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Abstract 

Due to its multiple roles for the proliferation and pathogenicity of many microbes on the one hand and 

via modulation of immune effector functions on the other hand the control over iron homeostasis is 

thought to play a decisive role in the course of infections.  Diversion of cellular iron traffic is considered 

as an important defense mechanism of macrophages to reduce metal availability for intracellular 

bacteria residing in the phagosome. However, evidence is lacking whether such alterations of iron 

homeostasis also become evident upon infection with bacteria gaining access to the cytosol like 

Listeria monocytogenes. Here we show that infection of macrophages with L. monocytogenes triggers 

the expression of the major cellular iron exporter ferroportin1 and induces cellular iron egress. As the 

growth of Listeria within macrophages is promoted by iron, stimulation of ferroportin1 functionality 

limits the availability of the metal for Listeria residing in the cytoplasm, whereas ferroportin1 

degradation upon hepcidin treatment increases intracellular bacterial growth. In parallel to an increase 

of ferroportin1 expression, infected macrophages induce anti-microbial immune effector mechanisms 

such as TNFα formation or NO expression which are aggravated upon iron deficiency. These adaptive 

changes of iron homeostasis and immune response pathways are only found in macrophages infected 

with Listeria which express listeriolysin O and are therefore able to escape from the phagosome to the 

cytoplasm. Listeriolysin O deficient Listeria which are restricted to the phagosome are even killed by 

excess iron which may be based on “iron intoxification” via macrophage radical formation, because 

iron supplementation in that setting is paralleled by increased ROS formation.  

Our results indicate that ferroportin1 mediated iron export is a nutritional immune effector pathway to 

control infection with Listeria residing in the cytoplasm, whereas a different strategy is observed in 

mutant Listeria restricted to the phagosome, where iron remains in the macrophages likewise 

contributing to ROS mediated intoxification of bacteria.  
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Introduction 

Iron is an indispensable element for nearly all living organisms, predominantly due to its ability to act 

as an ideal redox catalyst for cellular and enzymatic processes like DNA synthesis, mitochondrial 

respiration or oxygen transport.1 In reflection to its importance its availability in mammals is controlled 

by a hormone, hepcidin.2 However, due to its central metabolic functions a sufficient availability of iron 

is also crucial for the proliferation and pathogenicity of many microbes which thus have an essential 

need for this metal. Therefore, a struggle for this nutrient ensues following an infection3, 4 and hepcidin 

expression is induced by inflammatory stimuli and modulated by various infectious challenges.5 The 

control over iron homeostasis is thus a central battlefield deciding about the fate of an infection 

because iron availability also plays important role for immune cell differentiation and proliferation along 

with specific effects of the metal on innate immune function.6 Although macrophages depend on small 

amounts of iron to catalyze the formation of reactive oxygen species (ROS),7 the reduction of 

intracellular iron levels in macrophages infected with the intracellular pathogen Salmonella 

typhimurium strengthens anti-microbial innate immune effector pathways and limits pathogen 

proliferation by withholding iron from bacteria.8 In line with this, the presence of Legionella 

pneumophila, Chlamydia or Leishmania species, all of which reside within intracellular vacuoles, 

influences iron handling of host macrophages and iron depletion restricts the growth of these 

pathogens.9  

Macrophages have employed multiple pathways to acquire iron. They can incorporate molecular iron 

via divalent metal transporter1 (Dmt1), transferrin bound metal through transferrin receptor-1 (TfR1) 

mediated endocytosis and senescent erythrocytes by phagocytosis followed by subsequent 

reutilization of iron contained within hemoglobin from these cells.1 On the other hand, there is only one 

major cellular iron export mechanism confined to ferroportin1 (Fpn1). Fpn1 expression is 

posttranslationally controlled by hepcidin, the systemic master regulator hormone of iron metabolism, 

which exerts its activity upon binding to Fpn1 expressed on the cell surface, resulting in its intracellular 

degradation and blockade of cellular iron egress.10    

Listeria monocytogenes is a Gram-positive, intracellular, facultative anaerobic bacterium and one of 

the most virulent food-borne pathogens responsible for the potentially fatal disease listeriosis.11 

Listeria has a characteristic intracellular life cycle following receptor mediated phagocytosis of the 

bacterium which can be also induced by the pathogen itself. Within the cell Listeria is first contained in 

the phagosome, but via the action of bacterial listeriolysin O (LLO) and two phospholipases, the 

Page 3 of 23 Metallomics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

M
et

al
lo

m
ic

s
A

cc
ep

te
d

M
an

us
cr

ip
t



pathogen can destabilize the phagosomal vacuole thus gaining access to the cytosol.12 There, 

cytosolic bacteria replicate and spread from cell to cell.13 LLO is a crucial virulence factor for Listeria, 

encoded by the hly gene, and bacteria lacking this factor remain in the vacuole and lose most of their 

virulence.14 Like most bacteria Listeria have an essential need for iron and can acquire the metal by 

different pathways involving extracellular or surface-bound iron reductases and a ferric citrate uptake 

system as well as siderophore based uptake mechanisms, although they produce no own 

siderophores.15 

The cytosolic stage distinguishes the life cycle of Listeria from other intracellular pathogens, like 

Salmonella typhimurium, which remain and replicate in the late phagolysosome.16 As both bacteria are 

highly iron dependent, the different life cycles and localization of these pathogens implicates that 

macrophages may use specific strategies to restrict iron from L. monocytogenes, which may partly 

differ from those observed for Salmonella or Mycobacteria.  

The aim of the present study was therefore to determine the alterations of macrophage iron 

homeostasis in response to Listeria infection and to study the importance of such modifications for 

host resistance to infection. 
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Materials and methods 

 

Cell culture 

RAW264.7 (murine macrophage) cells were obtained from the American Type Culture Collection and 

maintained in Dulbecco’s modified eagles medium (DMEM; purchased from Lonza) containing 10% 

fetal calf serum (FCS; from Biochrom), 2 mM L-glutamine (Lonza) and 1% penicillin-streptomycin 

(Lonza) at 37°C in humidified air containing 5% CO2. Cells were seeded in six centimeter dishes at a 

density of 0.9 x 106 cells per well and grown overnight until 70–80% confluent.  

 

Bacterial strain and Listeria infection of macrophages 

Wild-type (wt) Listeria monocytogenes strain EGDe as well as a mutant form of the same strain 

lacking the virulence factor listeriolysin O (∆LLO), were used for all experiments and grown in Brain 

Heart infusion (BHI, Becton Dickinson) to late-logarithmic phase. Before in vitro infection cells were 

washed three times with phosphate-buffered saline (PBS; purchased from Lonza) and incubated in 

complete DMEM without antibiotics. For experiments involving ferrous sulphate, ferrous chloride and 

deferiprone (DFP; purchased from Sigma), cells were exposed to this substances at a final 

concentration of 50 µM for 30 min before infection with bacteria was performed (Fig. 1A, B and Fig. 2). 

After pre-incubation of L. monocytogenes in DMEM at 37°C for 10 min, RAW264.7 macrophages were 

infected at a multiplicity of infection (MOI) of 5 for 1 h at 37°C. After 1 h cells were washed three times 

with PBS and complete DMEM containing 25 µg ml-1 of gentamicin (Life Technologies) was added in 

order to kill extracellular bacteria. For studies involving Sulforaphane (SFN, LKT Laboratories) and 

synthetic murine hepcidin (Peptanova), cells were washed three times with PBS, complete DMEM 

containing 25 µg ml-1 of gentamicin was added and cells were treated with SFN or hepcidin to a final 

concentration of 10 µM or 1 µM, respectively. Thereafter, macrophages were incubated for another 11 

h (if not indicated differently), then washed three times in PBS and subjected to protein or RNA 

isolation. For quantification of intracellular Listeria by means of gentamicin protection assay, 

macrophages were lysed and plated in appropriate dilutions onto BHI agar plates. 
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Measurement of phagocytic activity 

Phagocytic activity was assessed with a short term infection assay, where cells were stimulated with 

iron and DFP as described above and infected at a MOI of 5 with Listeria for only one hour. Afterwards 

cells were washed extensively six times with PBS to get rid of extracellular bacteria, lysed and plated 

in appropriate dilutions onto BHI agar plates to determine phagocytic uptake of bacteria. 

Phagocytic activity of stimulated cells was also determined with fluorescent zymosan beads (pHrodo®, 

Life Technologies) according to the manufacturer’s protocol. After one hour cells were analyzed by 

flow cytometry, and phagocytotic capcity was calculated as mean fluorescent intensity and compared 

to solvent-treated cells.  

 

Isolation of bone marrow – derived macrophages 

Tibia and femur from 8 to 12 week-old C57BL/6J mice were collected in ice cold PBS. Bones were 

sterilized with 70% ethanol and flushed with a 25-G needle using cold PBS containing 1% penicillin - 

streptomycin. Cells were seeded onto 10 cm dishes in DMEM supplemented with 10% FCS, 1% 

penicillin-streptomycin and 50 µg ml-1 macrophage colony-stimulating factor (M-CSF, purchased from 

Peprotech). Medium was changed every 2 days and 6 days after preparation cells were harvested and 

seeded onto 6-well plates or 10 cm dishes at 0.5 x 106 or 3 x 106 cells per well, respectively. One day 

later cells were stimulated with SFN or hepcidin as described above. 

 

Quantification of iron uptake and release by macrophages 

For macrophage iron uptake and release studies, RAW264.7 cells were infected with L. 

monocytogenes as detailed above. Following three washing cycles with serum-free, HEPES-buffered 

DMEM (2 mM L-glutamine, 25 µg ml-1 gentamicin, 25 mM HEPES, pH 7.4) cells were then incubated 

therein. For determination of non-transferrin bound iron (NTBI) acquisition, 5 µM 59Fe-citrate (Perkin 

Elmer) was used to investigate the uptake of NTBI exactly as described.17 Results (counts per minute, 

CPM) were normalized to protein concentration. For iron release experiments, cells were first 

incubated with 5 µM 59Fe-citrate for 2 h to allow iron loading and then washed four times with serum-

free, HEPES-buffered DMEM and again incubated therein. After an additional incubation of 1 h 

duration, cellular iron release was measured by means of a γ-counter as described.17 
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Detection of reactive oxygen species (ROS) 

RAW264.7 cells were infected with L. monocytogenes and stimulated as detailed above. After 12 h 

cells were harvested and stained intracellularly with a cell permeant dye which gets fluorescent upon 

oxidation by ROS (CellROX®, Life Technologies) according to manufacturer’s protocol as well as with 

a dead dye (SYTOX® blue dead cell stain, Life Technologies). ROS levels were measured via flow 

cytometry and values reported as mean fluorescent intensity. 

 

RNA extraction and quantitative real time PCR 

RNA was extracted from adherent cells using a guanidinium-isothiocyanate-phenol-chloroform-based 

protocol (PeqGold Trifast, peqlab) according to the manufacturer’s protocol and as described 

previously18. Reverse transcription was performed with 1 µg total RNA, random hexamer primers (200 

ng/µl), dNTPs (10 mM), 20 U RNasin (Promega) and 200 U M-MLV reverse transcriptase (Invitrogen) 

in first strand buffer (Invitrogen). Modulation of the gene expression was investigated by quantitative 

real-time Taqman PCR (Eurogentec) using the CFX96 PCR System (BioRad) according to the user's 

manual. Relative gene expression was calculated with the ∆∆Ct method by CFX96 Manager. 

Housekeeping gene hypoxanthine phosphoribosyltransferase (Hprt) was used as reference gene. The 

following primers and TaqMan probes were used (forward, reverse, probe): muHprt: 5’-

GACCGGTCCCGTCATGC-3’, 5’-TCATAACCTGGTTCATCATCGC-3’, 5’-

ACCCGCAGTCCCAGCGTCGTC-3’, muTfR1: 5′-CGCTTTGGGTGCTGGTG-3′, 5’-

GGGCAAGTTTCAACAGAAGACC-3′, 5′-CCCACACTGGACTTCGCCGCA-3′, muDmt1: 5′-

CCAGCCAGTAAGTTCAAGGATCC-3′, 5′-GCGTAGCAGCTGATCTGGG-3′, 5′-

TGGCCTCGCGCCCCAACA-3′, muFpn1: 5′-CTACCATTAGAAGGATTGACCAGCT-3′, 5′-

CAAATGTCATAATCTGGCCGA-3′, 5′-CAACATCCTGGCCCCCATGGC-3′, muLcn2: 5′-

GCCTCAAGGACGACAACATCA-3′, 5′-TTCTCTGTCCCCACCGACCAATGC-3′, 5′-

CACCACCCATTCAGTTGTCAAT-3′, muHamp: 5′-TGTCTCCTGCTTCTCCTCCTTG-3′, 5′-

CAGCCTGAGCAGCACCACCTATCTCC-3′, 5′-AGCTCTGTAGTCTGTCTCATCTGTTGA-3′, muIL10: 

5’-CCAGAGCCACATGCTCCTAGA-3’, 5’-TGGTCCTTTGTTTGAAAGAAAGTCT-3‘, 5’- 

TGCGGACTGCCTTCAGCCAGG-3’, muiNOS: 5’-CAGCTGGGCTGTACAAACCTT-3’, 5’- 

CATTGGAAGTGAAGCGTTTCG-3’, 5’-CGGGCAGCCTGTGAGACCTTTGA-3’, muTNFα: 5’- 

Page 7 of 23 Metallomics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

M
et

al
lo

m
ic

s
A

cc
ep

te
d

M
an

us
cr

ip
t



TTCTATGGCCCAGACCCTCA-3‘, 5’-TTGCTACGACGTGGGCTACA-3’, 5’- 

CTCAGATCATCTTCTCAAAATTCGAGTGACAAGC-3‘.   

 

Western blot analysis 

Protein extraction and Western blotting were performed exactly as described19 using a rabbit Fpn1 

antibody (1:400; Eurogentec), a rabbit actin antibody (1:1000; Sigma-Aldrich), and appropriate HRP-

conjugated secondary antibodies (1:1000; Dako). 

 

Statistical analysis 

Statistical analysis war performed using a GraphPad Prism software package. Results were 

expressed as mean ± SEM. Statistical tests included unpaired 2-tailed Student's t test and 1-way 

ANOVA followed by Bonferroni-Holmes Multiple Comparison Test. P values of 0.05 or less were 

considered to denote significance. 
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Results 

 

Impact of exogenous iron sources on intracellular Listeria growth 

We first studied the impact of cellular iron supplementation or deprivation on intracellular proliferation 

of L. monocytogenes within macrophages. Non-transferrin bound iron (NTBI), provided as ferrous 

sulphate or ferrous chloride, administration to RAW264.7 phagocytes resulted in a significant increase 

of intracellular bacterial load of wild-type (wt) L. monocytogenes after 12 hours of infection as 

compared to solvent treated infected cells (Fig. 1A). In contrast, a significant reduction of intracellular 

bacterial numbers was observed when infection of iron supplemented macrophages was performed 

with the L. monocytogenes mutant ∆LLO, which is lacking the hly gene encoding the toxin LLO.14 Of 

interest, deferiprone (DFP), a drug, which is able to bind and chelate free iron, reduced intracellular 

proliferation of wt Listeria but not of the ∆LLO form.  

 

Phagocytosis is not enhanced through iron stimulation of cells 

To exclude the possibility that an increased phagocytic capacity of iron stimulated macrophages could 

be responsible for the differences in bacterial loads, we tested the phagocytic function of 

macrophages. First, we infected RAW264.7 mononuclear cells with Listeria wt and the ∆LLO mutant 

form for only 1 hour and enumerated the intracellular bacterial load (Fig. 1B). In this assay we even 

found a significant decrease of bacterial numbers by iron stimulated cells likewise reflecting reduced 

phagocytosis, which is in line with earlier observations.20 This effect was less pronounced in Listeria 

∆LLO infected cells. Of interest, pre-incubation of macrophages with DFP and subsequent infection 

with wt Listeria also resulted in decreased bacterial numbers. As different pathways may have been 

responsible for these observations, like an increase in phagocytosis-associated killing in iron loaded 

cells, we wanted to verify the direct effects of iron loading/ withholding on phagocytosis by using inert 

fluorescent zymosan beads (Fig. 1C).  In these experiments we could confirm, that phagocytosis is 

decreased in iron loaded macrophages, whereas no modulatory effects were observed in DFP 

stimulated cells. 

 

ROS production differs upon localization of Listeria 

Based on the observation of distinct effects of iron supplementation on the growth of intramacrophage 

wt and LLO Listeria (Fig. 1A) and the known interaction between iron and radical formation via 
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Fenton chemistry along with the role of ROS for innate immune responses, we then studied ROS 

formation in Listeria infected macrophages.  

We found that in the absence of infection iron supplementation already increased intramacrophage 

ROS content (Fig. 2). Following infection we observed significantly elevated intracellular ROS levels in 

macrophages infected with wt but not with ∆LLO Listeria (Fig. 2). Of note, iron supplementation 

resulted in increased ROS formation in both infection scenarios, however, ROS formation was 

significantly higher in cells infected with LLO than with wt Listeria.  

 

Sequence of expression of iron homeostasis and immune effector genes following Listeria 

infection 

To gain further insights into the kinetics of iron homeostasis and immune effector responses following 

Listeria infection of macrophages we performed time dependent expression analyses of relevant 

genes. Following infection with either wt or LLO Listeria Dmt1 mRNA was significantly up-regulated 

in infected cells over time (Fig. 3A), whereas no changes over time were observed for TfR1 mRNA 

levels as compared to non–infected macrophages (Fig. 3B). Intriguingly, Fpn1 mRNA expression 

significantly increased over 24 hours post infectionem with wt Listeria but remained unchanged 

following infection with the mutant ∆LLO strain (Fig. 3D). These alterations of mRNA levels were also 

reflected by increased Fpn1 protein expression after 12 hours of infection with wt but not ∆LLO Listeria 

(Fig. 3E). Of interest, hepcidin mRNA expression by macrophages was increased during the first few 

hours after infection with Listeria wt and then declined toward 24 hours whereas Fpn1 mRNA 

expression showed the reverse picture (Fig. 3C, D).  These data indicated distinct regulatory patters of 

macrophage iron homeostasis depending on the pathogenicity and localization of Listeria (wt versus 

∆LLO strain).  

As alterations of iron homeostasis also affect innate immune function6 we studied  the expression of 

cytokines known to be influenced by iron availability and being of importance for host responses 

towards infection with intracellular pathogens. In general, immune effector function was more 

pronounced upon infection with L. monocytogenes wt than with the mutant strain. We found that tumor 

necrosis factor alpha (TNFα) mRNA expression rapidly increased after infection and then declined 

over time, however, always being significantly higher in wt than in ∆LLO infected macrophages, 

whereas IL-10 mRNA expression increased at later time points (Fig. 3F, H). Inducible nitric oxide 

synthase (iNOS) mRNA was strongly induced over time in macrophages infected with wt Listeria (Fig. 
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3G), whereas the siderophore capturing molecule lipocalin2 (Lcn2) was not induced following infection 

(Fig. 3I), which is in line with the fact that Listeria do not produce siderophores.21 

 

Effects of Listeria infection on macrophage iron uptake and release 

As our results suggested that the expression of Fpn1 is differently regulated upon infection with wt and 

LLO Listeria, and because Fpn1 has previously been shown to play important roles for the immune 

control of iron mediated proliferation of intracellular bacteria,9 we further explored the effects of 

infection triggered modulation of Fpn1 expression for Listeria residing in the cytosol (wt) or being 

restricted to phagolysosome (LLO). We thus determined cellular iron uptake into infected 

macrophages using 59Fe, provided as ferrous citrate into macrophages (Fig. 4A). We found no 

changes in the uptake of iron by this method although increased expression of Dmt1 mRNA was 

observed (Fig. 3A). On the other hand, we found that cellular iron export is significantly increased in 

macrophages infected with wt L. monocytogens (Fig. 4B), whereas reduced in macrophages infected 

with the mutant form ∆LLO of Listeria. This nicely parallels the expression pattern of Fpn1 in Listeria 

infected macrophages (Fig 3D, E).  

 

Effects of ferroportin1 modulation on intramacrophage Listeria survival 

Our results obtained so far indicated an important role of Fpn1 in the course of Listeria infection. We 

therefore wanted to study intramacrophage survival of Listeria following modulation of Fpn1 

expression and the predicted alterations of iron export and cytoplasmic iron levels. To do so we used 

murine hepcidin, which degrades Fpn1 and blocks cellular iron export. For stimulation of Fpn1 

expression we used Sulforaphane (SFN), an Nrf2 activator, as Nrf2 has been shown to be central for 

Fpn1 expression in macrophages.8a, 22 Corresponding to reduced Fpn1 levels upon hepcidin treatment 

(Fig. 4C) we observed a significant increase in intracellular numbers of wt Listeria (Fig. 4D). In 

contrast, SFN treatment resulted in increased Fpn1 expression (Fig. 4C), which was paralleled by 

significantly decreased bacterial load of macrophages with wt Listeria. Of note, we observed the 

corresponding alterations in bacterial load when using the ∆LLO mutant strain of Listeria, although the 

changes were less pronounced (Fig. 4D). These results were also confirmed by experiments using 

bone marrow derived macrophages (BMDM) infected with Listeria wt or Listeria ∆LLO (data not 

shown). 
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Discussion 

The results of this study highlight the importance of alterations in cellular iron homeostasis of 

macrophages in the course of infection with Listeria spp. We observed different adaptive changes of 

iron homeostasis and immune response pathways depending on the localization of the bacteria, either 

in the cytoplasm or in the phagolysosome (Fig. 5). 

The iron dependency of Listeria has been described previously23, 24 with the focus being set at that 

time on the interaction between bacterial iron excess and their pathogenicity in macrophages. 

Subsequent work then characterized the different iron acquisition systems of Listeria.25, 26 The 

interplay of macrophages, iron and Listeria investigated in our study showed clearly an enhanced 

intracellular bacterial growth of wt Listeria after addition of iron, but surprisingly a decreased load of 

the mutant form ∆LLO. This raises the question on the underlying mechanisms for these divergent 

results. Notably, the replication of the mutant form is impaired in the phagolysosome27 and - in being 

adapted to the cytoplasm as habitat - there are probably no sufficient bacterial defense strategies of 

such bacteria to withstand anti-microbial defense mechanism involving radical formation which are 

central for the host responses against intraphagosomal bacteria.28 The formation of ROS in the 

phagosomal environment can be further aggravated by iron via Fenton chemistry, which may underlie 

our observation of reduced survival of LLO Listeria upon iron supplementation, for such a defense 

strategy mainly observed with copper or zinc the term metal mediated bacterial intoxification has been 

coined.29 

In contrast, wt Listeria residing in the cytoplasm can use the metal for their growth and proliferation 

and may be protected from ROS mediated damage by cytoplasmic (host) and likewise bacterial radical 

detoxifying system, which may be better expressed in the normal habitat of Listeria. This is confirmed 

by our data. We found significantly increased ROS formation in iron loaded macrophages infected with 

the ∆LLO mutant strain in comparison to cells infected under standard conditions. This is in line with a 

recent report that LLO can suppress NADPH oxidase to promote Listeria infection30 and NAPDH 

oxidase mediated ROS formation is aggravated by iron.  

When analyzing the regulation of iron genes in macrophages over time in response to infection with wt 

Listeria we observed a significantly increased expression of Fpn1 and a concordant stimulation of 

cellular iron release. The mechanism by which Fpn1 expression is induced by Listeria infection 

remains elusive but, according to recent evidence arising from studies with the intracellular bacterium 
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Salmonella typhimurium, it is very likely that the increased formation of NO activates Nrf2 which then 

induces the transcriptional activation of Fpn1.8a, 22, 31 

Accordingly, we could demonstrate that stimulation of Nrf2 activity by Sulforaphane (SFN) resulted in 

increased ferroportin1 expression and impaired the growth of wt Listeria whereas blockade of Fpn1 

expression by hepcidin restricts macrophage iron export and thus promoted bacterial growth. The 

latter may be also augmented by negative effects of macrophage iron loading on anti-microbial 

immune effector pathways such as NO formation or TNF production.8a, 32   

Of note, we did not observe such regulations with the ∆LLO mutant strain. This may be due to the fact 

that innate immune effector pathways have not been activated in macrophages in a comparable 

fashion as seen for wt Listeria and that accordingly NO formation, as a major driver for Nrf2 and Fpn1 

expression was almost absent. An enhanced production of TNFα in macrophages infected with a LLO 

producing strain of Listeria in comparison to a nonproducing strain was previously described,33 which 

is in nice complementation to our results. Lipocalin-2 on the other side is not induced by Listeria wild-

type nor by the ∆LLO mutant strain, probably reflecting the fact that Listeria is not producing its own 

siderophores.21  

It appears that the ∆LLO mutant form can be easily controlled in the phagolysosome,34 because LLO 

is acting as the proposed master regulator of virulence of Listeria and thus induces innate immune 

responses in infected cells.35  

The finding of an up-regulation of Dmt1 on mRNA level in the course of infection with the wild-type as 

well as with the mutant strain was not expected from a previous study.8b Due to a lack of a good anti-

Dmt1 antibody for immunofluorescence staining, we performed functional iron uptake experiments to 

study the relevance of the increase in Dmt1 gene expression upon infection. As these experiments did 

not show any change of NTBI uptake, we hypothesize that the up-regulation of increased Dmt1 mRNA 

does not translate into enhanced Dmt1 expression on the cell surface, but may be rather enriched in 

phagosomal membranes.36 Armitage et al.37 recently showed IL-6 dependent autocrine inhibition of 

macrophage iron efflux by small amounts of hepcidin produced by macrophages. In a line with this 

finding we observed an increased hepcidin mRNA expression in phagocytes infected with Listeria wt, 

most likely in terms of this autocrine regulation of Fpn1.38  

Our results described herein contribute to a better understanding of adaptive changes of iron 

homeostasis in response to infections with intracellular bacteria and may be of relevance for tailoring 

new therapeutic principles to combat such infections. 
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Figures 

 

Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Figure legends 

 

Figure 1: Influence of exogenous iron sources and the iron chelator deferiprone (DFP) on 

intramacrophage survival of Listeria in macrophages. RAW264.7 murine macrophages were 

supplemented with ferrous sulphate, ferrous chloride and DFP for 30 min and subsequently infected 

with a MOI of 5 with L. monocytogenes wt and L. monocytogenes ∆LLO (A). 12 hours post infectionem 

macrophages were lysed and colony forming units (CFU) were enumerated. To determine phagocytic 

capacity of macrophages as a function of iron load, cells were infected with Listeria wt and Listeria 

∆LLO for 1 h, lysed and CFU were enumerated (B). To further investigate phagocytic activity of 

macrophages, fluorescent zymosan beads were used and cells were analyzed in flow cytometry (C). 

Data are shown as mean ± SEM of three independent experiments performed in triplicates. 

Superscripts indicate statistical significance as follows: *P < 0.05, **P < 0.01, ***P < 0.001 compared 

with solvent-treated L.m. wt infected cells (A,B) and compared to solvent-treated zymosan beads 

loaded cells (C), °°P < 0.01, °°°P < 0.001 compared with solvent-treated L.m. ∆LLO infected cells 

(A,B), ###P < 0.001 compared L.m. wt infected cells versus L.m. ∆LLO infected cells (A). 

Figure 2: ROS production following Listeria infection. RAW264.7 cells were treated as indicated and 

subsequently infected with L.m. wt and L.m. ∆LLO for 12 hours. Afterwards cells were stained with 

CellRox® to detected intracellular ROS as well as with a dead dye and analyzed with flow cytometry. 

Data are shown as mean ± SEM of two independent experiments performed in duplicates. 

Superscripts indicate statistical significance as follows: *P < 0.05, **P < 0.001, ***P < 0.001 compared 

with solvent-treated non infected cells and #P < 0.05.  

Figure 3: Time dependent modulation of iron homeostasis and immune modulatory genes following 

Listeria infection. RAW264.7 cells were infected with L.m. wt and L.m. ∆LLO with a MOI of 5 for 6, 12 

and 24 hours. Dmt1 (A), TfR1 (B), hamp (C), Fpn1 (D), Il10 (F), Inos (G), Tnfα (H) and Lcn2 (I) mRNA 

levels were determined by quantitative light cycler PCR. Values were corrected for the amount of the 

housekeeping gene hprt. Protein levels of Fpn1 were analyzed by Western blotting using specific 

antibodies to Fpn1 (E). One of two representative blots are shown. Data of the time course are 

expressed as mean ± SEM of three independent experiments performed in triplicates. Superscripts 

indicate statistical significance compared with the control of the corresponding time point as follows: *P 

< 0.05 L.m. wt, °P < 0.05 L.m. ∆LLO. 
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Figure 4: Influence of ferroportin1 modulation on Listeria infection. RAW264.7 cells were infected with 

Listeria with a MOI of 5 for 1 h. The uptake of non-transferrin-bound iron (NTBI) was determined over 

a period of 2 h by quantification of 59Fe in a γ-counter as described in Materials and methods (A). 

Cellular iron release experiments were conducted under the same infection conditions as described in 

Materials and methods (B). Data are expressed as mean ± SEM of three independent experiments 

performed in quadruplicates. Superscripts indicate statistical significance as follows: *P < 0.05. Fpn1 

protein levels after stimulation of RAW267.4 cells were determined by Western blot analysis (C). 

RAW267.4 cells were infected with L.m. wt and L.m. ∆LLO for 1 h and afterwards stimulated with 

exogenous hepcidin and SFN for another 11 h (D).  Data are expressed as mean ± SEM of five 

independent experiments performed in quadruplicates. Superscripts indicate statistical significance as 

follows: **P < 0.01 compared with solvent-treated L.m. wt infected cells, °P < 0.05, °°P < 0.01 

compared with solvent-treated L.m. ∆LLO infected cells. 

Figure 5: Changes of iron homeostasis and immune response pathways depending on the localization 

of the Listeria. (A) Macrophages infected with wt Listeria, which express the pathogenic factor 

listeriolysin O (LLO) and are thus enabled to penetrate from the phagolysosome to the cytoplasm, 

increase ferroportin1 (Fpn1) expression resulting in reduction of cytoplasmic iron levels and a limited 

availability of this growth factor for bacteria. This may be a consequence of increased formation of 

inducible nitric oxide synthase (iNOS) which can enhance Fpn1 expression, and the subsequent 

reduction of cytoplasmic iron levels further enhanced iNOS expression and other anti-microbial 

immune effector pathways. Upon administration of non-transferrin bound iron (NTBI) wt Listeria 

residing in the cytoplasm are able to grow and replicate better (A, right panel). (B) Macrophages 

infected with the ∆LLO mutant form of Listeria, which is restricted to the phagolysosome, do not 

upregulate ferroportin1 nor increase iNOS expression. Supplementation of NTBI to these cells results 

in enhanced killing of bacteria which is linked to increased, likewise iron catalyzed, formation of 

reactive oxygen species (ROS) in the phagolysosome. 
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