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Abstract

Lipocalin-2 (Lcn2) is an innate immune peptide with pleiotropic effects. Lcn2 binds iron-laden
bacterial siderophores, chemo-attracts neutrophils and has immunomodulatory and apoptosis-
regulating effects.

In this study we show that upon infection with Salmonella enterica serovar Typhimurium, Lcn2
promotes iron export from Salmonella-infected macrophages, which reduces cellular iron content
and enhances the generation of pro-inflammatory cytokines. Lcn2 represses IL-10 production
while augmenting Nos2, TNF-a and IL-6 expression. Lcn27- macrophages have elevated IL-10
levels as a consequence of increased iron content. The crucial role of Lcn-2/1L-10 interactions was
further demonstrated by the greater ability of Lcn27~ IL-107- macrophages and mice to control
intracellular Salmonella proliferation in comparison to Lcn2”7~ counterparts. Over-expression of
the iron exporter ferroportin-1 in Lcn27/- macrophages represses 1L-10 and restores TNF-a and
IL-6 production to the levels found in wild-type macrophages, so that killing and clearance of
intracellular Salmonella is promoted.
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Our observations suggest that Lcn2 promotes host resistance to Salmonella Typhimurium
infection by binding bacterial siderophores and suppressing IL-10 production, and that both
functions are linked to its ability to shuttle iron from macrophages.
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Introduction

Salmonella enterica serovar Typhimurium is a Gram-negative facultative intracellular
pathogenic bacterium that replicates within macrophages and requires iron to exert full
virulence and to establish infection [1, 2]. To gain sufficient access to iron within the host,
Salmonella Typhimurium utilizes several acquisition systems. On the one hand, Salmonella
Typhimurium produces siderophores which capture iron from host proteins due to their
extraordinarily high affinity for the metal. In iron-limiting conditions, Salmonella
synthesizes enterobactin, its prototypical catecholate-type siderophore, by a multi-step
process involving EntC (isochorismate synthetase). Following secretion, iron-laden
catecholate-type siderophores are bound by receptors on the outer membrane of Salmonella
[3-6]. On the other hand, non-siderophore bound ferrous iron is taken up by the Feo and Sit
systems, respectively [7-10]. Both siderophore-dependent and -independent pathways of
iron acquisition are up-regulated upon infection and are linked to Salmonella virulence.

While promoting the replication of most viral, bacterial, fungal and protozoan pathogens,
iron exerts diverse effects on immune cells thus influencing several aspects of the host-
microbe interplay [11-14]. Iron inhibits the production of TNF-a and reactive nitrogen
species (RNS) as it inhibits the transcription of NO synthase (Nos)-2 [15]. In contrast, the
generation of ROS by Fenton/Haber-Weiss chemistry requires iron as essential cofactor.

The host has evolved numerous strategies to counteract microbial iron acquisition [11, 16].
In the setting of acute infection, the extracellular space is depleted of iron [17, 18], which is
retained in cells of the mononuclear phagocyte system (MPS) and sequestered within the
iron-storage protein ferritin (Ft) [15, 19-22]. In parallel, the antimicrobial peptide hepcidin-1
(Hamp1) is produced during inflammation [23, 24]. Hamp targets ferroportin-1 (Fpnl) and
induces its internalization from the cell surface membrane, which subsequently results in
Fpn-1 degradation and reduction of cellular iron efflux [25]. As a consequence, duodenal
iron absorption and iron recycling from the MPS are hampered, which reduces serum iron
levels. This mechanism is thought to be beneficial in the presence of extracellular bacteria
by limiting their excess to the nutrient iron [15, 16, 26, 27]. Upon infection of macrophages
with intracellular microbes, however, Hampl-induced Fpnl-internalization is counter-
productive as this mechanism increases the intracellular iron content and facilitates iron
access for pathogens within infected cells [28]. Consequently, inhibition of Hampl
formation improves host defense against Salmonella [29]. Nos2 mediates the induction of
Fpnl transcription in macrophages infected with Salmonella Typhimurium, thus counter-
balancing Hamp1 function [30].
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Further, the multi-functional protein lipocalin-2 (Lcn2) is released by monocytic cells to
limit the availability of iron for invading microbes. In its primary role, Lcn2 captures
bacterial siderophores including enterobactin produced by Salmonella Typhimurium and
other enterobacteriaceae such as Escherichia coli and Klebsiella pneumoniae [31-33] as well
as carboxymycobactins generated by mycobacteria [34-36].

Second, Lcn2 affects mammalian iron homeostasis by siderophore-dependent processes.
Lcn2 binds iron-laden siderophores, thus mediating iron uptake via Lcn2 receptor (LcnR).
On the other hand, iron-free siderophores can be imported through LcnR-mediated
endocytosis. Intracellularly, these apo-siderophores bind iron for subsequent LcnR-
dependent export. In cells over-expressing LcnR, this mechanism causes iron depletion and
induces apoptosis [37]. In addition, mammalian siderophores have been identified [38, 39],
which may fulfill central functions in mammalian iron homeostasis including the regulation
of cytoplasmic iron levels [40].

Third, Lcn2 promotes the production of the chemokine IL-8 and, independently, stimulates
the chemotaxis of neutrophils by an ERK1/2-mediated mechanism [41, 42].

While the role of Lcn2 in neutrophils and in Salmonella enterocolitis is well established
[42-44], little is known about its function in macrophages and in the course of Salmonella
septicemia. We therefore systematically investigated the role of Lcn2 in the setting of
Salmonella Typhimurium infection and observed that Lcn2 production has distinct effects
on macrophage iron homeostasis and immune response.

Lcn27- mice infected with Salmonella had higher bacterial burdens in spleen and liver due to
a shift of the immune response towards an anti-inflammatory phenotype characterized by
increased 1L-10 levels and reduced expression of Nos2, TNF-a and I1L-6. Furthermore,
Lcn27- macrophages had increased cellular iron content and produced higher amounts of
IL-10, which could be reversed by the iron chelator deferasirox (DFX) or upon over-
expression of the iron exporter FPN1. Increased I1L-10 production played a central role in the
immune dysfunction of Lcn2- macrophages as its neutralization restored the generation of
NO and TNF-a. The high IL-10 production contributed to the poor control of Salmonella by
Lcn2/- macrophages, as Len27- 1L107- macrophages killed Salmonella substantially better
than 1L-10-producing Lcn27 cells.

The findings presented herein expand our knowledge on the pleiotropic immune-regulatory
effects of Lcn2. Len2 limits macrophage iron content and 1L-10 production thus ensuring
efficient host defense against Salmonella Typhimurium. Therefore, Lcn2 links the
maintenance of macrophage iron homeostasis to their antibacterial effector functions.

Lcn2 regulates macrophage iron content upon Salmonella Typhimurium infection

Upon infection of thioglycolate-elicited peritoneal macrophages with Salmonella
Typhimurium, we observed a time-dependent massive increase of Lcn2 mRNA levels (Fig.
1A). The induction of Lcn2 mRNA became highly significant as early as 1.5 h after
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Salmonella infection and peaked after 18 h. To study a potential influence of Lcn2 on
macrophage iron homeostasis, we isolated thioglycolate-elicited peritoneal macrophages
from Lcn27- mice on a C57BL/6 background and from Len2*/* littermates. At 24 h after
infection with Salmonella Typhimurium (S Tm.), primary Lcn27- macrophages had
increased iron contents as compared to their wild-type (wt) counterparts (Fig. 1B). This was
attributable to impaired iron export from Lcn2”- macrophages (Fig. 1C), while iron import
was not different between Lcn27- and Len2t/+ macrophages (data not shown). In line, the
number of intracellular Salmonella was significantly higher in Lcn2”" than in Lcn2t/*
macrophages after 24 h (Fig. 1D), whereas no difference was observed in Salmonella uptake
by macrophages after 30 min (Fig.1E).

Increased IL-10 mRNA expression in Lcn2”- macrophages

Given the higher iron content of Lcn2”~ peritoneal macrophages and the known influence of
iron on macrophage functions, we tested the regulation of immune response genes as a
function of Lcn2 expression over time. Following infection with Salmonella Typhimurium,
we observed that as early as 3 h after the initiation of infection, Lcn27- macrophages (open
symbols) expressed higher IL-10 mRNA levels as compared to their wt counterparts (Fig.
2A, closed symbols). In contrast, TNF-a mRNA expression was significantly lower in
infected macrophages from Lcn27- than from wt mice over time, which was also true of 1L-6
and Nos2 expression at several but not all time points investigated (Fig. 2B, C and D). The
increased IL-10 mMRNA levels observed in Lcn2/- macrophages translated into increased
IL-10 concentrations in culture supernatants of Salmonella-infected Lcn27- macrophages
(Fig. 2E).

The enhanced production of IL-10 in Lcn27- macrophages appeared to be independent from
TNF-a expression as the neutralization of TNF-a with a specific antibody did not alter the
differences in bacterial killing or IL-10 secretion between peritoneal macrophages isolated
from Lcn27~ or wt mice (Supporting Information Fig. 1A and B). The accumulation of nitrite
in culture supernatants, which was significantly dependent on the Lcn2 genotype in cells
treated with the isotype control antibody, was reduced by the TNF-a antibody in both
Lcn27- and wt macrophages ( Supporting Information Fig. 1C). Notably, exposure of
macrophages to the same number of heat-inactivated Salmonella did not cause substantial
differences in IL-10 mRNA expression between cells of the two genotypes (Fig. 2F). The
influence of Lcn2 deficiency on macrophage IL-10 expression was not secondary to an
increased bacterial load, as infection of macrophages with entC sit feo or aro mutant
Salmonella, which are compromised in replication due to targeted defects in iron uptake or
synthesis of aromatic amino acids, respectively, also resulted in a significant difference in
IL-10 mRNA production (data not shown).

Furthermore, the effect was independent of the presence of other bacterial pathogenicity
genes such as invA, Salmonella pathogenicity island (SPI)-1, SPI-2 or phoP, as infection of
wt and Len27- macrophages with Salmonella strains deficient in these genes did not abolish
the differences in IL-10 mRNA expression (data not shown). This was also true for infection
with Salmonella carrying a mutation of lipid A (waaN mutant) or flagellin (fliC fljB mutant)
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biosynthesis, which results in reduced stimulation of TLR4 and TLR5, respectively (Fig.
3A).

In contrast, stimulation with TLR ligands MALP-2, PAM2Cys, PAM3Cys, Poly:ICs, LPS
and flagellin did not result in significantly different IL-10 mRNA or protein expression
between macrophages of the two genotypes (Fig. 3A and 3B and data not shown).
Interestingly, infection with the intracellular pathogens Chlamydia pneumoniae or Listeria
monocytogenes also resulted in increased 1L-10 mRNA and protein expression by Lcn2/-
macrophages, whereas challenging of macrophages with the extracellular bacteria E. coli or
Klebsiella pneumoniae did not cause differences in IL-10 mRNA expression between wt and
Lcn2’- macrophages. Exposure of macrophages to Staphylococcus aureus resulted in
reduced IL-10 mRNA and protein levels in Lcn27- as compared to wt macrophages (Fig. 3C
and 3D).

Exposure to Salmonella Typhimurium resulted in differential 1L-10 expression between wt
and Lcn27- macrophages. However, the addition of cytochalasin D (CytD) which inhibits the
internalization of bacteria (and was effective as determined by selective plating) as well as
actin cytoskeletal rearrangements did not affect this differential 1L-10 production (Fig. 3E
and data not shown).

As Lcn2 has been implicated in the control of apoptosis, we performed additional in vitro
experiments to look for differences in cell death between Salmonella-infected wt and Len27-
macrophages. However, we did not see significant differences in annexin V or propidium
iodide staining, or caspase-1 activation ( Supporting InformationFig. 2A, B and C).
Furthermore, IL-1 secretion, another indicator of caspase-1 activity, was not different
between wt and Lcn2- macrophages (data not shown).

Low intracellular iron suppresses IL-10 and restores effector functions in Lcn2-
macrophages

In view of the increased iron content of Lcn2- peritoneal macrophages, we tried to rescue
the phenotype of Lcn27- cells by forced expression of the iron exporter FPN1 in
macrophages. We saw that transfection of wt (Fig. 4A, closed bars) and Lcn27- macrophages
(Fig. 4A, open bars) with WT FPN1 and the FPN1 N144H variant (conferring partial
resistance to Hamp1) significantly increased iron release from both cells and abrogated the
differences observed between these two genotypes, both at steady state conditions and after
infection with Salmonella. In contrast, expression of the FPN1 A77D mutant, which is
retained in the cytoplasm, was without any effect. Furthermore, the differences in bacterial
load and IL-10 secretion between wt and Lcn2/- peritoneal macrophages were specifically
abrogated by over-expression of WT FPN1 and the FPN1 N144H variant in these
macrophages (Fig. 4B and C). In contrast, over-expression of the FPNA77D variant, which
is unable to mount transcellular iron export due to its intracellular retention, had no effect.
Similarly, treatment of infected macrophages with the iron chelator DFX significantly
reduced IL-10 secretion and bacterial loads in wt and Lcn27- macrophages and abrogated the
differences between the two genotypes (Fig. 4D and E).
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To confirm that the increased expression of Fpnl is related to improved control of infection
with Salmonella, we used constructs coding for FPN1-EmGPF fusion proteins to rescue
Lcn27- peritoneal macrophages (Fig. 5). At a transfection rate of 71 + 5% we were able to
assess the intracellular bacterial load in GFP* cells over-expressing FPN1 and compare it to
the bacterial load observed in un-transfected GFP- macrophages not over-expressing FPN1
(Fig. 5B, D and F). Over-expression of FPN1 resulted in improved control of infection in
GFP* macrophages (Fig. 5B) as reflected by low or no bacterial counts in these cells
whereas GFP~ macrophages harbored more bacteria after 16 h of infection (see Fig. 5B and
compare GFP* and GFP- cells in Fig. 5D and F). In addition, the over-expression of FPN1 in
GFP* Len27 cells rescued their phenotype (Fig. 5B and F), whereas transfection with a
control plasmid encoding EmGFP but not FPN1 did not show this effect (Fig. 5A and E).

Targeting IL-10 rescues the phenotype of Lcn27- macrophages and mice

To study the functional consequence of differential expression of the anti-inflammatory
mediator IL-10 between wt and Lcn27- macrophages, we infected cells in the presence and
absence of neutralizing antibody against IL-10 or CD-210, a subunit of the 1L-10 receptor.
Either antibody abrogated the differences in bacterial load (Fig. 6A) and NO output (Fig.
6B) between wt and Lcn27/- macrophages. While antibody-mediated blockade of 1L-10
signaling promoted TNF-a generation in both wt and Lcn27- macrophages (Fig. 6C), the
differences between cells of the two genotypes were not fully eliminated. Importantly, we
found that Lcn27- IL-107- thioglycolate-elicited peritoneal macrophages controlled
Salmonella Typhimurium significantly better than Lcn27 (i.e., Len27- IL-10%/*) cells (Fig.
6D). Similar effects of Lcn2 on bacterial loads and IL-10 production were observed in non-
elicited previously naive peritoneal macrophages. Moreover, bacterial loads in infected
BMDM from Lcn27- 1L-107- mice were comparable to that from IL-107- mice ( Supporting
Information Fig. 3A-3D).

We then looked for differences in the immune response between wt and Lcn2”/~ mice upon
systemic Salmonella Typhimurium infection. Of note, Lcn2”- mice infected with Salmonella
harbored significantly more bacteria in spleen and liver (Fig. 7A and data not shown) and
had increased IL-10 mRNA levels in the spleen as compared to wt mice (Table 1). This
translated into increased IL-10 serum concentrations (Fig. 7B). In contrast, mRNA levels of
Nos2, TNF-a and IL-6 were substantially reduced in the spleen of Salmonella-infected
Lcn2/- mice (Table 1). Correspondingly, serum TNF-a and IL-6 concentrations were lower
in Lcn27- mice (Fig. 7C and 7D).

Importantly, treatment with a neutralizing monoclonal IL-10 antibody (a IL-10; depicted as
grey circles in Fig. 7E) could to a large degree rescue the phenotype of Lcn2/~ mice (open
circles) resulting in significantly lower splenic bacterial loads than observed in Lcn27- mice
treated with solvent (PBS) or a non-neutralizing 1gG control antibody (isotype). There was
no difference in the bacterial load in the spleen of solvent-treated wt mice (closed circles) as
compared to a I1L-10 treated Lcn2”~ mice (Fig. 7E). Furthermore, in the spleen, the bacterial
load in Len27~ IL-107- mice (grey circles) was significantly lower than in Lcn27- mice (open
circles) and not different from wt mice (Fig. 7F, closed circles). This difference was

Eur J Immunol. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nairz et al.

Page 7

paralleled by increased TNF- a. and IL-6 serum levels in Lcn27- IL-107- mice as compared
to Len27- mice (Supporting Information Fig. 4A and 4B).

In addition, mice were infected with wt Salmonella Typhimurium or an isogenic entC
mutant unable to produce any catecholate-type siderophores. The bacterial load in liver (not
shown) and spleen (Fig. 7G) was lower in wt (closed symbols) than in Lcn2”- mice (open
symbols) 72 h after bacterial injection, independent of the capacity of Salmonella to produce
catecholate-type siderophores. Thus, in the absence of siderophore production by
Salmonella, Len27- mice continued to display higher bacterial load than wt mice (Fig. 7G)
paralleled by increased serum IL-10 levels (data not shown).

Discussion

In being an essential cofactor for numerous processes in both mammalian and microbial
metabolism, iron plays a central role in host-pathogen interactions [12, 14, 45]. In the
classical view, the immune response in the course of a bacterial infection directs iron fluxes
into the MPS and results in the safe sequestration of iron within Ft [11, 15, 16]. This
diversion of iron trafficking renders iron unavailable for extracellular pathogens and is
driven by pro-inflammatory cytokines that stimulate iron uptake and Ft expression, and by
Hamp1, which stops Fpnl-mediated iron export [25, 29].

Lcn2 has initially been described as a granule-derived secretion product of neutrophils [46,
47]. However, little is known about the interactions of neutrophils and iron homeostasis
under either steady state conditions or during infections. Lcn2 is generated by a range of cell
types including macrophages. We therefore studied the regulation of iron metabolism upon
infection with a facultative intracellular bacterium, Salmonella Typhimurium, which invades
monocytes and macrophages in order to spread systemically within MPS organs of the host
[1]. We report that the antimicrobial peptide Lcn2 exerts essential regulatory functions in
macrophage iron homeostasis and is required for an efficient pro-inflammatory immune
response in the setting of Salmonella Typhimurium infection. The induction of Lcn2
synthesis following Salmonella infection was required to limit the macrophage iron content
upon Salmonella infection. Furthermore, Len27- mice and macrophages were characterized
by a shift of the immune response to an anti-inflammatory phenotype dominated by
increased production of IL-10. The increased IL-10 expression of Lcn2”- macrophages was
a consequence of intracellular iron accumulation in these cells and could be reversed by the
addition of the iron chelator DFX or by forced expression of functional FPN1 variants. In
contrast, blockade or supplementation of TNF-a could not alter the differences in IL-10
production between wt and Lcn27- macrophages. Furthermore, the enhanced generation of
IL-10 by Lcn2- macrophages was relevant for the outcome of Salmonella infection, as
antibody-mediated neutralization of IL-10 or blockade of its specific receptor subunit
CD-210 resulted in improved control of bacterial replication and restored the production of
NO to levels observed in wt macrophages. The differences in TNF-a production between wt
and Len27 cells could not be completely abolished by IL-10 blockade, suggesting the
involvement of additional signaling events. Time-course experiments conducted with both
viable and heat-inactivated Salmonella support the idea that increased IL-10 expression by
Lcn27- macrophages is an early feature of the dysregulation of the immune response in these
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cells, while reduced Nos2 expression is the consequence. Thus, by repressing IL-10
production, Lcn2 may amplify the antimicrobial defense against Salmonella Typhimurium.
Similar results were seen upon infection with the intracellular bacteria Chlamydia
pneumoniae [48] or Listeria monocytogenes (Fig. 3 of this study).

Following infection with Streptococcus pneumoniae, Len2 has been identified as marker of
deactivated macrophages, and Lcn27- BMDM generated reduced 1L-10 mRNA levels [49].
This goes along with our observation that 1L-10 production was reduced upon challenge of
Lcn2/- macrophages with the Gram-positive bacterium Staphylococcus aureus.

Cytochalasin D, an inhibitor of actin polymerization known to interfere with phagocytosis
and cytoskeletal rearrangements, resulted in a dose-dependent increase in IL-10 secretion by
Salmonella-exposed macrophages without affecting the relative differences observed
between wt and Lcn27- macrophages. Given that infection of macrophages with E. coli or
Klebsiella pneumoniae, both of which are enterobactin-producing (Gram-negative)
enterobacteriaceae with a predominantely extracellular life cycle, did not result in
differential 1L-10 secretion by wt and Lcn27- macrophages, this result is somewhat
unexpected (Fig. 3). Furthermore, we did not observe differences in IL-10 mMRNA levels
between wt and Lcn2/ macrophages or spleens under non-inflammatory conditions (Table
and details not shown). This implies that the basal transcription rate of the IL-10 gene in
steady-state is not influenced by Lcn2 whose levels are readily detectable in the culture
supernatant or serum in that situation though (details not shown). However, the presence of
extracellular Salmonella may stimulate 1L-10 secretion by a yet unknown mechanism that is
counter-regulated by Lcn2 resulting in increased 1L-10 production by Lcn2/- macrophages
(Fig. 3). Furthermore, the professional intracellular pathogens Chlamydia pneumoniae and
Listeria monocytogenes (along with intracellular Salmonella Typhimurium) may stimulate
IL-10 secretion by host macrophages when Lcn2 is absent. This suggests that the signaling
pathway responsive to these unrelated intracellular bacteria is influenced by either Lcn2
itself or - indirectly - by intracellular iron which is higher in Lcn27- macrophages (Fig. 1).
The idea that the mechanism is iron-dependent is supported by the results obtained with
macrophages overexpressing functional FPN1 or being iron-depleted upon DFX treatment
(Fig. 4). The dose-response effect of cytochalasin D on IL-10 secretion by both wt and
Len27- macrophages further suggests that extracellular Salmonella carries a membrane
component or produces a soluble mediator that stimulates IL-10 expression in a Lcn2-
independent fashion or that signaling processes induced by extracellular Salmonella impact
on IL-10 expression in that setting. However, based on the data obtained with purified LPS
or flagellin, respectively (Fig. 3), and with Salmonella mutants this mechanism appears to be
independent from classical TLR4- and TLRS5 inducible signaling cascades. Additionally, we
have ruled out the Salmonella pathogenicity island (SPI)-2 and phoP/phoQ systems are
involved in this macrophage response using specific Salmonella mutants (data not shown).
Therefore, it is likely that other PAMPs and PRRs mediate the increased IL-10 expression
observed in Lcn27- macrophages in the setting of Salmonella infection.

Alternatively, an actin-dependent endocytotic mechanism preferentially involved in the
response to intracellular pathogens may inhibit IL-10 secretion by infected macrophages
because blockade of endosomal trafficking is associated with impaired control of Salmonella
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replication within macrophages [50]. Either way, further studies will be required to precisely
define the signaling pathways that link Lcn2 to 1L-10 transcription in macrophages
confronted with intracellular bacteria.

A growing number of reports demonstrate that Lcn2 is important in the control of pathogens
that do not produce siderophores or whose siderophores cannot be captured by Lcn2 [48].
These pathogens controlled by Lcn2 by siderophore-independent mechanisms include
Chlamydia pneumoniae, Staphylococcus aureus and Candida albicans. Moreover,
differences in serum iron levels between wt and Lcn27- mice following challenge with pure
LPS have been reported [51]. We observed that there is a significant difference in the
number of entC mutant Salmonella Typhimurium in liver and spleen of wt as compared to
Lcn2- mice. This is of interest as the entC mutant is unable to synthesize the Lcn2 target
enterobactin. These results thus imply a dual mechanism by which Lcn2 combats infection
with Salmonella Typhimurium. One mechanism is the interference of Lcn2 with
enterobactin-mediated bacterial iron acquisition. The importance of this host iron restriction
strategy is evident from the comparison of the bacterial load of wt vs. entC mutant
Salmonella Typhimurium. Second, there is a Lcn2-mediated antibacterial mechanism that is
independent of its ability to bind bacterial siderophores. Our data obtained with antibody-
mediated neutralization of circulating 1L-10 and with Lcn27- IL-107- mice suggest that this
mechanism is mediated via IL-10. We therefore conclude that in the course of infection with
Gram-negative bacteria, Lcn2 also functions as a negative regulator of IL-10 by mediating
cellular iron export. Lcn2 thus links the maintenance of iron homeostasis in macrophages to
an efficient pro-inflammatory and antimicrobial immune response, which is of pivotal
importance in host resistance to Salmonella Typhimurium infection.

Materials and Methods

Cell isolation and culture

C57BL/6N type mice (wt, Lcn2*/*), congenic Len27~ mice [31], I1L-107" mice and
Len2771L-107" mice, backcrossed onto a C57BL/6N background for at least 12 generations,
were used in these studies. To generate Lcn27"IL-107" mice, IL-107- mice [57] were
obtained (The Jackson Laboratory) and intercrossed with Lcn2/~ mice. Following
genotyping, littermates were housed in neighbouring cages under specific pathogen-free
conditions at the central animal facility of the Medical University of Innsbruck.

Thioglycolate-elicited or non-elicited naive peritoneal macrophages were harvested from
Lcn2** C57BL/6N and congenic Len2'™ mice, IL-107- mice or Len27IL-107 mice,
respectively, and cultured as detailed elsewhere [30]. BMDM were harvested from tibiae
and femora and cultured for 7 days in the presence of 50 ng/ml recombinant murine M-CSF
(Preprotech). Macrophages were incubated in RPMI and stimulated with phosphate buffered
saline (PBS; Lonza), 100 ng/ml LPS (lipopolysaccharide from Salmonella Typhimurium
used as a TLR4 ligand; Sigma-Aldrich), 1 pg/ml MALP-2 (macrophage-activating
lipopeptide from Mycoplasma fermentans used as a TLR2/6 ligand; Alexis), 100 ng/ml
Pam,Cys (TLR2/6 ligand; EMC microcollections), 100 ng/ml PamsCys (used as TLR1/2
ligand; purchased from EMC microcollections), 10 pg/ml Poly(I:C) (TLR3 ligand; Sigma-
Aldrich) or 100 ng/ml flagellin (from Salmonella Typhimurium; TLRS ligand; Enzo) .
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The purity of the resulting cell suspension was tested by fluorescent-activated cell sorting
analysis and exceeded 95% [58]. Intracellular iron concentrations in macrophages were
determined by atomic absorption as described [58].

For macrophage iron export assays, cells were treated and infected with S. Typhimurium as
detailed above and iron export determined with 5 pM 39Fe-citrate exactly as previously
described [30]. In parallel to each iron release study, a trypan-blue exclusion assay was
performed to ensure that neither treatment interfered with macrophage integrity and
viability.

Salmonella infection in vitro

Prior to in vitro infection, macrophages were extensively washed with PBS and incubated in
complete RPMI without antibiotics. Unless otherwise indicated, wt Salmonella enterica
serovar Typhimurium (S Typhimurium) strain ATCC14028 was used for experiments and
grown under sterile conditions in LB broth (Sigma-Aldrich) to late-logarithmic phase.
Macrophages were infected with S Typhimurium at a multiplicity of infection (MOI) of 10
for 1 h. Thereafter, cells were washed with PBS and incubated in complete RPMI containing
gentamicin (Gibco). Where appropriate, cells were subsequently treated with 50 pM
deferasirox (DFX; Novartis), a monoclonal rat anti-mouse 1L-10 antibody (10 pg/ml; clone
JES5-2A5), a monoclonal rat anti-mouse CD-210 antibody (10 pg/ml; clone 1B1.3a), a
monoclonal rat anti-mouse TNF-a antibody (10 pg/ml; clone MP6-XT22), or the
appropriate isotype controls (10 pg/ml; all from Biolegend) for up to 23 h. Where
appropriate, cells were preincubated in 0.1 to 50 pg/ml cytochalasin D (CytD; Sigma-
Aldrich) 1 hr prior to the infection.

To determine intracellular bacterial loads, infected cells were harvested in 0.5% sodium
deoxycholic acid (Sigma-Aldrich) as described [52]. To determine bacterial uptake, infected
cells were harvested after 30 min.

Isogenic S Typhimurium mutants used included entC(x02237)aph, entC:aph sit(x02237)bla
feo(x02237)Tn10 (Tet), fepA(x02237)FRTcatFRT, iroN(x02237)FRTkanFRT,
invA(x02237)aph, SPI-1(x02237)aph, SPI-2(x02237)kan, rpoE(x02237)cat,
phoP102(x02237)Tn10dCm, aroA(x02237)Tn10, waaN(x02237)FRTkanFRT and
fliC(x02237)cat fljB(x02237)Tn10 [1, 3, 52].

Where indicated, Escherichia coli (ATCC 25922), Klebsiella pneumoniae (ATCC 43816),
Listeria monocytogenes EGDe (ATCC BAA-679; kindly provided by Thomas Decker, Max
F. Perutz Laboratories, Department of Genetics, Microbiology and Immunobiology,
University of Vienna, Austria) or Saphylococcus aureus (ATCC 11632) were used for in
vitro infections at a MOI of 10:1. The Chlamydia pneumoniae strain CV-6 (kindly provided
by Jan Rupp, Institute of Medical Microbiology and Hygiene, University of Liibeck,
Germany) was cultivated and propagated as described earlier, and infections were performed
ata MOI of 10:1 [53].
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Plasmids and transient transfection

Human FPN1 and the N144H (conferring partial resistance to Hampl) and A77D FPN1
(resulting in reduced cell surface expression) mutants, respectively, were cloned into the p-
cDNA3.1 expression vector as described elsewhere and kindly provided by Mrs. Lisa
Schimanski and Dr. Hal Drakesmith, Weatherall Institute of Molecular Medicine, Oxford,
United Kingdom [59]. Transient transfections of primary peritoneal macrophages were
performed by means of lipofection using Lipofectamine (Promega).

For immunocytochemistry, we used EmGFP N- or C-terminally tagged human FPN1
expression clones, kindly provided by Dr. Heinz Zoller, Department of Internal Medicine I,
Medical University of Innsbruck, Austria [60]. The FPN1 open reading sequence was
transferred into Vivid Colors pcDNA 6.2/EmGFP-DEST vectors to create EmMGFP FPN1
expression clones. As control vectors, we used Vivid Colors pcDNA 6.2 EmGFP/CAT
(chloramphenicol acetyltransferase) plasmids. Efficiency of transfections was at least
71+5%. The use of EmGFP-FPN1 fusion constructs thus allows the determination of the
bacterial load at the single-cell level and the direct comparison of cells overexpressing FPN1
(transfected and thus GFP*) and cells not overexpressing FPN1 (un-transfected and thus
GFP"). Thus, the intracellular Salmonella load can be analyzed as a function of FPN1
expression.

peritoneal macrophages were seeded on glass slides, transfected and subsequently infected
for 16-24 h as described [30]. Cells were incubated with antibodies as follows: a chicken
GFP antibody (1:1000; Invitrogen), a goat CSAL (for Salmonella common structural
antigen) antibody (1:1,000; KPL) and appropriate fluorochrome-conjugated secondary
antibodies, i.e., rabbit anti-chicken Alexa Fluor 488 (green; 1:1,000; Dianova) and donkey
anti-goat Alexa 594 (red; 1:1,000; Invitrogen). In independent experiments, cells were
stained with annexin V (BioLegend) or propidium iodide (Sigma) according to the
manufacturer's recommendations. For microscopic analysis, cells were covered with
Fluorescent Mounting Medium (DAKO) containing DAPI and analyzed under an Axioskop
2 microscope (Carl Zeiss). Acquisition was done using the Carl Zeiss AxioCam MRc 5
camera, a 100x/1.25 objective and AxioVision imaging software version 4.0.

Salmonella infection in vivo

All animal experiments were performed according to the guidelines of the Medical
University of Innsbruck based on the Austrian Animal Testing Act of 1988. All animal
experiment protocols were approved by the ‘MUI Animal ethics committee’ and the
Austrian Ministry for Science and Education (approvals no. BMWF-66.011/0072-11/3b/2012
and no. BMWF-66.011/0142-WF/V//3b/2014). Unless otherwise indicated, male mice were
used at 12-16 weeks of age and infected i.p. with 500 CFU of S Typhimurium diluted in
200 pl PBS. Unless otherwise specified, S Typhimurium wt strain ATCC 14028s was used
for experiments. In some experiments, its isogenic mutant derivative entC(x02237)aph was
used. This mutant strain was constructed and grown as described [3] and used as detailed
above. The bacterial load of organs was determined by plating serial dilutions of organ
homogenates on LB agar (Sigma-Aldrich) under sterile conditions and the number of
bacteria calculated per gram of tissue.
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Where appropriate, mice were infected as above and injected i.p. 200 pg of the neutralizing
monoclonal anti-mouse I1L-10 antibody (clone JES5-2A5) dissolved in 200 pl PBS or the
identical amount of an isotype control antibody (all obtained from Biolegend) on d 1 and 2
after infection. Mice were then sacrificed on d 3 of infection.

The determination of tissue iron content was carried out in a 96-well plate following acid
hydrolysis at 65°C for 24 h and using a colorimetric solution containing sodium acetate,
bathophenanthroline disulfonic acid and L-ascorbic acid. The calculated iron quantity was
normalized to the wet tissue weight for each sample. Plasma iron concentration was
quantified using a commercially available iron kit (QuantiChrom Iron Assay Kit; BioAssay
Systems), exactly following the manufacturer's instructions. Monocyte and neutrophils
counts were hemocytometrically quantified using a veterinary animal blood counter (Lab
Technologies).

RNA extraction and quantitative real-time PCR

Total RNA was prepared and mRNA expression quantified by quantitative RT-PCR
following reverse transcription exactly as described [52]. Hypoxanthine
phosphoribosyltransferase (Hprt), B-glucuronidase, f-actin and 18s ribosomal RNA were
used as housekeeping genes with similar results [54, 55]. Data are depicted and were
analyzed using Hprt as reference gene.

Western blot analysis

Protein extraction and Western blotting were performed using a rat Lcn2 antibody (1:400;
R&D), a rabbit Fpn1l antibody (1:400; Eurogentec), a rabbit actin antibody (1:1,000; Sigma-
Aldrich) and appropriate HRP-conjugated secondary antibodies (1:1000; Dako).

Detection of cytokines and reactive species

Determination of cytokines in culture supernatants was performed with ELISA kits for TNF-
a, IL-6 and IL-10 (BD Pharmingen). Determination of nitrite, the stable oxidation product
of nitric oxide (NO), was carried out with the Griess-l1losvay's nitrite reagent (Merck) as
described [52].

Statistical analysis

Statistical analysis was carried out using a SPSS statistical package. We determined
significance by unpaired two-tailed t test to assess data, when only two groups were
compared. For multiple comparisons Analysis of variance (ANOVA) combined with
Bonferroni correction was performed. Unless otherwise specified, data are depicted as lower
quartile, median and upper quartile (boxes), and minimum/maximum ranges. When
Gaussian distribution was not assumed, data were log-transformed prior to t test or ANOVA.
Generally, P values less than 0.05 were considered significant in any test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ANOVA analysis of variance

CytD cytochalasin D

DFX deferasirox

Fpnl ferroportin-1

Ft ferritin

Hampl hepcidin antimicrobial peptide-1

Lcn2 lipocalin-2

LcnR Lcn2 receptor

MPS mononuclear phagocyte system

gRT-PCR quantitative reverse-transcription polymerase chain reaction
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Figure 1. Altered iron homeostasisin Len27 peritoneal macr ophagesupon Salmonella
Typhimurium infection

(A) C57BL/6 wt thioglycolate-elicited peritoneal macrophages were treated with PBS (0 h)
or infected with Salmonella Typhimurium at a multiplicity of 10 for 1.5 to 24 h. Lcn2
expression was determined by gRT-PCR, data were normalized for mRNA levels of Hprt.
Statistically significant differences were calculated by ANOVA using Bonferroni correction
following log-transformation (P < 0.001 for each of the comparisons relative to PBS
treatment). Values are depicted on a semi-logarithmic scale as means + S.EIM (n=4
independent experiments). (B) Wt and Lcn2/ peritoneal macrophages were infected with
Salmonella Typhimurium (S. Tm.) for 24 h. The iron content was determined by atomic
absorption spectrometry. Values are depicted as lower quartile, median and upper quartile
(boxes) with minimum and maximum ranges and statistical significant differences as
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determined by t test are indicated (n = 4-5 individual mice per group). One representative
experiment out of 2 independent experiments is shown. (C) 59Fe transport studies were used
to determine macrophage iron release following infection with Salmonella Typhimurium (S
Tm.) . Values are depicted as lower quartile, median and upper quartile (boxes) with
minimum and maximum ranges and statistical significant differences as determined by t test
are indicated (n = 6 independent experiments). (D) In parallel, the intracellular bacterial load
was determined by plating serial dilutions of peritoneal macrophages lysates. Values are
depicted as lower quartile, median and upper quartile (boxes) with minimum and maximum
ranges and statistical significant differences as determined by t test are indicated. (n=6
independent experiments). (E) Wt and Lcn2”~ peritoneal macrophages were infected with
Salmonella Typhimurium (S. Tm.) for 30 min. Thereafter, bacterial uptake was determined
by plating serial dilutions of peritoneal macrophages lysates. Values are depicted as lower
quartile, median and upper quartile (boxes) with minimum and maximum ranges and
statistical significant differences as determined by t test are indicated. (n = 6 independent
experiments).
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Figure 2. Time-dependent differencesin immune genes expression between wt and Len2!

peritoneal macr ophages

Wt (closed symbols) and Lcn27- peritoneal macrophages (open symbols) were treated with
PBS (Ctrl.) or infected with Salmonella Typhimurium (S. Tm.) for 3 to 48 h. IL-10 (A),
TNF-a (B), IL-6 (C) and Nos2 (D) expression was determined by qRT-PCR, and data were
normalized for mRNA levels of Hprt and compared by ANOVA using Bonferroni's
correction for multiple tests. VValues are depicted as means = S.E.M and statistically
significant differences between cells of the two genotypes are indicated (n = 4-12 individual
values from 4 independent experiments). (E) IL-10 concentrations in cell culture
supernatants were determined by a specific ELISA. IL-10 concentrations in PBS-treated
cells were below the detection limit of the ELISA kit used and are depicted as 0. Data were
compared by ANOVA using Bonferroni's correction for multiple tests. VValues are depicted
as means + S.E.M and statistically significant differences between cells of the two genotypes
are indicated (n = 4 individual values from 4 independent experiments). (F) In parallel,
Len2t/* and Len27- peritoneal macrophages were treated with PBS (Ctrl.) or with the same
number of heat-inactivated Salmonella Typhimurium (S Tm.) for 3 to 48 h. IL-10 mRNA
expression was determined by gRT-PCR, and data compared by ANOVA using Bonferroni's
correction for multiple tests. Values are depicted as means + S.E.M and statistically
significant differences between cells of the two genotypes are indicated (n = 4-12 individual
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values from 4 independent experiments). Note that the x-axis is non-linear between the 24
and 48 h time-points for the sake of better illustration.
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Figure 3. Lcn2 affects IL-10 mRNA expression in responseto intracellular pathogens
(A) Wt (closed bars) and Lcn27- peritoneal macrophages (open bars) were infected with

Salmonella Typhimurium (S Tm.) wt or isogenic mutants with modified LPS (waaN) or
lacking flagellin (fliC fljB) at a MOI of 10:1 for 3 h. In parallel, wt and Lcn2 peritoneal
macrophages were treated with 100 ng/ml LPS or flagellin isolated from Salmonella
Typhimurium (n = 6 individual values from 4 independent experiments). IL-10 mRNA
expression was determined by gRT-PCR and normalized for mRNA levels of Hprt. Results
are reported relative to expression in wt peritoneal macrophages. Bars show means + S.E.M.
from 6 independent experiments. P values were compared by independent sample t test. ##
P value < 0.01 for the comparison of the two Lcn2 genotypes. (B) I1L-10 secretion was
assessed by measuring cytokine concentrations in culture supernatants of cells infected/
stimulated for 6 h by ELISA. Data were compared as in A. Bars show means + S.E.M. from
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4-5 experiments. # P value < 0.05 for the comparison of the two Lcn2 genotypes. (C) Wt and
Lcn2/- peritoneal macrophages were infected for 3 h at a MOI of 10 with Chlamydia
pneumoniae (C. pn.), Listeria monocytogenes (L. m.), Escherichia coli (E. coli), Klebsiella
pneumoniae (K. pn.) or Saphylococcus aureus (S aureus). IL-10 mRNA expression relative
to Hprt levels was determined and reported as in A. Bars show means + S.E.M. from 6
independent experiments. (D) IL-10 secretion was assessed by measuring cytokine
concentrations in culture supernatants of cells infected for 6 h. Data were compared as in A
(n = 4 independent experiments). # P value < 0.05 for the comparison of the two Lcn2
genotypes. Bars show means + S.E.M. from 4 independent experiments. (E) Wt and Lcn27-
BMDM were preincubated with increasing concentrations of cytochalasin D (CytD) as
indicated for 1 h and subsequently infected for 12 h before supernatants were harvested for
IL-10 measurement (n = 3 independent experiments). Bars show means + S.E.M. from 3
independent experiments. ## P value < 0.01 for the comparison of the two Lcn2 genotypes.
+ P value < 0.01 for the comparison to solvent-treated cells of the respective genotype.
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Figure 4. Forced expression of FPN1 or iron chelation by DFX rescues the phenotype of Len27-
peritoneal macr ophages

(A) Wt (closed bars) and Lcn27- peritoneal macrophages (open bars) were transiently
transfected with empty plasmid (p-cDNAS3.1) or expression constructs containing the
indicated human FPN1 variants. °°Fe transport studies were used to determine macrophage
iron release following treatment with diluent (Ctrl.) or infection with wt Salmonella
Typhimurium (S. Tm.). Values are depicted as means + S.E.M. and statistically significant
differences as calculated by ANOVA are indicated (n = 4 independent experiments). # P
value < 0.01 for the comparison of wt and Lcn2- peritoneal macrophages. + P value < 0.001
as compared to the control of the respective genotype. * P value = 0.003 as compared to the
control of the respective genotype. (B, C) The bacterial load (B) in macrophages was
quantified by plating of cell lysates on LB agar and the accumulation of IL-10 (C) in cell
culture supernatants was measured by an ELISA kit. Values are depicted as as means +
S.E.M. lower quartile, median and upper quartile (boxes) with minimum and maximum
ranges and statistically significant differences are indicated (n = 6 independent experiments).
(D, E) The bacterial load and IL-10 production was quantified following treatment with 50
UM DFX (n = 6 independent experiments). Bars show lower quartile, median and upper
quartile (boxes) with minimum and maximum ranges and statistical significant differences
as determined by ANOVA are indicated.
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Len2+/+ N-terminal Ctrl. S. tm.

D Len2+/+ N-terminal FPN1 S. tm.

Len2-/- N-terminal FPN1 S. tm.

Figure 5. Forced expression of FPN1 reduces Salmonella numbersin Len27- peritoneal
macr ophages
(A-F) Wt (left-hand side in A and B) and Lcn27- (right-hand side in A and B) peritoneal

macrophages were transfected with empty plasmid encoding only for EmGFP (A) or the N-
terminal EmGFP-FPN1 construct (B). The latter allowed us to identify FPN1 over-
expressing cells through the detection of EmGFP. Subsequently, cells were infected with S,
Typhimurium for 16 h. The number of intracellular bacteria was determined by
immunofluorescence. (A, B) The number of intracellular bacteria is depicted as a function of
GFP expression. For evaluation, peritoneal macrophages were grouped into 4 categories
containing 0, 1-2, 3-5 or more than 5 bacteria per macrophage. Bars show means + S.E.M.
from from 4 independent experiments. Data were compared by ANOVA followed by
Bonferroni's correction (n = 4 independent experiments). #, P < 0.05 for the comparison of
wt and Lcn27/- peritoneal macrophages; +, P < 0.05 for the comparison between GFP*
(closed bars) and GFP- peritoneal macrophages (open bars). (C-F) Representative images
acquired at 1000x magnification are depicted. Left panel: GFP in green. Middle panel:
CSAL/S Typhimurium in red. Right panel: DAPI/nucleus in blue. The cell membrane and
the number of intracellular bacteria are indicated. Scale bars: 20 pm. (C, D) Wt peritoneal
macrophages were transiently transfected with empty EmGFP N-terminal plasmid (C) or a
FPN1-EmGFP N-terminal construct (D), respectively. (E, F) Lcn27 peritoneal macrophages
were transiently transfected with empty EmGFP N-terminal plasmid (E) or a FPN1-EmGFP
N-terminal construct (F), respectively.
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Figure 6. Blocking or absence of IL-10 rescuesthe phenotype of Len27 macr ophages

(A) The bacterial load in wt and Lcn2”- peritoneal macrophages treated with a neutralizing
IL-10 antibody, a blocking CD-210 antibody or the respective isotype control was quantified
by plating of cell lysates on LB agar. Values were compared by ANOVA followed by
Bonferroni's correction and are depicted as means + S.E.M., lower quartile, median and
upper quartile (boxes) with minimum and maximum ranges and statistically significant
differences as indicated (n = 6 independent experiments). (B, C) Nitrite and TNF-a
concentrations in culture supernatants were determined by the Griess reaction and a specific
ELISA, respectively. Values were compared by ANOVA followed by Bonferroni's
correction and are depicted as means + S.E.M., lower quartile, median and upper quartile
(boxes) with minimum and maximum ranges and statistically significant differences as
indicated (n = 6 independent experiments). (D) Peritoneal macrophages from wt, Lcn27",
IL-107- and Len27- IL-107- mice were infected with Salmonella Typhimurium (S. Tm.). The
bacterial load was quantified after 24 h (n = 6-12 independent experiments). Values were
compared by ANOVA followed by Bonferroni's correction and are depicted as means +
S.E.M., lower quartile, median and upper quartile (boxes) with minimum and maximum
ranges and statistically significant differences as indicated.
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Figure7.1L-10 neutralization or deletion restores bacterial killing in Len2” mice
(A-D) Wt and Lcn27- mice were infected with 500 CFU wt Salmonella Typhimurium (S

Tm.) for 72 h. The bacterial load in spleen was determined by plating serial dilutions of
tissue lysates (A). Serum concentrations of IL-10 (B), TNF-a (C) and IL-6 (D) of
Salmonella Typhimurium-infected wt and Lcn27- mice were determined by a specific
ELISA after 72 h. (A) Each dot shows an individual mouse, bars indicate means (B-D)
Results were compared by t test and are depicted as lower quartile, median and upper

quartile (boxes) with minimum and maximum ranges and statistical significance between
mice of the two genotypes as indicated (n = 10-18 individual mice per group). (E) Wt and
Lcn27- mice were infected with wt Salmonella Typhimurium (S Tm.) for 72 h. Lcn27- mice
were enrolled in 1 of 3 treatment groups receiving either solvent (PBS), a control
monoclonal 1gG antibody (isotype) or a neutralizing monoclonal IL-10 antibody (a 1L-10).
Wt mice were treated with solvent and the bacterial load in spleen was determined by plating
serial dilutions of tissue lysates. Each dot shows an individual mouse, bars indicate means.
Values were log-transformed and compared by ANOVA using Bonferroni correction (n as
indicated). (F) Wt (closed circles), Len27~ (open circles) and Len27- 1L-107- mice (grey
circles) were infected with wt Salmonella Typhimurium (S Tm.) for 72 h. The bacterial load
in spleen was determined by plating serial dilutions of tissue lysates. Each dot shows an
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individual mouse, bars indicate means. Values were log-transformed and compared by
ANOVA using Bonferroni correction (n as indicated). (G) Wt and Lcn27~ mice were infected
with 500 CFU wt Salmonella Typhimurium (S. Tm.) or the siderophore-deficient entC
mutant for 72 h. The bacterial load in spleen was determined by plating serial dilutions of
tissue lysates. Each dot shows an individual mouse, bars indicate means. Values were log-
transformed and compared by ANOVA using Bonferroni correction (n as indicated).
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Relative mRNA expression of splenicimmune genes 72 h after onset of Salmonella
Typhimurium (S. Tm.) infection in wt and congenic Lcn27- mice

Male C57BL/6N and Lcn27- littermates were i.p. infected with 500 CFU Salmonella Typhimurium (S Tm.)
for 72 h, while control mice received an i.p. injection of 200 pl PBS as diluent. Quantitative reverse-
transcription polymerase chain reaction (qQRT-PCR) was used to analyze mRNA levels of immune response
genes in the spleen. Data are normalized for mMRNA levels of the housekeeping gene Hprt and are shown as
arbitrary units (AU). Results were compared by Kruskall-Wallis test and are listed as means + S.E.M. (n =

10-18 individual mice per group).

Stimulation Genename  Control wt (Lcn2/*) ~ Control Len2” S, Tm. wt (Len2+™)

IL-10 [AU] 0.84£0.73 113+1.19 416+3522
Nos2 [AU] 0.06 +0.03 0.08 +0.06 19.06 +7.03 8
p47-phox [AU] 533+1.91 482271 23.45 + 653 @
TNF-a [AU] 3.69+1.82 414 +3.08 164.30 + 27.90 @
IL-18 [AU] 13.02 £ 6.53 1893+9.46 18020 + 69.45 @
IL-4 [AU] 0.42+1.00 0.65 + 0.57 495+7032
IL-6 [AU] 0.35+0.12 0.39+0.19 1170+ 5372
IL-17A [AU] 0.01+0.00 0.02+0.01 9.06+11.10 2
IFN-y [AU] 2,06 +2.86 0881218  30.74+45134

S. Tm. Len2”-
4063 +8.77PC
6.27 +2.69 PC
2551 +11.40P
40.47 +22.49 b.C
139.99 + 92.89 P
4271710
6.82+6.10 PC
8.92+438P

19.61£33670

3P < 0.05 as compared to uninfected (Ctrl.) wt (Len2t/+) mice.

bP < 0.05 as compared to uninfected (Ctrl.) Len2/- mice.

P < 0.05 for comparison of S Tm.-infected wt (Lon2t/*) and S. Tm.-infected Len2/~ mice.

AU... arbitrary units of target gene expression relative to the level of the housekeeping gene Hprt.
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