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ABSTRACT

The expression of the cation transporter Nramp1
(Slct1al) in late phagolysosomes confers resistance to
infection with several intracellular pathogens, such as
Salmonella enterica, in mice. The antimicrobial actions
of Nramp1 are attributable, in part, to modulation of
macrophage immune function and cellular iron metabo-
lism—the latter affecting the availability of the essential
nutrient iron for intraphagosomal bacteria. Here, we
provide novel evidence that Nramp1 functionality in-
creases the expression of the peptide Lcn2, which ex-
erts its antimicrobial activity by scavenging iron-loaded
bacterial siderophores and mediating iron efflux from
macrophages. With the use of macrophage cell lines
expressing functional or nonfunctional Nramp1, we
found significantly elevated Lcn2 mRNA and protein lev-
els in Nramp1-expressing cells. These resulted from
Nrampi-mediated alterations in the production of ROS,
which stimulated NF-«B activity and subsequently, Lcn2
transcription. We observed that increased Lcn2 levels
in primary Nramp1-positive macrophages resulted in a
significant suppression of S. enterica serovar typhimu-
rium growth. Stimulation of Lcn2 expression is a novel
mechanism by which Nramp1 confers resistance
against infection with the intracellular bacterium S. ty-
phimurium. J. Leukoc. Biol. 92: 353-359; 2012.

Introduction

Innate resistance to infection with a number of intracellular mi-
crobes is strongly influenced by the expression of Nrampl—also
called Slcllal. Nrampl is a protein expressed in the membranes
of late phagolysosomes of macrophages, as well as neutrophils

Abbreviations: CAPE=caffeic acid phenethyl ester, DFO=desferrioxamine,
HIF-1=hypoxia-inducible factor-1, HPRT=hypoxanthine phosphoribosyl-
transferase, L-NIL=L-N6B-(1-iminocethyl)-lysine, Lcn2=lipocalin-2,
Nrampl1=natural resistance-associated macrophage protein 1,
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and DGCs [1-3]. In mice, the function of Nrampl is abrogated by
a single amino acid substitution, leading to a fatal course of infec-
tion with intracellular pathogens, such as Salmonella, Mycobacte-
rium, and Leishmania spp. [4]. In humans, NRAMPI polymor-
phisms are associated with increased susceptibility to tuberculosis
[5] and certain autoimmune disorders [6].

Nrampl exerts pleiotropic effects on macrophage function,
which can be partly referred to its cation transport capacity [7,
8]. Nrampl functionality alters intramacrophage iron homeo-
stasis [9-11], as evidenced by reduced cytoplasmic iron levels,
enhanced cellular iron export, and most importantly, limited
availability of iron for intracellular bacteria, as demonstrated
for Salmonella or Mycobacterium residing within the phagolyso-
some [11-13]. Nrampl has also been shown to be involved in
macrophage iron recycling following erythrophagocytosis [14].

Nrampl functionality is associated with an enhanced activity
of various proinflammatory immune pathways, as evidenced by
the increased production of antimicrobial effector molecules,
such as ROS and RNS [15-17]. On the other hand, Nrampl
down-regulates the expression of the anti-inflammatory cyto-
kine IL-10, which also leads to enhanced NO production [18].

Lcn2, also known as siderocalin, 24p3, or neutrophil gelati-
nase-associated Lcn, is a small peptide produced by neutro-
phils, macrophages, and epithelial cells [19]. Lcn2 has been
shown to exert bacteriostatic effects that have been attributed
to its ability to bind iron-loaded bacterial siderophores [20],
such as enterobactin and carboxymycobactins [21, 22]. Sidero-
phores are part of an important iron-uptake mechanism for
bacteria to ensure a sufficient supply of this nutrient. Len2
excretion by the host interferes with siderophore-mediated
bacterial iron acquisition, which is an important defense mech-
anism against infections with enteric bacteria, including Esche-
richia coli and Salmonella [21, 23, 24]. In addition, Lcn2 may
affect host iron homeostasis via binding of mammalian sidero-
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phores [25, 26]. Induction of Lcn2 expression promotes iron
release from macrophages, thereby impeding iron acquisition
and growth of intramacrophage Salmonella and increasing host
survival in bacterial sepsis [27]. Accordingly, Len2-mediated
protection against bacterial infection can be counteracted by
the addition of excess iron or siderophores, such as enterobac-
tin [28].

As Salmonella infection is controlled not only by Nrampl-
functionality but also by Lcn2, we questioned whether part of
the protective effect of Nrampl against this bacterial infection
might be related to changes in Lcn2 expression. For this pur-
pose, we used murine RAW264.7 macrophages that have been
stably transfected with functional Nrampl or nonfunctional
antisense constructs and primary macrophages from Nrampl-
susceptible and -resistant mice to look for possible differences
in Len2 expression and to elucidate the underlying mecha-
nisms.

MATERIALS AND METHODS

Cell culture

RAW-264.7 murine macrophages originating from Nrampl-susceptible
BALB/c mice were stably transfected with an expression vector containing
Nrampl in the sense direction (RAW-37) or with a nonfunctional antisense
construct (RAW-21), as described previously [29]. Nramp] protein expres-
sion in RAW-37 macrophages was verified by Western blotting. Primary
peritoneal macrophages differing in Nrampl and/or Lecn2 expression were
isolated from various mouse strains on a C57BL/6 background, as de-
scribed previously [21, 30]. Nrampl+ mice (from Philippe Gros) and
Len2-deficient mice (from Kelly Smith) on a C57BL/6 background were
crossed to derive Nrampl+ Lcn2-deficient progeny that were confirmed by
PCR genotyping.

Mice were housed under specific pathogen-free conditions at the animal
facility of the University of Washington School of Medicine (Seattle, WA,
USA). Isolation of primary peritoneal macrophages was approved by the
institutional animal care and use committee and performed according to
institutional guidelines. Age- and sex-matched mice were i.p.-injected with
0.5 ml 4% Brewer’s thioglycollate medium (Sigma-Aldrich, Vienna, Austria)
for 3 days. Mice were sacrificed by carbon dioxide inhalation and cells har-
vested by flushing the peritoneal cavity with PBS. Cells were seeded in six-
well dishes in complete DMEM. Subsequently, nonadherent cells were re-
moved by extensive washing with PBS, and adherent peritoneal macro-
phages were treated and analyzed as specified.

For stimulation of cells, the following reagents were used: murine
IFN-y (R&D Systems, Abingdon, UK); alloxan, catalase, LPS, and SOD
(Sigma-Aldrich); and L-NIL (Alexis Biochemicals/Eubio, Vienna, Aus-
tria). For some experiments, cells were treated with YC-1 or CAPE (Mar-
ligen Biosciences, Rockville, MD, USA). Both substances were diluted in
DMSO (Sigma-Aldrich), which was also used as a solvent control.

ELISA

Concentrations of murine Lcn2 in cell culture supernatants were measured
by a commercially available ELISA kit (R&D Systems), strictly according to
the manufacturer’s instructions.

In vitro infection experiments

Unless otherwise specified, infection experiments were carried out using S.
typhimurium WT, strain ATCC 14028s. In some experiments, an isogenic
derivative containing an entC::aph mutation, which eliminates the ability to
produce catecholate-type siderophores, was used. Strains were constructed,
grown as described [31], and used as follows.
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Bacteria were grown in LB broth to late logarithmic phase before cells
(1X10° cells seeded into six-well plates in 2 ml DMEM culture medium)
were infected with Salmonella bacteria at a multiplicity of infection of 10, as
described [32]. After incubation for 1 h, cells were washed three times with
PBS and replenished with DMEM, supplemented with 16 ug/ml gentami-
cin (Sandoz, Kundl, Austria) to kill extracellular bacteria. Macrophages
were then stimulated with an anti-mouse neutralizing Len2 mAb (R&D Sys-
tems) or the iron chelator DFO (Sigma-Aldrich) for 24 h. For quantifica-
tion of intracellular bacteria, cells were washed five times with PBS, lysed
with 0.5% deoxycholic acid (Sigma-Aldrich), and plated onto LB agar
plates for counting.

Quantitative real-time RT-PCR

TaqMan quantitative real-time RT-PCR analysis was done exactly as de-
scribed [33]. Amplification conditions were 10 min at 95°C, followed by 40
cycles of 95°C for 15 s and 60°C for 60 s. The following probes (5'FAM-
and 3'black hole quencher-1-labeled) were used for murine Len2: primer
forward, 5-GCC TCA AGG ACG ACA ACA TCA-3', primer reverse, 5-CAC
CAC CCA TTC AGT TGT CAA T-3'; TagMan: 5'-TTC TCT GTC CCC ACC
GAC CAA TGC-3'. Data were normalized to HPRT expression.

NF-kB assay

Nuclear extracts were prepared as described previously [34]. NF-kB p65
binding activity was measured by a commercial chemiluminescence tran-
scription factor kit (Thermo Scientific, Vienna, Austria).

Statistics

Statistical analyses for significant differences between groups were done by
two-tailed Student’s ¢ test using SPSS software (Version 18; Chicago, IL,
USA).

RESULTS AND DISCUSSION

Lcn2 expression is increased in cells expressing
Nrampl

To examine whether Nrampl functionality alters Len2 produc-
tion, we first measured Lecn2 mRNA and protein expression in
Nrampl-functional (RAW-37) or -nonfunctional (RAW-21) mu-
rine macrophages. After stimulation with IFN-y and LPS for 24
h, Lcn2-mRNA levels were elevated significantly in Nrampl-
expressing cells, as determined by quantitative real-time PCR
(Fig. 1A), which translated into comparable differences in
Len2-protein levels measured by ELISA in cell culture superna-
tants (Fig. 1B). Dose-response experiments with increasing
doses of IFN-y and LPS revealed that LPS is the main stimulus
for Len2 production. However, whereas IFN-y alone had no
stimulatory potential for Lcn2 expression, it synergized with
LPS to enhance Len2 mRNA expression (Fig. 2A). To verify
this result in a different model, we examined Lcn2 expression
in peritoneal macrophages from Nrampl-susceptible C57BL/6
mice or congenic Nrampl-resistant mice. Peritoneal macro-
phages were stimulated ex vivo with IFN-y plus LPS, and Lcn2
levels in supernatants were measured by ELISA. Again,
Nrampl-expressing macrophages produced significantly more
Lcn2 than cells lacking functional Nrampl (Fig. 2B).

Lcn2 restricts intramacrophage growth of Salmonella
by limiting iron availability

To verify whether the observed differences in Lcn2 expression
are functionally relevant, we investigated the growth of S. typhi-
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Figure 1. Lcn2-mRNA (A) and Len2-protein (B) levels in RAW-21
(Nrampl-negative) and RAW-37 (Nrampl-expressing) macrophages.
Cells were left untreated or stimulated with IFN-y (50 U/ml) and LPS
(10 ng/ml) for 3-24 h, and Lecn2 mRNA and protein expression were
quantified by RT-PCR or ELISA. Data are shown as means * sp of
four independent experiments. *P < 0.01; *P < 0.05 when comparing
RAW-21 with RAW-37 under the same treatment conditions.

murium in Nrampl-functional and -nonfunctional RAW macro-
phages. Initial uptake of bacteria did not differ between the
cell lines (data not shown). As expected and described previ-
ously [18], the intramacrophage growth of Salmonella was sup-
pressed in Nrampl-expressing RAW-37 cells as compared with
RAW-21 cells. Interestingly, neutralization of Lcn2 by addition
of an inhibitory anti-Lcn2 antibody strongly impaired the abil-
ity of both cell lines to control Salmonella growth, yielding simi-
lar bacterial counts in RAW-21 and RAW-37 cells (Fig. 3A).
This effect of the anti-Lcn2 antibodies can be attributed to
increased iron availability for bacterial growth, as addition of
the iron chelator DFO abolished Salmonella growth almost
completely in both cell lines, even when Lcn2 was neutralized.
Accordingly, when we studied the infection of macrophages
using an entC mutant Salmonella strain unable to produce the
bacterial siderophore enterobactin, which is the target struc-
ture for Lcn2, we found that the growth of bacteria within
macrophages was strongly reduced. Importantly, the growth of
AentC Salmonella could not be restored by the addition of a
Len2-neutralizing antibody (Fig. 3A). Independent from the
used bacterial strain, growth was suppressed to a minimum
upon iron chelation with DFO.

We verified the importance of Len2 for control of Salmonella
growth in ex vivo experiments with peritoneal macrophages
taken from C57BL/6 mouse strains differing in Nrampl
and/or Len2 expression. Again, Nrampl+ mice significantly
suppressed growth of WT S. typhimurium compared with
Nrampl-susceptible C57BL/6 mice, even in macrophages ob-
tained from Lcn2 knockout mice. However, maximum growth
inhibition was observed in Nrampl+ /Lcn2+ macrophages,
which was significantly better than in macrophages taken from
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Nrampl-expressing, Len2-knockout mice. Again, these findings
could be traced back to limited availability of iron, as all of
these effects were abolished when an entC mutant Salmonella
strain was used (Fig. 3B).

Increased Lcn2 levels in Nrampl-expressing cells are
related to hydrogen peroxide production

As elevated Lcn2 production by Nrampl-expressing cells ap-
peared to be an important factor for controlling intramac-
rophage bacterial growth, we sought to identify the mecha-
nisms by which Nrampl influences Lcn2 expression. As
Nrampl also acts as an iron transporter, we examined whether
differences in Lcn2 production can be attributed to differ-
ences in cellular iron levels between RAW-21 and -37 cells
[11]. However, the significant differences in Lcn2 mRNA ex-
pression between RAW-21 and -37 cells persisted, despite iron
supplementation or chelation using DFO (data not shown).
This was also true when intracellular iron levels were increased
by the addition of recombinant hepcidin, which impairs cellu-
lar iron export (data not shown). As the two cell lines strongly
differ in the production of reactive oxygen and nitrogen inter-

Len2 / HPRT
w
=}
S

0 RAW-21
1.00 + W RAW-37
0.00 A . ; ; .
35 o o o o o o o
s ; F 8 2 2 8 %
-
o
wn
=
w
B 3.500
3,000 -
2,500 *
E ” *
S 2,000 -
Q
S 1500 OBle
S 1,000 M Nrampl+/+
500 -
0 . ;
Control IFN50/LPS50  IFN100/LPS100

Figure 2. Lcn2 expression in transfectants and in murine peritoneal
macrophages. (A) IFN-y/LPS dose-response experiments. RAW-21/
RAW-37 cells were left untreated or stimulated with increasing doses
of LPS (ng/ml) and/or IFN-y (U/ml) for 24 h, and Lcn2 mRNA ex-
pression was quantified by RT-PCR. Data are shown as means = sp of
three independent experiments performed in triplicates at the same
time-point and expressed as relative Lcn2 mRNA abundance after nor-
malization for HPRT. *P < 0.05 when comparing RAW-21 with
RAW-37 under the same treatment conditions. (B) Lcn2 protein levels
in supernatants of murine peritoneal macrophages taken from
C57BL/6 mice (Nrampl-susceptible) or congenic Nramp]l-resistant
(Nrampl+/+) mice. Cells were left untreated or stimulated with in-
creasing doses of LPS (ng/ml) and/or IFN-y (U/ml) for 24 h before
Lcn2 protein expression was quantified by ELISA. Data are shown as
means * sp of five independent experiments. *P < 0.05.
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Figure 3. Growth of S. typhimurium in macrophages. (A) RAW-21/
RAW-37 cells were infected with S. typhimurium and treated with a neu-
tralizing anti-LLen2 (al.en2) antibody (25 wg/ml) or the iron chelator
DFO (100 uM), and growth of S. typhimurium was quantified as de-
tailed in Materials and Methods. Effects were examined on WT Salmo-
nellae as well as S. typhimurium carrying a nonfunctional mutation of
the bacterial siderophore enterobactin (entC). Data are expressed as
means * sp of three independent experiments. *P < 0.01; *P < 0.05
when comparing RAW-21 (Nrampl-negative) with RAW-37 (Nrampl-
positive). (B) Growth of WT and enterobactin-deficient Salmonella in
peritoneal macrophages taken from C57BL/6 mice differing in
Nrampl and/or Len2 expression, as described in Materials and Meth-
ods. Salmonella survival is shown relative to initial bacterial counts after
infection. Data are shown as means * sp of three independent experi-
ments. “P < 0.01; *P < 0.05.

mediates as a function of their Nrampl phenotype [15], we
next investigated whether this accounted for differential Lcn2
expression. Interestingly, the addition of catalase, acting as a
scavenger of hydrogen peroxide, led to significantly reduced
Lcn2-mRNA expression in RAW-37 cells, which was then com-
parable with the Lecn2 mRNA levels observed in RAW-21 cells
(Fig. 4). In contrast, neither the addition of SOD (a scavenger
of superoxide) nor L-NIL (an inhibitor of iNOS) significantly
influenced Len2 mRNA expression in RAW-21 and -37 cells.

NF-kB activation is responsible for increased Lcn2
production in Nrampl-expressing cells

We concluded that a hydrogen peroxide-sensitive transcription
factor may account for differences in Lcn2 expression. There-
fore, we examined the effect of specific pharmacological inhib-
itors, i.e., YC-1 and CAPE, which block the activity of the tran-
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Figure 4. Effects of radical scavengers on Lecn2 mRNA expression.
Cells were left untreated or stimulated with IFN-y (50 U/ml) plus LPS
(10 ng/ml) and SOD (300 U/ml), catalase (CAT; 500 U/ml), or L-
NIL (600 uM) for 24 h. Data are mean * sp of five independent ex-
periments. *P < 0.05 when comparing RAW-21 with RAW-37.

scription factors HIF-1 and NF-kB, respectively. Whereas in-
hibiton of HIF-1a activity did not affect the differences in
Lcn2 expression between RAW-21 and -37 cells, the applica-
tion of CAPE reduced Lcn2 expression to comparable levels in
both cell lines, indicating that Nrampl mediates Lcn2 expres-
sion via increased transcriptional activity of NF-«kB (Fig. 5). To
confirm that NF-«B is responsible for Lcn2 up-regulation in
Nrampl-functional cells, we measured NF-«B activity using a
transcription factor activity assay. Within the first hour after
cytokine stimulation, NF-kB activity was significantly higher in
RAW-37 macrophages. Moreover, when cells were treated addi-
tionally with alloxan, a potent inducer of ROS, NF-kB activity
in RAW-21 was strongly increased to levels similar to those ob-
served in RAW-37 cells (Fig. 6A).

Accordingly, following alloxan treatment, the Lcn2 mRNA ex-
pression in cytokine-stimulated RAW-21 cells was elevated to com-
parable levels, as seen in RAW-37 cells. As alloxan is a shortlived
compound and thus, has to be added every 2 h, we only investi-
gated cells that were stimulated for 6 h, a time-point at which
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Figure 5. Effects of inhibitors of NF-kB and HIF-1 on Lcn2 produc-
tion. Lcn?2 levels in cell culture supernatants were determined by
ELISA. Cells were left untreated or stimulated with IFN-y (50 U/ml)
plus LPS (10 ng/ml) and inhibitors of HIF-1 (YC-1; 5 uM) or NF-«B
(CAPE; 12.5 pg/ml) for 24 h. Data are mean * sp of three indepen-
dent experiments. *P < 0.05 when comparing RAW-21 with RAW-37;
#P < 0.05 when comparing cytokine-stimulated RAW-37 cells with or
without addition of CAPE.
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Figure 6. Effect of alloxan on NF-kB activity and Lcn2 expression. (A)
Binding activity of NF-kB in nuclear extracts of macrophages. Cells
were stimulated for 1 h with IFN-y (50 U/ml) and LPS (10 ng/ml)
and/or alloxan (ALLO; 0.1 mM). Nuclear extracts were prepared, and
NF-«B binding assays were carried out, as detailed in Materials and
Methods. Data are mean * sp of seven independent experiments.

*P < 0.05 when comparing RAW-21 with RAW-37. (B) Lcn2-mRNA
levels as quantified by RT-PCR. Cells were left untreated or stimulated
with IFN-y (50 U/ml) and LPS (10 ng/ml) for 6 h; alloxan (0.1 mM)
was added repeatedly after 0, 2, and 4 h because of its short half-life.
Data are shown as means = sp of three independent experiments.

#P < 0.01 when comparing RAW-21 with RAW-37 under the same
treatment conditions.

differences in Lcn2 expression as a function of Nrampl expres-
sion already became significantly different (Fig. 6B).

Nrampl is considered an important component of the mac-
rophage innate immune response, as it protects mice from
infection with the intracellular pathogens Salmonella, Mycobacte-
rium, and Leishmania spp. The antimicrobial effect of Nrampl
has been primarily attributed to two mechanisms. On one
hand, Nrampl acts as a transporter for divalent cations,
thereby modulating phagolysosomal ion composition and the
access of microbes to important divalent metals, such as man-
ganese and iron [8, 35]. The limitation of iron availability in-
hibits bacterial growth and pathogenicity, whereas a reduction
in manganese levels reduces the resistance of microbes to oxi-
dative stress. On the other hand, Nrampl functionality results
in up-regulation of proinflammatory immune pathways and
antimicrobial effector mechanisms [15], the latter reflected by
increased production of ROS and RNS in Nrampl-expressing
macrophages.

Herein, we provide evidence for a novel Nrampl-inducible
resistance mechanism via increased expression of the peptide
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Lcn2, which exerts bacteriostatic effects via binding of iron-
loaded bacterial siderophores, thus depriving bacteria from
the essential growth factor iron. The antimicrobial effect of
Lcn2 has been confirmed in a variety of bacterial pathogens
that use siderophores for iron uptake, such as E. coli [21, 28],
Klebsiella [36], and Salmonella [32]. Moreover, alveolar macro-
phages and epithelial cells of mice infected with mycobacteria
up-regulate the expression of Lcn2, which inhibits mycobacte-
rial growth in vitro and in vivo. The latter has been confirmed
in Len2 /7 mice infected with Mycobacterium tuberculosis, which
exhibit impaired control of infection compared with Len2*/™*
littermates [37]. Lcn2-mediated inhibition of M. tuberculosis
has been related to the binding of carboxymycobactins, which
are soluble siderophores produced by mycobacteria [22]. In-
terestingly, in mycobacterial infection, the importance of Lcn2
is restricted to the early phase after inoculation, when Lcn2
impairs mycobacterial iron acquisition [38]. Recent data ob-
tained in Nrampl-negative BALB/c mice infected with myco-
bacteria indicated that these mice developed anemia, which
was associated with increased Lcn-2 expression as compared
with Nrampl-expressing CD2 mice. Therefore, the induction
of Lcn2 may result from increased pathogen numbers in
BALB/c mice and may be considered as a compensatory
mechanism to withdraw iron from pathogens and to overcome
the impaired control of the infection as a result of lack of
Nrampl [39].

In the present study, we show that Nrampl functionality
leads to a significantly higher Len2 expression by macro-
phages. In agreement with previous observations, we found
that LPS is the major stimulus for Len2 in macrophages [21],
whereas the addition of IFN-vy is synergistic. Nrampl-induced
differences in Lcn2 production were verified in primary perito-
neal macrophages taken from congenic Nrampl-expressing or
-nonexpressing mice.

Following infection with S. typhimurium, Nrampl-dependent
differences in Lcn2 expression were found to be functionally
important for host defense, and increased Lcn2 expression was
accompanied by inhibition of Salmonella growth within macro-
phages. As the inhibitory effect of Nrampl on intracellular
Salmonella multiplication could be abolished by infection with
an enterobactin-deficient Salmonella strain or the chelation of
free iron, we conclude that the protective effect of Lcn2 can
be attributed to inhibition of siderophore-mediated bacterial
iron uptake. These findings are in agreement with data on
Lcn2 function in bacterial infections [21, 40].

As Nrampl works as a transporter of divalent ions, including
iron, and Nrampl functionality is associated with changes in
iron homeostasis, which results in intramacrophage iron defi-
ciency [9, 11], imbalances of iron homeostasis might be postu-
lated to be responsible for Nrampl-dependent alterations in
Lcn2 expression. However, we did not observe an association
between intracellular iron availability and Lcn2 production
(data not shown). In contrast, we provide evidence that Lcn2
formation is regulated by ROS. This is consistent with the ear-
lier observation that Nrampl-expressing RAW cells produce
significantly higher levels of ROS and RNS [15] relative to
Nrampl-negative RAW cells. The effect of ROS on Lcn2 pro-
duction can be related to radical-mediated activation of NF-«B
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activity. In addition, NF-«B activity in Nrampl-negative cells
can be stimulated upon the addition of alloxan, a potent in-
ducer of ROS production, yielding NF-«kB activation and Lcn2
expression to a similar extent as that observed in Nrampl-posi-
tive RAW cells. Our findings are consistent with previously
published data showing that ROS, in particular, hydrogen per-
oxide, activate NF-kB [41].

Collectively, our observations show that a functional Nramp1
locus up-regulates the expression of the antimicrobial protein
Lcn2 in murine macrophages. Len2 formation results from
enhanced production of ROS by Nrampl-functional macro-
phages, leading to enhanced Lcn2 transcription via activation
of the transcription factor NF-kB. Nrampl-dependent induc-
tion of Lcn2 leads to suppression of S. typhimurium growth in
Nrampl-functional cells. Len2 acts by restricting enterobactin-
mediated iron acquisition and thereby, depriving Salmonella of
the essential nutrient iron. Modulation of Lcn2 is a novel
mechanism by which Nrampl promotes resistance to intracel-
lular bacteria.
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