 hours, unless otherwise indicated. Thereafter, macrophages
were washed 3 times in PBS and subjected to RNA isolation. In certain
experiments, macrophages were treated with recombinant murine Lcn2
(apo-Lcn2, free of iron and microbial siderophores; purchased from R&D
Systems), a monoclonal anti-mouse Lcn2 antibody (clone 228418; pur-
chased from R&D Systems), a rat 1gG,, isotype control antibody (clone
54447, purchased from R&D Systems), or the appropriate solvent. For
quantification of intracellular Salmonella by gentamicin protection assay,
macrophages were lysed at different time points after infection in 0.5%
deoxycholic acid (Sigma-Aldrich) and plated under sterile conditions onto
LB agar plates.

To determine the effects of endogenous or recombinant Lcn2 on
Salmonella growth, strains were grown in complete RPMI without antibiot-
ics. Bacterial growth was followed by photometric measurement of
absorbance at 600 nm. The antibacterial effects of Lcn2 were evaluated in
mid-logarithmic cultures.

To test for viability, primary macrophages were isolated, and kits were
used to determine cellular lactate dehydrogenase release (Sigma-Aldrich)
and caspase-1 activity (Calbiochem) according to the manufacturer’s
recommendations.

Quantification of iron uptake and release by macrophages

Macrophage iron uptake and release studies were performed as detailed
elsewhere? using 12.5 pg/mL *Fe-labeled transferrin or 5 uM *Fe-citrate
(DuPont New England Nuclear). For iron release experiments, cells were
first incubated with 5 uwM *°Fe-citrate for 4 hours to allow iron loading and
then washed 4 times. After an additional incubation for 2 hours, cellular iron
release was measured by a y-counter.’ In parallel to each iron release study,
a trypan-blue exclusion assay was performed to ensure that neither
treatment interfered with the integrity of the macrophage cell-surface
membrane.
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Determination of iron acquisition by S Typhimurium

Experiments to measure bacterial iron acquisition were performed as
described in detail elsewhere.?? In brief, Salmonella-infected macrophages
were washed 3 times and repleted with serum-free, HEPES-buffered RPMI.
After the addition of 5 uM Fe-citrate, cells were incubated for an
additional 8 hours. Intracellular bacilli were harvested according to a
modified protocol as described.?23*

Determination of cellular iron content

The intracellular iron content of primary macrophages was measured by
Graphite furnace atomic absorption spectrometry, carried out exactly as
described.® Values were normalized for the total cellular protein content.

Immunoprecipitation

Acute-phase sera were elicited by intraperitoneal inoculation of 108 WT
S Typhimurium that had been heat-inactivated at 70°C for 20 minutes.
Endogenous Lcn2 was removed from acute-phase sera by immunoprecipita-
tion with the monoclonal anti-Lcn2 antibody or an isotype control antibody
(see “Salmonella infection in vitro”) and protein G Sepharose (Amersham)
according to the manufacturer’s recommendations.

Salmonella infection in vivo

All animal experiments described were performed in accordance with
Austrian legal requirements after approval by the Austrian authorities. Mice
were maintained at the central animal facilities of the Medical University of
Innsbruck and were given free access to water and food. Hfe ™/~ and
Lcn2~/~ mice were generated as described,??3¢ crossed back on a C57BL/6
(Nramp1°) background for at least 12 generations, and transferred to the
specific pathogen-free unit of the local animal facility by embryonic
transfer. Double knockout (KO) animals were generated as described in
supplemental Methods.

For in vivo infection experiments, male mice were used at 20 to
26 weeks of age and fed a standard diet (180 mg Fe/kg, C1000 from
Altromin). Mice were infected intraperitoneally with 500 CFU S Typhi-
murium suspended in 200 wL PBS. Animals were monitored twice daily for
signs of illness, and moribund mice were killed. Forty-eight and 96 hours
after infection, mice were randomly selected for the determination of
colony counts. Bacterial load in livers and spleens was determined by
plating serial dilutions of organ homogenates on LB agar under sterile
conditions. In parallel, organs were frozen in liquid nitrogen for subsequent
preparation of RNA and protein as detailed in supplemental Methods. Mice
selected for the determination of colony counts and gene expression studies
were not considered for the recording of survival times.

Blood counts

Blood samples were drawn under anesthesia by retroorbital puncture and
collected in heparinized tubes. An aliquot of blood was used for complete
blood counts performed on an animal blood counter instrument.

Detection of cytokines, nitrite, and reactive oxygen species

Cytokine concentrations in serum samples and cell culture supernatants
were determined by specific enzyme-linked immunoabsorbent assay
(ELISA) kits (kits for IFN-y, TNF-«, IL-1p, IL-6, IL-10, and IL-12p70
obtained from BD PharMingen; kit for Len2 obtained from R&D Systems;
kit for heterodimeric IL-23 obtained from eBioscience). Determinations of
nitrite and total oxidative capacity in cell culture supernatants were
performed by commercially available colorimetric assays.

Statistical analysis

Statistical analysis was carried out using a SPSS statistical package (SPSS
Inc). Calculations for statistical differences were carried out by analysis of
variance test with the use of Bonferroni correction for multiple tests
(parametric) or by Kruskal-Wallis test (nonparametric). For comparison of
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Figure 1. Macrophage iron content and Lcn2 expression as a function of Hfe
genotype. Thioglycolate-elicited primary peritoneal macrophages were isolated from
mice of the indicated genotypes grown under control conditions or infected with WT
Salmonella Typhimurium (S Tm). The total cellular iron content was measured by
atomic absorption spectrometry (A,C,D) and normalized for protein content. The
transcriptional expression of genes contributing to macrophage transmembrane iron
fluxes was determined by quantitative RT-PCR and normalized for Hprt expres-
sion (B). Iron export from WT and Hfe/~ macrophages was determined in 5°Fe-
transport studies. Data from 3 to 5 independent experiments were compared by
analysis of variance (ANOVA) using Bonferroni correction or Kruskal-Wallis test,
with statistical significance as indicated. Values are depicted as lower quartile,
median, and upper quartile (boxes); minimum/maximum ranges (A-D); or as
mean = SEM (E), respectively.

survival experience between subgroups, the Wilcoxon (Gehan) statistic
was used.

Results

Cellular iron content of primary WT, Hfe*/~, and Hfe=/~
macrophages

We first confirmed that peritoneal macrophages isolated from
Hfe™~ and Hfe™"~ mice had significantly reduced intracellular iron
levels compared with their Hfe™™ WT counterparts (Figure 1A). To
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elucidate the putative underlying mechanisms, we studied the
expression of iron metabolic genes in macrophages. We found that
Hfe™~ and Hfe/~ mononuclear phagocytes expressed signifi-
cantly higher mRNA levels of Len2, which has the capacity to
mediate the bidirectional transport of siderophore-bound iron
across the cell surface membrane (Figure 1B). In contrast, the
transcript levels of other proteins implicated in macrophage iron
handling such as divalent metal transporter-1 (Dmtl; Slcllal),
TfR1, Fpnl, Hamp, LcnR, heme oxygenase-1 (Hmox1) and feline
leukemia virus subgroup C receptor (Flvcr) were not affected by
the Hfe genotype (data not shown). As modulation of Lcn2
expression might also affect the viability of macrophages by
induction of apoptosis in these cells, we measured cellular release
of lactate dehydrogenase and caspase-1 activity in Hfe™" and
Hfe™’~ macrophages, observing no differences for the Hfe geno-
type (data not shown).

To determine the net effect of enhanced Lcn2 expression on the
intracellular iron content of mononuclear phagocytes, we measured
cellular iron levels of peritoneal macrophages obtained from
C57BL/6 Hfe''*, Hfe ™/, Lcn2~/~, and Hfe ™/~ Lcn2~/~ double KO
mice. We observed increased intracellular iron levels in macro-
phages harvested from Lcn2™/~ mice compared with WT controls.
Furthermore, Hfe™~Lcn2~/~ macrophages displayed an iron con-
tent similar to that observed in Hfe'/*Lcn2~/~ phagocytes but
significantly higher than in Hfe ™/~ Lcn2*/* phagocytes (Figure 1C).
Of interest, we measured a substantial reduction in macrophage
iron content after Salmonella infection, with the lowest iron levels
observed within infected Hfe ™~ cells (Figure 1D). In parallel, iron
release was stimulated on Salmonella infection as described?? and
was significantly higher in Hfe ™~ macrophages, both in response
to infection or stimulation with IFN-y, compared with Hfe™’*
macrophages (Figure 1E).

In contrast, with regard to iron uptake we found no significant
difference in the acquisition of nontransferrin bound iron or
transferrin-bound iron between Hfe™* and Hfe ™/~ macrophages
(supplemental Figure 1A-B).

Effects of Hfe genotype and Lcn2 production on
intramacrophage Salmonelia survival

Because iron is essential for the proliferation of intracellular
pathogens, we hypothesized that Hfe-deficient phagocytes might
better control Salmonella infection. Therefore, we studied the
intramacrophage survival of S Typhimurium within WT, Hfe'/~,
and Hfe ™~ phagocytes. We found that the bacterial burden in
isolated primary macrophages was not affected by the Hfe geno-
type at early time points studied, namely 30 minutes, 1 hour,
2 hours, and 6 hours after infection, suggesting that Hfe may not
affect phagocytosis and early elimination of Salmonella (data not
shown; Table 1). In contrast, after an infection period of 16 and
24 hours, the microbial burden was significantly lower within
Hfe™~ and Hfe /= phagocytes compared with their WT counter-
parts (Table 1). When analyzing the expression of several immune
genes by quantitative reverse transcription—polymerase chain reac-
tion (RT-PCR), we found that Hfe™* and Hfe™~ macrophages
expressed comparable mRNA levels of inducible nitric oxide
synthase (iNOS) and phagocyte oxidase—p47 (Table 2). Further-
more, the expression levels of mRNA corresponding to inflamma-
tory cytokines/chemokines TNF-a, IL-1@, IL-6, IL-12, IL-23,
macrophage inflammatory protein 1o, and monocyte chemoattrac-
tant protein 1 in Salmonella-infected or IFN-y—stimulated macro-
phages were not affected by their Hfe genotype (Table 2).
Accordingly, the concentrations of TNF-a, IL-1, IL-6, and IL-10
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Table 1. Antimicrobial activity (in x103 CFU) of WT and Hfe-deficient macrophages

Bacterial load Hfe*"*

Hfet/- Hfe~"~

370.67 + 22.57
260.67 + 15.69
86.83 = 3.59
25.36 = 1.16

2 h after infection
6 h after infection
16 h after infection
24 h after infection

364.67 + 40.20
245.33 + 14.32
55.50 = 4.64*
11.94 = 0.57%

367.33 = 29.37
233.33 + 13.66
41.75 = 3.67t
10.02 + 0.56§

WT, Hfe*/~, and Hfe~/~ macrophages were challenged with S Typhimurium WT strain at a MOI of 5, and their antimicrobial activity was evaluated by enumeration of
surviving bacteria at indicated times. Data were log-transformed and compared by ANOVA and shown as mean = SEM for 5 independent experiments.
WT indicates wild-type; MOI, multiplicity of infection; and ANOVA, analysis of variance.

*P = .002 for the comparison of WT and Hfe*/~ macrophages.
1P < .001 for the comparison of WT and Hfe~/~ macrophages.
}P < .001 for the comparison of WT and Hfe*/~ macrophages.
§P < .001 for the comparison of WT and Hfe~/~ macrophages.

as well as nitrite were similar in culture supernatants of Hfe™* and
Hfe™~ phagocytes (supplemental Figure 2).

Notably, we observed increased Lcn2 protein secretion by
Hfe™’~ macrophages in response to infection compared with
Hfe*/* cells (Figure 2A), whereas mRNA levels of LenR, Fpnl,
and Hamp were not different between cells of these 2 genotypes
(data not shown).

To determine whether the high levels of Lcn2 produced by
Hfe-deficient macrophages directly contribute to the clearance of
S Typhimurium, we infected primary peritoneal macrophages with
bacteria, added a neutralizing anti-mouse Lcn2 antibody or an
isotype control antibody, and determined the intracellular bacterial
burden 16 and 24 hours after infection The neutralization of Lcn2
abolished the differences in the bacterial load observed in macro-
phages of different Hfe genotypes at both time points (Figure 2B;
data not shown). Notably, the secretion of macrophage-derived
cytokines TNF-a, IL-1B3, IL-6, IL-10, IL-12, and IL-23 and the
production of ROS and RNS did not differ between macrophages
of these Hfe genotypes and was unaffected by the antibody-
mediated neutralization of Lcn2 (data not shown).

Importantly, the neutralization of Lcn2 promoted iron acquisi-
tion by internalized bacteria and nearly abolished the differences
with respect to Salmonella iron acquisition within Hfe WT, Hfe™~,
and Hfe™~ macrophages (Figure 2C). To validate these results, we
analyzed C57BL/6 Hfe™*, Hfe =, Len2~/~, and Hfe /~Lcn2~/~

macrophages for their capacity to withhold iron from engulfed
S Typhimurium and to kill the bacteria after phagocytosis. Al-
though Hfe~Lcn2™* macrophages inhibited Salmonella replica-
tion significantly better than did WT cells, this effect was abrogated
in Hfe™’~Lcn27/~ macrophages (Figure 2D). In parallel, the
increased ability of Hfe™~Lcn2™" phagocytes to withhold iron
from internalized bacteria depended on the presence of Lcn2,
because Salmonella iron acquisition was not different between
bacteria residing within Hfe'/*Lcn2™/~ and Hfe ™/ Lcn2 ™/~
cells (Figure 2E).

Course of S Typhimurium infection in Hfe WT, Hfe*/~, and
Hfe~'~ mice

To investigate the influence of Hfe on the course of invasive
Salmonella infection in vivo, Hfe*/~, Hfe /~, and congenic C57BL/6
WT mice were injected intraperitoneally with a S Typhimurium
WT strain. Thirteen (93%) of 14 C57BL/6 control mice died by
days 2 to 7 of infection. In comparison, 27% of Hfe*/~ and 33% of
Hfe™~ mice remained alive at the end of the observation period
(Figure 3A). Bacterial loads in livers (Figure 3B) and spleens
(Figure 3C) of randomly selected Hfe™~ and Hfe’~ mice were
significantly lower compared with their WT littermates, whereas no
statistically significant difference in bacterial load was found
between Hfe'/~ and Hfe™~ animals. Thus, deficiency in 1 or 2 Hfe

Table 2. Expression of macrophage immune response genes in WT and Hfe-deficient macrophages

Hfe genotype/stimulation gene name Hfe*/+ control Hfe~/~ control Hfet/* STm Hfe~- STm
iNOS 0.00 + 0.00 0.00 + 0.00 0.21 + 0.09* 0.19 + 0.06*
phox-p47 0.68 £ 0.05 0.75 £ 0.08 1.16 £ 0.25 1.25 £0.16
TNF-a 0.03 = 0.00 0.03 = 0.00 2.83 = 0.35* 2.21 £ 0.37*
IL-18 0.01 £ 0.00 0.01 £ 0.00 175.18 = 29.84* 141.71 + 45.16*
IL-6 0.31 £0.15 0.58 £ 0.03 296.38 + 57.90* 257.65 + 61.94*
IL-10 0.24 = 0.03 0.51 £ 0.03 3.44 = 0.64* 4.59 + 0.45*
IL-12p35 0.01 £ 0.00 0.02 £ 0.00 142.70 * 22.48* 148.43 + 5.82*
IL-12/23p40 0.15 £ 0.04 0.09 £ 0.02 377.64 = 84.73* 315.80 + 27.64*
IL-18 0.39 + 0.06 0.74 £ 0.07 3.70 = 0.86* 2.86 + 0.44*
IL-23p19 0.01 £ 0.00 0.00 = 0.00 0.90 + 0.20* 1.38 = 0.05*
Mip-1a 0.01 £ 0.00 0.01 £ 0.00 1.71 = 0.27* 1.13 = 0.22*
Mcp-1 0.08 + 0.02 0.20 = 0.03 3.75 = 0.46* 4.14 + 2.04*
TGF-B 0.95 £ 0.22 0.71 £0.10 1.56 = 0.40 1.67 £ 0.49
MHC-II 2.80 £ 0.34 2.16 £ 0.57 5.69 + 0.75* 4.62 + 0.15*
Len2 19 =06 8.3 *1.0f 4434.1 + 1695.3* 12 228.3 = 1149.6*t

Primary Hfe*/* and Hfe~/~ macrophages were treated with complete RPMI (control) or infected with WT Salmonella Typhimurium (S Tm) for 24 hours. Expressions of
macrophage immune response genes were analyzed by quantitative RT-PCR. Specific values of target genes were normalized to those of Hprt and depicted as means = SEM
of arbitrary expression unit (AU). Values from at least 4 independent experiments were compared by Kruskal-Wallis analysis.

WT indicates wild-type; S Tm, Salmonella Typhimurium; iNOS, inducible nitric oxide synthase; TNF, tumor necrosis factor; IL, interleukin; Mip, macrophage inflammatory
protein; Mcp, monocyte chemotactic protein; TGF, transforming growth factor; MHC, major histocompatibility complex; and Lcn, lipocalin.

*P < .05 as compared with control cells of the corresponding genotype.

1P < .05 for the comparison of Hfe** and Hfe~/~ phagocytes subjected to the same stimulation.
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Figure 2. Macrophage Lcn2 production and antibacterial
activity. Macrophages were harvested from WT and Hfe~~ mice
and treated with 100 U/mL IFN-y or infected with WT S Typhi-
murium (S Tm) for 24 hours. The production of Lcn2 was investi-
gated in culture supernatants by ELISA (A). Data were log-
transformed and compared by ANOVA and are shown as mean
+ SEM of at least 3 independent experiments. WT, Hfe™~, and
Hfe~/~ mice were infected with WT Salmonella. The bacterial
burden was determined by gentamicin protection assay (B). In
parallel experiments, the acquisition of 5°Fe by intramacrophage
Salmonella was determined (C). In additional experiments, the
survival of S Typhimurium within C57BL/6 WT, Hfe~/~, Lcn2~/-,
and Hfe~/~Lcn2/~ macrophages (D) as well as bacterial iron
uptake within these cells (E) were determined. These data were
analyzed by ANOVA and shown as mean + SEM of at least
3 independent experiments. *P < .05 compared with the solvent-
treated control of the corresponding genotype, #P < .05 for the
comparison of cells of different genotype subjected to the same

stimulatory regimen.
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copies was associated with protection against acute S Typhimurium
infection in vivo.

Iron homeostasis, immune response, and peripheral blood
count in Hfe WT and Hfe~/~ mice in response to Salmonella
infection

On examination of tissue expression of selected immune and iron
metabolism genes by quantitative RT-PCR, we found that iNOS
and phagocyte oxidase—gp47 mRNA expression were not different
between spleens of Hfe™”~ and C57BL/6 control littermates
(supplemental Table 1). However, mRNA levels of Lcn2 were
significantly higher in both livers and spleens of Hfe ™/~ animals
compared with their WT counterparts (Figures 4A-B). Similarly,
Hfe*’~ mice displayed higher Len2 transcript expression in both
organs compared with C57BL/6 mice (data not shown). In contrast,
mRNA levels of Fpnl and Hamp in both livers and spleens were
not significantly different between infected WT and Hfe-deficient
animals, although solvent-treated Hfe”~ mice tended to have the
lowest hepatic Hamp mRNA expression (details not shown).
Moreover, Lcen2 protein expression was higher in the livers and
spleens of Hfe'/~ and Hfe™’~ mice compared with WT animals,
both under control conditions and after Salmonella infection

(Figure 4C-D). In contrast, although Hfe-deficient control mice
displayed higher Fpnl protein levels than did WT controls, no
substantial difference in Fpnl protein expression was found
between Salmonella-infected WT and Hfe-deficient animals. Fur-
thermore, the Hfe genotype did not influence iNOS or Hmox1
protein expression in the spleens of either control or infected
mice (Figure 4D).

When studying the expression of inflammatory genes in the
spleen, we found that mRNA levels of the T cell-derived cytokines
IFN-vy, IL-4, IL-13, IL-17A, IL-17F, and TGF- and of the master
switch transcription factors T-bet, GATA-3, ROR~yt, and Foxp3
were not influenced by the Hfe genotype in solvent-treated or
infected animals (supplemental Table 1; data not shown). More-
over, we detected no differences in TNF-«, IL-1p3, IL-6, IL-10,
IL-12p35, 1L-12/23p40, 1L-18, and IL23p19 mRNA levels com-
pared with WT and Hfe ™~ mice. Correspondingly, serum levels of
TNF-a, IL-6, IL-10, IL-12, IL-23, IFN-v, and nitrite were not
different between Hfe'’* and Hfe™~ animals, whereas IL-1B
remained undetectable in these serum samples (supplemental
Figure 3; data not shown). In contrast, Lcn2 levels in the sera of
Hfe'’~ and Hfe ™/~ mice were significantly higher compared with
their WT littermates (Figure 4E).
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Figure 3. Effect of Hfe functionality on Salmonellainfection in A
vivo. C57BL/6 WT, Hfet/~, and Hfe~/~ mice were infected
intraperitoneally with 500 CFU of WT S Typhimurium. Survival — Het*
was monitored during an observation period of 10 days and 100 -
compared between subgroups using the Wilcoxon (Gehan) =
test (A). P = .007 for Hfe*/* versus Hfe*/~, P = .049 for Hfe*/* &, 80
versus Hfe~/~. Bacterial loads in at least 6 animals per group §
were determined in livers (B) and spleens (C) of randomly se- g
lected animals at days 2 and 4 after infection. Data were log- @ 60
transformed and compared by ANOVA with Bonferroni correction. 2
Values are depicted as lower quartile, median, and upper quartile % 40
(boxes), and minimum/maximum ranges and statistical signifi- o
cance are indicated. 20 —
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To determine whether the higher levels of Lcn2 found in the
sera of Hfe'~ and Hfe ™/~ animals contribute to the improved
control of Salmonella replication observed in these mice, acute-
phase sera were obtained and analyzed for their antibacterial
activity in liquid bacterial cultures. Of note, acute-phase sera of
mice lacking one or both Hfe alleles limited the growth of WT
Salmonella significantly better than did the sera from WT animals
(Figure 4F). These differences were abrogated after immunoprecipi-
tation with a neutralizing a-Len2 antibody or on the addition of
100 uM ferrous sulfate, implicating an underlying Len2-mediated
and iron-dependent mechanism.

To rule out an influence of Hfe dysfunction on resistance to
S Typhimurium by an effect on hematopoiesis, we analyzed blood
samples of solvent-treated and infected WT C57BL/6 and Hfe /~
mice. Blood cell numbers and hemoglobin concentrations were not
significantly influenced by the Hfe genotype (supplemental Table 2;
data not shown).

Influence of bacterial enterochelin production on the course of
Salmonella infection in Hfe WT and Hfe~/~ mice and
macrophages

Because Len2 is known to sequester iron-siderophore complexes,
we next investigated the contribution of Salmonella iron acquisi-
tion systems to the phenotype of improved bacterial control
observed in Hfe™~ macrophages. We found that the protective
effect conferred by the absence of Hfe was abrogated on infection
with a Salmonella entC mutant, which is unable to produce the
bacterial siderophore enterochelin, as well as with an entC sit feo
triple mutant. In contrast, the antibacterial effects of Hfe ™/~
macrophages against WT Salmonella were also observed against
ssrA, SPI-I, and iroBC mutant Salmonella, the latter able to
produce enterochelin but unable to produce and use salmochelins

48 h 96 h 48 h 96 h

(Figure 5A). The improved bacterial control exerted by Hfe /~
macrophages thus mimicked the effects of recombinant murine
Len?2 added to liquid Salmonella cultures (supplemental Figure 4).

To establish whether bacterial enterochelin production is also
linked to the protective effects of Hfe deficiency in vivo, we
infected Hfe”~ mice and their WT littermates intraperitoneally
with 500 CFU of the entC mutant S Typhimurium strain. Remark-
ably, 46% of WT animals and 45% of Hfe™~ mice infected with
entC-deficient Salmonella survived beyond day 10 of infection. In
comparison, the infection of WT mice with WT S Typhimurium
caused the rapid death of 11 of 12 animals (~ 92%) by days 1 to 6
of infection (Figure 5B). Thus, the protective effects of Hfe ™~
deficiency may be partially mediated by a mechanism involving
impaired bacterial enterochelin utilization, because no difference in
the course of Salmonella infection was observed when enterochelin-
deficient bacteria were inoculated.

To determine whether the increased Len2 production in Hfe ™~
mice is directly linked to their increased antibacterial resistance,
C57BL/6 Hfe'’*, Hfe™'~, Len2~/~, and Hfe™'~Len2~/~ double KO
mice were infected with WT Salmonella. After 2 days, bacterial
loads in livers and spleens were significantly lower in Hfe ™~ mice
compared with Hfe™* littermates (Figure 5C-D). Of interest,
Hfet/"Len2~/~ and Hfe ™~ Len2™/~ animals displayed similar bac-
terial loads, which were significantly higher compared with
Hfe™'~Len2™ mice, suggesting that Len2 is the main mediator of
increased resistance to systemic Salmonella infection in Hfe-
deficient mice.

Finally, to investigate the possibility that the decreased iron
withholding capacity of Lcn2-deficient phagocytes may be related
to altered Fpnl expression, primary peritoneal Hfe'/", Hfe ™/,
Len27/~, and Hfe™~Len27/~ double KO macrophages were pre-
pared and treated with medium or infected with WT Salmonella.
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Figure 4. Lcn2 expression in response to Salmonella infec-
tion. The mRNA expressions of Lcn2 in livers (A) and spleens
(B) of solvent-treated and Salmonella-infected Hfe** and Hfe~/~
mice were studied by quantitative RT-PCR. Data from at least
6 mice per group were log-transformed and compared by ANOVA
test with Bonferroni correction. Values are depicted as lower
quartile, median, and upper quartile (boxes), and minimum/
maximum ranges and statistical significances are indicated.
Protein levels of Fpn1, Lcn2 iNOS, Hmox1, and actin in livers
(C) and spleens (D) of Hfe*/*, Hfe*/~, and Hfe /- mice were
determined by immunoblot analysis. Apparent molecular weights
are indicated on the right-hand side of the respective immuno-
blots. One of at least 3 representative blots is shown. Lcn2
concentrations in serum samples of Hfe™/*, Hfe*/~, and Hfe=/~
mice were measured by a specific ELISA (E). The effect of
endogenous Lcn2 in acute-phase sera on bacterial growth was
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Lack of functional Hfe caused an increase in Lcn2 protein
expression in infected cells. In contrast, in isolated macrophages,
Fpnl protein levels were increased on Salmonella infection but
unaffected by Hfe or Lcn2 genotype (Figure SE).

Discussion

This study shows that the absence of functional Hfe protects mice
against invasive infections with the intracellular pathogen S Typhi-
murium. This effect can be attributed to the restriction of intracellu-
lar iron availability for bacteria, achieved by iron export from
infected macrophages and scavenging of the bacterial catecholate
siderophore enterochelin.

At least 2 pathways could be responsible for increased iron
export from Hfe™~ macrophages; first, mononuclear cells express
Fpnl, which pumps ferrous iron out of the cell. Infection with
intracellular pathogens results in increased expression of this
protein, thus limiting intracellular iron availability.?237 This path-
way has recently been implicated in the resistance of Hfe ™~ mice
to oral infection with Salmonella in a model of bacterial enterocoli-
tis.? In our study, Fpn1 mRNA expression did not differ between
Hfe’* and Hfe ™/~ peritoneal macrophages and was not differen-
tially modulated on infection with Salmonella. Rather, there was a
uniform induction of Fpnl protein expression in Salmonella-
infected primary macrophages compared with control cells, which
appeared to be independent of Hfe and/or Lcn?2 functionality. It is

Ctrl. a-Len2 Antibody FeSOy

well established that in addition to cytokine- and inflammation-
mediated regulation of Fpnl mRNA expression,’?373% a major
regulatory pathway for Fpnl expression is posttranslational bind-
ing of Hamp to Fpnl, which results in Fpnl internalization and
degradation.!®!7 Moreover, although splenic expression of Fpnl
protein was higher in uninfected Hfe-deficient mice than in Hfet/*
littermates, such differences were not observed after infecting
Hfe™'*, Hfe'/~, and Hfe™’~ mice with Salmonella. This indicates
that the differences in iron export observed between infected WT
and Hfe-deficient mice are not primarily due to differential
expression of Fpnl. Consequently, a second mechanism for cellular
iron release and the limitation of iron for intracellular microbes
must exist, which according to our studies is due to enhanced
expression of Len2. Of note, cellular iron release under control
conditions was reduced by genetic ablation of Lcn2, because
Hfe™'~Lcn2~/~ macrophages exported significantly less iron than
did Hfe™~Lcn2™* cells (data not shown). Moreover, the abroga-
tion of enhanced iron export as well as resistance to Salmonella
infection in Hfe™'~Lcn2~/~ macrophages in comparison to Hfe ™~
Lcen2t* cells suggests that Len2 may shuttle siderophore-bound
iron out of macrophages and may account for the observed
differences between WT and Hfe-deficient phagocytes. Because
Lcn2 is unable to bind iron directly, Len2-mediated iron export
may involve a siderophore. Our data are thus compatible with a
model in which a bacterial siderophore such as enterochelin or an
as yet not characterized mammalian siderophore3'? contributes to
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Figure 5. Infection with mutant Salmonella strains and infec- C
tion of Hfe~/~Len2~/- double KO mice. Hfe'’* and Hfe=/~ 40,000 8.0 4
macrophages were infected with WT S Typhimurium and various 5 P <.001
mutants, and bacterial numbers were enumerated by plating of ﬁ 7.0 4 P <.001
cell lysates (A). Hfe*/* and Hfe/~ mice were intraperitoneally 2’ 30:000 2 P07 T
infected with 500 CFU entC mutant S Typhimurium. Hfe*/* mice % E o] —
infected with the identical number of WT S Typhimurium served  § 20,000 5
as a comparison. Survival of subgroups was monitored duringan g 5 501
observation period of 10 days and compared using the Wilcoxon £ # # # # 2 -
(Gehan) test (B). P =.001 for Hfe*/* WT Salmonella versus @ 10,000 . £ 40
Hfe*/+ entC mutant Salmonella, P = .951 for Hfe*/* entC mutant ki * ok 2
Salmonella versus Hfe~/~ entC mutant Salmonella. C57BL/6 WT, “ 30
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macrophage iron export. Nevertheless, the existence of mammalian
siderophores remains rather speculative.3!40

We found no differences in inflammatory radicals or cytokine
production between Salmonella-infected Hfe /" and Hfe /~ macro-
phages which contrasts with a recent report showing reduced
proinflammatory cytokine secretion by macrophages from Hfe ™~
mice macrophages compared with macrophages obtained from
C57BL/6 mice not bred in parallel. This effect was suggested to
result from iron-controlled translation of TNF-« and IL-6 mRNAs, 38
which disagrees with other observations showing that iron chela-
tion enhances, and iron loading reduces, the formation of TNF-a
and other proinflammatory cytokines by macrophages.!#1-43 More-
over, in our mice bred under identical conditions on a completely
congenic background, we did not detect Hfe-dependent differences
in macrophage Fpn1 levels or cytokine secretion during experimen-
tal Salmonella infection. Although the addition of synthetic Hamp
to macrophages in vitro resulted in a 24% to 41% decrease of iron
release from control and Salmonella-infected macrophages (data
not shown), this effect was independent of the Hfe genotype and
failed to reduce the described differences in macrophage iron
export between WT and Hfe-deficient cells.

Of interest, Hfe-deficient mice displayed reduced bacterial
burdens in both liver and spleen, although it is well established that
Hfe-deficient hepatocytes accumulate iron,3* a fact that is sup-
posed to promote rather than impair bacterial growth and prolifera-
tion. We suggest that Kupffer cells, which are thought to be iron

deficient in persons with hemochromatosis,'> may represent the
primary habitat of Salmonella in the liver and account for the low
bacterial load within this organ.*> Although Lcn2 does not appear to
account for hepatocellular iron accumulation in Hfe-deficient
mice,*® high levels of Len2 present within the extracellular space of
the liver may contribute to improved intrahepatic bacterial control
in Hfe-deficient animals. Alternatively, circulating Lcn2 may
impair the spread of S Typhimurium from the primary site of
infection to systemic sites, including the liver. This is supported by
our data showing that the antibody-mediated removal of Len?2 from
acute-phase sera abolished the differences observed between sera
from WT and Hfe-deficient mice.

HFE-associated hereditary hemochromatosis is a prevalent
autosomal recessive disorder, and the HFE mutations C282Y and
H63D occur with surprisingly high allelic frequencies in popula-
tions of Northern and Western European origin.!**47 It has thus
been suggested that HFE defects may be of selective evolutionary
advantage. Two major hypotheses have emerged as possible
explanations; on one hand, HFE deficiency may enable more
effective absorption of dietary iron. This may prevent severe iron
deficiency when dietary iron content is low or iron demand is high,
for instance during pregnancy or infancy.*® Alternatively, HFE
mutations may confer increased resistance against intramacroph-
age pathogens that have an essential requirement for iron. Our data
provide evidence for a protective role of Hfe mutations in a mouse
model of typhoid fever. The association of both homozygous and
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heterozygous Hfe defects with enhanced resistance to S Typhi-
murium infection implies that mutated Hfe may fulfill the function
of a dominant protective allele (P = .001 for 37 Hfe™* vs 11
Hfe™~ mice, P = .004 for 37 Hfe™* vs 21 Hfe™’~ mice, P = .582
for 11 Hfe™~ vs 21 Hfe™’~ mice; data combined from all
observations on survival using WT S Typhimurium). Although the
results of these investigations cannot be directly extrapolated to
humans, it is plausible that HFE-related hemochromatosis may be
of selective advantage in infections with microbes capable of
survival within macrophages.*

It is well established that the growth of S Typhimurium within
infected phagocytes is influenced by natural resistance-associated
macrophage protein 1 (Nramp1), which acts as a transporter of iron
and other divalent metal ions at the phagolysosomal membrane.>”
The topology of the Nramp1 protein relative to the phagolysosomal
lumen and its exact transport function are still under debate;
however, studies on isolated phagosomes have suggested that
Nrampl shifts iron into the phagolysosome to promote the
formation of ROS by Fenton chemistry.’! Other data, in contrast,
rather support the idea that Nrampl transports iron out of these
pathogen-containing organelles to deprive pathogens from the
essential nutrient iron.”>>3 Nevertheless, our experiments were
performed in mice on a pure C57BL/6 and thus Nrampl-
susceptible genetic background (supplemental Methods), ruling out
any possible influence of NrampI genotype in our model.

Lcn2, whose production is augmented in Hfe-deficient macro-
phages, has the strongest affinity for enterochelin, a catecholate-
type siderophore primarily synthesized by S Typhimurium and
Escherichia coli. Because all known enterobacteria are able to use
enterochelin for iron uptake,>* it is probable that the increased
resistance conferred by Hfe deficiency may be extended to other
pathogens that are sensitive to alterations in intracellular iron
availability such as Chlamydia spp or Legionella pneumophila.> In
any case, monocytes isolated from otherwise healthy subjects with
HH type I have been shown to withhold iron from engulfed
Mycobacterium tuberculosis more efficiently than cells from
healthy volunteers.>

In summary, the present study highlights the central role of
macrophage iron homeostasis for the fate of infections with
intracellular microbes. We demonstrate that the absence of func-
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tional Hfe is protective against invasive infections with the
intracellular pathogen S Typhimurium as a result of enhanced iron
limitation mediated by the increased formation of Lcn2.
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