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ABSTRACT Iron is an essential nutrient for immune cells and microbes, there-
fore the control of its homeostasis plays a decisive role for infections. Moreo-
ver, iron affects metabolic pathways by modulating the translational expres-
sion of the key tricarboxylic acid cycle (TCA) enzyme mitochondrial aconitase
and the energy formation by mitochondria. Recent data provide evidence for
metabolic re-programming of immune cells including macrophages during
infection which is centrally controlled by mTOR. We herein studied the effects
of iron perturbations on metabolic profiles in macrophages upon infection
with the intracellular bacterium Salmonella enterica serovar Typhimurium
and analysed for a link to the mTOR pathway. Infection of the murine macro-
phage cell line RAW264.7 with Salmonella resulted in the induction of mTOR
activity, anaerobic glycolysis and inhibition of the TCA activity as reflected by
reduced pyruvate and increased lactate levels. In contrast, iron supplementa-
tion to macrophages not only affected the mRNA expression of TCA and glyco-
lytic enzymes but also resulted in metabolic reprogramming with increased
pyruvate accumulation and reduced lactate levels apart from modulating the
concentrations of several other metabolites. While mTOR slightly affected
cellular iron homeostasis in infected macrophages, mTOR inhibition by ra-
pamycin resulted in a significant growth promotion of bacteria. Importantly,
iron further increased bacterial numbers in rapamycin treated macrophages,
however, the metabolic profiles induced by iron in the presence or absence of
mTOR activity differed in several aspects. Our data indicate, that iron not only
serves as a bacterial nutrient but also acts as a metabolic modulator of the
TCA cycle, partly reversing the Warburg effect and resulting in a pathogen
friendly nutritional environment.
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Abbreviations:

DFP — deferiprone,

DMT-1 — divalent metal transporter 1,
HIF1 — hypoxia inducible factor 1,
IDH — isocitrate dehydrogenase,
IRE — iron responsive element,
IRP —iron regulatory protein,
LDH — lactate dehydrogenase,
mTOR — mammalian target of
rapamycin,

SDH - succinate dehydrogenase,
TCA — tricarboxylic acid cycle,

TfR — transferrin receptor,

TTP — tristetraprolin.

INTRODUCTION

Iron is a crucial element for many organisms since it is a co-
factor for enzymes and proteins involved in mitochondrial
electron transport, citric acid cycle, metabolism, DNA syn-
thesis and oxygen binding [1]. While iron deficiency nega-
tively affects cellular proliferation and metabolic activity,
iron overload results in cellular damage via iron mediated
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formation of toxic radicals by the Fenton reaction [2]. Thus,
tight control of iron homeostasis is fundamental for proper
cellular function. Iron is acquired by cells via different
mechanisms including uptake of transferrin bound iron via
transferrin receptor (TfR) mediated endocytosis, divalent
metal transporter-1 (DMT-1) mediated ferrous iron uptake
or in case of macrophages, receptor mediated incorpora-
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tion of senescent erythrocytes. Intracellular iron is then
either stored within the protein ferritin for future utiliza-
tion, incorporated into iron containing proteins or export-
ed from the cell by the transmembrane protein ferroportin
[1, 3, 4]. The orchestration of those cellular iron genes is
maintained by iron sensitive intracellular proteins, termed
iron regulatory proteins (IRP)-1 and 2 which control the
post-transcriptional and translational expression of these
iron metabolism genes following binding to specific RNA
stem loop structures, iron responsive elements (IREs), lo-
cated within the 5’ or 3’ untranslated regions within the
mRNA of the respective genes [1, 5].

During iron deficiency IRPs efficiently bind to IREs re-
sulting in stabilization of TfR1 and DMT1 mRNA and conse-
quently increased iron uptake whereas the translation of
ferritin and ferroportin mRNA is blocked thus ensuring
increased intracellular iron availability [1, 4]. If iron is
abundant within cells, IRP1 acts as a cytoplasmic aconitase
with no IRE binding affinity whereas IRP2 undergoes ubig-
uitylation and proteasomal degradation by the F-box and
leucine-rich repeat protein 5 (FBXL5), an E3 ubiquitin ligase
subunit [5, 6]. This results in ferritin and ferroportin trans-
lation with consecutive promotion of either iron storage or
cellular iron export whereas iron uptake via TfR or DMTL1 is
reduced.

Of note, in its non-IRE binding form IRP-1 acts as a cy-
toplasmic aconitase with currently unknown physiological
function whereas the translation of mitochondrial aco-
nitase is controlled by IRE/IRP interaction in a way that
surplus iron promotes mitochondrial aconitase expression
whereas iron deficiency results in repression of mitochon-
drial aconitase translation [7, 8]. Mitochondrial aconitase is
a central enzyme of the Krebs or tricarboxylic acid cycle
(TCA), and modulation of cellular iron availability in vitro
alters TCA enzyme activities, NADH formation, mitochon-
drial respiration and cellular oxygen consumption [9]. In
rats iron deficiency had little effects on TCA activity but
resulted in a significant decrease of citrate levels after
three weeks [10], whereas in mice exposed to high dietary
iron reprogramming of the Krebs cycle and altered glucose
homeostasis was observed over time [11]. Of note, sus-
tained iron loading had a negative effect on mitochondrial
function via promotion of oxidative stress [12].

At the systemic levels iron homeostasis is controlled by
the liver derived hormone hepcidin. Iron loading or in-
flammatory signals including lipopolysaccharide result in
hepcidin induction and release to the circulation whereas
iron deficiency or hypoxia block hepcidin expression [13].
Hepcidin exerts its regulatory function upon binding to
ferroportin resulting in its internalization and degradation
thereby blocking cellular iron egress from macrophages
and enterocytes. Conversely, suppression of hepcidin ex-
pression leads to enhanced cell surface ferroportin expres-
sion and increased cellular iron release [14, 15].

The control over iron homeostasis appears to be crucial
for the course of infections. This is because iron on the one
hand is an essential growth factor for most microbes, and
because the expression of microbial iron acquisition sys-
tems is linked to microbial pathogenicity [16, 17]. Moreo-
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ver, iron exerts subtle effects on cellular immune regula-
tion by affecting the differentiation of lymphocytes [18]
but also by impacting on macrophage anti-microbial im-
mune effector mechanisms including the formation of oxy-
gen and nitrogen radicals, tumor necrosis factor (TNF) al-
pha or interleukin (IL) 1, 6 or 10 [19].

Of note, iron metabolism undergoes massive, inflam-
mation driven chances during the course of an infection
aiming at reducing the microbial access to this essential
nutrient [15], and the specific mechanisms appear to be
different according to the nature and localization of the
respective pathogen [20-22]. Therefore, regulation of iron
homeostasis by the host is inevitable in host-pathogen
interaction and acts as a control mechanism against invad-
ing pathogens [16, 17, 22].

In addition, recent investigations reported a metabolic
reprogramming in the course of infection. This metabolic
change is characterized by a shift from oxidative phosphor-
ylation towards anaerobic glycolysis [23, 24]. Energy is then
mainly produced via glycolysis resulting in the accumula-
tion of lactic acid even when enough oxygen is abundant
[23, 25].

Mechanistically, part of this metabolic reprogramming
is controlled by the mammalian target of rapamycin
(mTOR) signaling pathway [25], and inhibition of the mTOR
pathway negatively impacts the immune control intra-
macrophage infection with Mycobacterium tuberculosis
[26]. Of note, mTOR affects iron homeostasis by controlling
hepcidin expression and TfR stability [27, 28]. The latter
can be referred to tristetraprolin (TTP), which is a down-
stream target of mTOR [28]. Under iron-deficient condi-
tions, this protein becomes activated which results in deg-
radation of mRNAs of non-essential iron containing pro-
teins, thereby liberating iron which can be used in vital
processes. Moreover, TTP has the property to interact with
TfR1 and to alter its stability which results in the degrada-
tion of the iron importer and changes in cellular iron flux
[28-30].

Based on this evidence, we questioned whether the
growth-promoting effect of iron on intramacrophage mi-
crobes such as Salmonella enterica serovar typhimurim
[31], which will be also simply referred as Salmonella Tm,
and the deterimental role of excess iron in bacterial sepsis
[32] are not only due to the metal function as a microbial
nutrient but also linked to iron mediated re-programming
of macrophage energy metabolism via its effects on TCA
and/or via modulation of mTOR activity.

RESULTS

Iron status regulates the metabolic reprogramming within
macrophages.

To study the effects of iron availability on macrophage
metabolic profiles we used the murine macrophage cell
line RAW264.7 and exposed it to iron either by adding fer-
ric chloride or by supplementing hepcidin which blocks iron
egress; in addition, to induce iron deficiency the iron chela-
tor deferiprone (DFP) was used. We then examined the
MRNA expression pattern of the citric acid enzymes (Fig. 1).
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While none of the treatments significantly affected the
expression of aconitase or isocitrate dehydrogenase (IDH),
hepcidin supplementation significantly increased succinate
dehydrogenase (SDH, Fig. 1C) mRNA expression as com-
pared to the untreated control cells. Instead, iron deficien-
cy following DFP supplementation significantly increased
lactate dehydrogenase (LDH) mRNA expression (Fig. 1D).
This data provided novel evidence that perturbations of
iron homeostasis have an impact on the expression of
genes involved in the TCA cycle, thus influencing cellular
metabolism and energetics.

Iron status of macrophages affects the cellular metabo-
lism during an infection

Given the importance of iron homeostasis on cellular ener-
getics, we next investigated the effects of iron perturba-
tions on the regulation of metabolic genes during an infec-
tion. In fact, several pathogens including the Gram nega-
tive bacterium Salmonella typhimurium rely on a sufficient
availability of iron for their growth and pathogenicity [33,
34].
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FIGURE 1: Effects of macro-
phage iron loading on mRNA
expression of metabolic
enzymes. Expression of aco-
nitase (A), isocitrate dehy-
drogenase (B), succinate
dehydrogenase (C) and lac-

0.6 tate  dehydrogenase (D)

mRNA relative to the house
keeping gene was deter-

0.4+ mined by qRT-PCR after

treating RAW264.7 cells with
either FeCls (50 uM), hepcidin

0.2 (1 pg/ml) or DFP (50 uM) for

30 hours. Representative
data from two independent
experiments performed with
5 and 6 replicates are shown.
I Graphs show means + SEM.
One-way ANOVA with Tuk-
ey’s multiple comparison
correction was performed.
Exact p-values are indicated
in the graphs.
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Thus, we infected RAW264.7 macrophages with Salmo-
nella for 24 hours under different iron conditions (Fig. 2).
Iron loading of cells was done by combined treatment with
hepcidin and ferric chloride because this resembles the
situation in iron loaded subjects upon infection where hep-
cidin is systemically produced and released into the circula-
tion [31, 35].

Cellular infection resulted in significantly increased ac-
onitase (Fig. 2A, p=0.007), and SDH (Fig. 2C, p=0.0012)
MRNA expression, whereas IDH (Fig. 2B) mRNA levels re-
mained unchanged compared to uninfected cells.

Of note, infection per se increased the mRNA expres-
sion of LDH as compared to uninfected cells (Fig. 2D,
p=0.0027). In agreement with the Warburg effect, Salmo-
nella infection of macrophages resulted in increased lac-
tate (Fig. 2E, p=0.0064) and reduced pyruvate concentra-
tions (Fig. 2F, p=0.0004) measured in the cellular superna-
tant as compared to uninfected macrophages, indicating
anaerobic glycolysis. Accordingly, metabolomics analysis
performed on cellular supernatants indicates changes in
cellular metabolites utilization after Salmonella infection as
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FIGURE 2: Effects of Salmonella infection on the expression of metabolic enzymes and metabolites in RAW264.7 macrophages. Cells were
infected with Salmonella enterica serovar Thyphimurium (MOI of 10) as detailed in methods. Expression of aconitase (A), isocitrate dehy-
drogenase (B), succinate dehydrogenase (C) and lactate dehydrogenase (D) mRNA relative to the house keeping gene was determined by
gRT-PCR in untreated control cells (ctrl) or infected cells after 24 hours. Pyruvate, lactate and methionine sulfoxide levels (E-G) were deter-
mined in cell culture supernatants. Representative data from two independent experiments performed with 3 and 6 replicates are shown.
Graphs show means + SEM. Student’s t-test was used. Exact p-values are indicated in the graphs.

compared to macrophages without infection (Suppl. Figure
S1). Among the metabolites evaluated, glutamine levels
were found to be lower in the supernatant of infected cells
suggesting that these cells took up more glutamine com-
pared to controls cells or that less glutamate was released.
Glutamine is often used by cells as nutrient and an inter-
mediate to feed the TCA cycle after conversion into gluta-
mate and alpha-ketoglutarate. Moreover, as expected,
cells infected with Salmonella showed increased oxidative
stress, as reflected by the presence of higher levels of the
metabolite methionine sulfoxide in the cellular superna-
tant (Fig. 2G, p=0.0142).

Interestingly, iron accumulation in Salmonella infected
macrophages resulted in significantly higher mRNA expres-
sion of aconitase (Fig. 3A, p=<0.0001), IDH (Fig. 3B,
p=0.0179) and SDH (Fig. 3C, p=0.0461) as compared to
Salmonella infected macrophages alone. This translated
into elevated pyruvate (Fig. 3F, p=0.0165) and reduced
lactate levels in the culture supernatants (Fig. 3G,
p=0.0035), indicating reversal of the Warburg effect.
Dysregulation of energy metabolism was also captured by
spent medium metabolomics analysis (Suppl. Fig. S2). Ac-
cordingly, iron supplementation led to an increase in mac-
rophage bacterial load (Fig. 5E). Contrarily, treatment with
the iron chelator DFP had only a mild effect on cellular

OPEN ACCESS | www.microbialcell.com 534

metabolism, rather it significantly reduced Sa/monella pro-
liferation (Fig. 3 and 5) as compared to iron loaded cells.

Overall, these data suggest that activation of anaerobic
glycolysis occurs in Salmonella infected macrophages, but
iron induces a metabolic re-programming leading to an
increase in TCA activity with stimulation of TCA enzyme
expression.

Mammalian target of rapamycin (mTOR) signalling path-
way is activated during an infection

The data obtained so far indicate iron as an important
modulator of the metabolic changes occurring during Sal-
monella infection of macrophages. Based on the descrip-
tion of MTOR as a central regulatory player in sepsis-driven
metabolic disturbances [24] we questioned whether the
effects of iron perturbations were mediated through the
mMTOR pathway. So, we determined the phosphorylation of
the downstream target of mTOR 4E-BP1 in RAW264.7 mac-
rophages (Fig. 4). We found that infection with Salmonella
greatly induced 4EBP1 phosphorylation, whereas iron per-
turbations had little or no effects on this indicator of mTOR
activity, neither in un-infected nor in infected macrophages.
(Fig. 4).
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FIGURE 3: Effects of iron perturbations on TCA enzyme expression and metabolite concentrations in Salmonella infected macrophages.
Cells were pre-treated with FeCls/hepcidin (50 uM/ 1pg/ml, respectively) or DFP (50 uM) for 6 hours or left untreated prior to infection with
Salmonella (MOI of 10) as detailed in methods. Expression of aconitase (A), isocitrate dehydrogenase (B), succinate dehydrogenase (C) and
lactate dehydrogenase (D) mRNA relative to the house keeping gene was determined by qRT-PCR in untreated control cells (ctrl) or infected
cells after 24 hours. Metabolite levels of lactate (E), free fatty acids (F) and pyruvate (G) were determined in the cell supernatant after 24 h
of infection. A selection of 15-top metabolites (raw-wise) from the metabolomics analysis of cellular supernatants is shown in the heatmap
(H), where samples in each group were averaged (column-wise, S.Tm/Fe n=13; S.Tm n=13). Representative data from three independent
experiments performed in duplicates or triplicates are shown. Data are shown as relative changes as compared to the control. Graphs show

means + SEM. One-way ANOVA with Tukey’s multiple comparison correction was performed. Exact p-values are indicated in the graphs.

Inhibition of mMTOR reverses the metabolic reprogram-
ming

To investigate the involvement of the mTOR pathway in
the metabolic alterations of macrophages during Salmonel-
la infection, infected cells were treated with the mTOR
inhibitor rapamycin. Interestingly, we found that rapamy-
cin treatment had an impact on the mRNA levels of citric
acid enzymes (Fig. 5). Specifically, mTOR inhibition signifi-
cantly increased the expression of aconitase, SDH and IDH
while it decreased LDH mRNA levels (Fig. 5). Like iron,
mTOR affects the expression of critical enzymes in cellular
metabolism (Fig. 5A-D). In addition, mTOR inhibition re-
sulted in increased bacterial proliferation (Fig. 5E) support-
ing the importance of mTOR-mediated metabolic repro-
gramming for the control of infection with the intracellular
bacterium S. typhimurium. Of note, administration of iron
to rapamycin treated macrophages further significantly
increased bacterial proliferation whereas DFP reduced it
(Fig. 5).
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mTOR signalling pathway impacts iron homeostasis with-
in macrophages

Next, we studied if the mTOR signaling pathway could have
an impact on iron homeostasis in Salmonella infected mac-
rophages (Fig. 6). For this we evaluated the expression of
TfR1 which is also a sensitive indicator of intracellular iron
availability and because TfR1 has been previously shown to
be affected by mTOR activity via TTP [28]. As a marker of
iron accumulation in cells we determined ferritin protein
levels. While Salmonella infection had little effect on TfR
and ferritin expression in infected as compared to unin-
fected macrophages, treatment with iron resulted in the
anticipated alterations, namely significant reduction of TfR
and increased ferritin expression (Fig. 6A and B). DFP
treatment had only little effects namely insignificant in-
crease of TfR and decrease of ferritin protein concentra-
tions in this experimental setting. Remarkably, inhibition of
MTOR by rapamycin treatment reduced TfR1 protein levels
in Salmonella infected macrophages. While, rapamycin had
no effects on ferritin expression, it blunted the stimulatory
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FIGURE 4: Infection but not iron perturbations induces mTOR activation in macrophages. Protein levels of the mTOR downstream target
p4E-BP1 were determined using Western blot analysis after treating RAW264.7 cells with Salmonella (MOI of 10) for 1 h. Additionally, cells
were treated with FeCl3/hepcidin (50 pM/1 pg/ml, respectively) or DFP (50 uM) for 6 h prior to infection.

effect of iron for ferritin induction indicating that mTOR
activity impacts on cellular iron availability by increasing
cellular iron accumulation and iron storage within ferritin
thereby presumably resulting in reduced levels of metabol-
ically available iron. Conversely, mTOR inhibition by ra-
pamycin would increase intracellular iron availability which
may be of benefit for intracellular bacteria. Similar effects
of mTOR were also observed in macrophages without in-
fection (Suppl. Fig. S3).

Finally, we studied whether iron treatment also im-
pacted metabolic reprogramming when the mTOR path-
way was blocked. Thus, we compared the metabolic pro-
files in the spent medium of Salmonella infected macro-
phages in the presence and absence of rapamycin with or
without iron supplementation (Fig. 7). Of interest, we
found that rapamycin treatment had only little effect on
lactate and pyruvate concentrations in Salmonella infected
macrophages. Addition of iron did not significantly change
lactate levels but resulted in increased pyruvate concentra-
tions (Fig. 7A, 7B, respectively), whereas iron loading in the
absence of rapamycin significantly altered lactate levels as
compared to Salmonella infected macrophages without
additives (Fig. 3G). Moreover, we found increased alpha-
ketoglutarate (Fig. 7F) and a tendency for increased gluta-
mine (Fig. 7C) concentrations in the cellular supernatant of
cells treated with rapamycin and iron, suggesting that un-
der such conditions cells are not able to feed the TCA cycle
using glutamine as substrate. Accordingly, the malate-
aspartate shuttle might also be impaired as malate accu-
mulates in the supernatant (Fig. 7D). In addition, accumu-
lation of ketoleucine indicates that the branched chain
amino acid metabolism is affected.

This indicates, that iron may exert part of these meta-
bolic effects by affecting mTOR driven effector pathways
specifically by interfering with anaerobic glycolysis and
lactate accumulation while stimulating TCA activity. How-
ever, we observed several other metabolic pathways which
were differently altered by rapamycin treatment and upon
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concomitant iron loading indicating iron specific effects
independent of an influence on the mTOR (Fig. 7 and Suppl.
Fig. S4).

DISCUSSION

Based on the evidence that both the activation of the
mTOR pathway and perturbations of iron homeostasis
have subtle effects on different metabolic pathways in cells
[1, 4, 36] and because both affect the course of infectious
diseases [25, 32], we herein studied their impact on meta-
bolic profiles in Salmonella infected macrophages and in-
vestigated for a putative functional interaction in that set-
ting. We found that upon Salmonella infection metabolic
reprogramming characterized by a well described Warburg
effect occurs as reflected by induction of aerobic glycolysis
[24]. Accordingly, in Salmonella infected cells increased
lactate and reduced pyruvate levels were found while glu-
tamine and alpha-ketoglutarate concentrations were re-
duced in cellular supernatants. Glutamine, which is present
in culture medium can be consumed by cells and converted
to glutamate by glutaminase, which then enter in the TCA
cycle upon conversion to alpha-ketoglutarate. This could
suggest that upon stimulation of anaerobic glycolysis in the
course of infection the cells switch to the use of glutamine
to feed TCA cycle.

In addition, iron loading of infected RAW264.7 murine
macrophages resulted in induction of TCA activity and re-
duction of anaerobic glycolysis as evidenced by increased
pyruvate and reduced lactate levels. Most interestingly, we
provide additional novel information that iron perturba-
tions do not only affect enzymatic activities but also impact
on the mRNA expression of the TCA enzymes aconitase
(Aco), isocitrate dehydrogenase (IDH) and succinate dehy-
drogenase (SDH), however, these effects have been slightly
different between resting and infected macrophages (Fig. 1
and 2). An effect of iron on TCA activity has so far been
mainly attributed to translational regulation of mitochon-
drial aconitase expression via IRE/IRP interaction [37] but
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also referred to a direct effect of the metal on enzymatic
activities of TCA enzymes as shown in different cellular
systems [9, 11]. This may be linked to alterations in the
concentrations of enzymatic substrates or a direct impact
on the catalytic centers of these enzymes which often con-
tain iron-sulfur clusters [38]. Moreover, the mechanisms by
which iron alters the expression of TCA enzymes deserved
further analysis of the underlying mechanism but may in-
clude epigenetic control by TCA derived carbohydrates and
posttranslational regulation of enzyme activities. Of note,
we also found that Salmonella infection per se resulted in
alterations of mRNA expression of some of the TCA en-
zymes investigated indicating that either innate immune
effector molecules or the pathogen by itself impact on

their expression and thus metabolic alterations [19, 39, 40].

However, some of these effects could be blocked by the
addition of rapamycin indicating that mTOR mediated
mechanisms play a central role in regulation of TCA en-
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FIGURE 5: Effects of mTOR inhibition on relative expression
of metabolic enzymes in Salmonella infected RAW264.7
macrophages. Expression of aconitase (A), isocitrate dehy-
drogenase (B), succinate dehydrogenase (C) and lactate dehy-
drogenase (D) mRNA relative to the house keeping gene was
determined by qRT-PCR after infecting RAW264.7 cells with
Salmonella (MOI of 10) for 24 hours and after pre-treatment
with rapamycin (200 nM) or saline (control) 1 h prior to infec-
tion is shown. The numbers of intramacrophage bacteria was
determined by gentamycin protection assay after 24 hours
(E). For these experiments, cells were treated with
FeCls/hepcidin (50 pM/1 pg/ml, respectively) or DFP (50 pM)
for 6 h prior to infection and supplemented with rapamycin
(200 nM) or saline one hour before infection. Representative
data from three independent experiments performed with
duplicates or triplicates are shown. Graphs show means *
SEM. Student’s t-test was used. Exact p-values are indicated in
the graphs.

zymes in the course of infection which may be, however,
also affected by the pathogen [41, 42].

Nonetheless, iron loading of macrophages resulted in
metabolic programming of macrophages and altered ex-
pression of metabolic enzymes. To better understand
these alterations, we looked at the activity of the mTOR
signaling pathway since prior studies revealed that mTOR
may drive the shift towards aerobic glycolysis in acute in-
flammation [25]. Our results are in line with activation of
MTOR pathway in the course of Salmonella infection of
macrophages as reflected by increased phosphorylation of
the downstream target of mTOR, 4E-BP1. In addition, inhi-
bition of mTOR by rapamycin resulted in higher bacterial
numbers further supporting the role of mTOR in the con-
trol of bacterial infection [26, 43]. However, iron accumula-
tion caused metabolic re-programming but had no direct
effect on mTOR activity as evidenced by unaltered phos-
phorylation of 4E-BP1 (Fig. 4). This would imply that iron
availability controls another target of mTOR activity which
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FIGURE 6: Effect of Salmonella infection, iron perturbation and mTOR inhibition on iron homeostasis in RAW264.7 cells. Protein levels of
transferrin receptor (TfR) and ferritin were determined in control and Salmonella infected RAW264.7 cells after 24 hours of infection and
either pretreatment with FeCls/hepcidin or DFP and/or rapamycin for 6 or 1 hours respectively. Representative blots (A) and densitometric
quantification of results relative to beta-actin expression (B) are shown. Graphs show means + SEM. One-way ANOVA with Tukey’s multiple
comparison correction was performed. Exact p-values (< 0.05) are indicated in the graphs.

translates into the Warburg effect. In this context, hypoxia
inducible factor 1 (HIF1) has attracted interest as HIF1 acti-
vation is centrally involved in transmitting the metabolic
effects mediated by the mTOR pathway [24]. On the other
hand, the stability of HIF-1 is controlled by iron via its regu-
latory effect on prolyl-hydroxylases in a way that high iron
availability promotes prolyl-hydroxylase activity which then
degrades HIF1 [44, 45]. Given the dominant regulatory role
of iron for metabolic regulation of infected macrophages it
is not surprising that mTOR affects iron in order to limit
iron availability and to reduce metabolic reprograming
effects. Previous data demonstrated that the tandem zinc
finger protein TTP, which is a downstream target of mTOR
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gets activated in response to rapamycin under low iron
conditions or in the presence of an iron chelator. Thereby,
TTP negatively regulates the expression of TfR1, leading to
reduced iron import [28]. Accordingly, we found a reduc-
tion of TfR1 protein expression and reduced ferritin levels
upon iron challenge in Salmonella infected macrophages
treated with rapamycin. This would indicate that mTOR
aims at increasing cellular iron acquisition and efficient
storage of the metal within ferritin in order to reduce the
proportion of metabolically active iron within the cell. Of
interest, we also found that upon inhibition of the mTOR
pathway by rapamycin in Salmonella infected macrophage
bacterial numbers significantly increased and metabolic
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FIGURE 7: Metabolic effect of Salmonella infection, iron perturbation and mTOR inhibition in RAW264.7 cells. Selected metabolites anno-
tated after the metabolomics analysis of cell supernatant of cells infected with Salmonella and treated with rapamycin or rapamycin and
iron/hepcidin (Fe) for 24 hours. Data are shown as box plots. Statistical analysis was performed using One-way ANOVA with Tukey’s correc-

tion. Exact p-values are indicated in the graphs.

profiles partially changed, however, surprisingly with only
little effect on pyruvate and lactate levels. Of note, iron
administration to rapamycin treated macrophages further
increased bacterial numbers which could on the one hand
be due to the fact that mTOR inhibition increased intracel-
lular iron availably for bacteria which serves as a microbial
nutrient and that iron inducible metabolic effects result in
a pathogen friendly intracellular environment (Fig. 7). Most
strikingly, under these circumstances iron induces meta-
bolic reprogramming. Of note, the combined treatment of
Salmonella infected macrophages with rapamycin and iron
resulted in the accumulation of several TCA and branched
chain amino acid metabolites. Specifically, the increased
concentrations of glutamine and alpha-ketoglutarate as
well as of malate in the supernatant suggest problems of
feeding the TCA cycle under these combined conditions.
The reasons for this remain elusive but may include coun-
ter-regulatory mechanisms on enzymatic pathways as well
as alterations of mitochondrial function and oxidative
stress responses and in addition, effects of the pathogen
on metabolic profiles of host cells have also to be consid-
ered [46].
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One limitation of our study is attributed to the fact that
we only investigated RAW 264.7 cells, a well-established
model to study macrophage biology and intracellular infec-
tion. However, we did not validate those findings in murine
primary cells or macrophages isolated from infected mice
thus far, an issue with must be followed up in future.

In summary, our data indicate that both, the mTOR
pathway and iron perturbations have central regulatory
effects on metabolic pathways in the course of infection of
macrophages with the intracellular bacterium Salmonella
enterica serovar Typhimurium (S. Tm) (Fig. 8). While mTOR
activation induces the Warburg effect and anaerobic gly-
colysis, iron can cause metabolic re-programming toward
TCA activation and aerobic glycolysis which may be partly
referred to interference with mTOR inducible metabolic
processes. Of note, mTOR function and iron homeostasis
are functionally connected with mTOR impacting on cellu-
lar iron availability. In addition, iron loading of macrophag-
es affects additional metabolic pathways even when mTOR
activity is blocked. Thus, iron may not only act as a primary
growth factor for bacteria but also create a microbe friend-
ly metabolic environment within cells. Further studies
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should investigate the importance of this finding in animal
models of infection and further characterize the molecular
and metabolic interactions between iron and mTOR and
their importance for the control of infectious disease by
the host [16, 17, 40].

MATERIALS AND METHODS

Cell culture

RAW264.7 murine macrophage-like cells were cultured in
complete DMEM supplemented with 10% heat-inactivated
fetal calf serum (FCS), 1% penicillin, 1% streptomycin and
1% L-glutamine, 1% minimum essential medium non-essential
amino acids (MEM NEAA 100 x) and 2% sodium pyruvate at
37°C in humidified air containing 5% CO,.

For simulating an iron overload state, cells were treated
with both, FeCl; (50 uM) and hepcidin (Peptanova,
Sandhausen, Germany (1 ug/ml) for either 30 hours and on
the other hand, to generate iron deficiency within cells,
RAW?264.7 macrophages were treated with the iron-chelating
agent deferiprone (DFP) (50 uM) for 30 hours. Additionally,
cells were treated with the mTORC1 inhibitor rapamycin (200
nM) for 1 hour and 20 nM for another 24 hours. Control sam-
ples were left untreated. Thereafter, supernatants were col-
lected and stored at -80°C and macrophages were subjected
to RNA extraction or protein preparation.

Salmonella infection in vitro

Prior to infection, macrophages were incubated in complete
medium without antibiotics and pre-stimulated with either
FeCl; (50 uM) and hepcidin (1 pg/ml) or DFP (50 uM) for 6
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hours. Or rapamycin (200 nM) was supplied 1 hour prior to
infection.

Thereafter, the supernatant was removed, and fresh me-
dium was added, supplemented with the same components as
described prior with the only difference that only 20 nM of
rapamycin was added for subsequent infection period.

Cells were then infected with the viable wild type Salmo-
nella enterica serovar Typhimurium (S. Typhimurium, S. Tm
wt) strain ATCC14028 for 1 hour at a MOI (multiplicity of infec-
tion) of 10 exactly as described elsewhere [46]. The number of
Salmonella colony forming units (CFU) recovered from macro-
phages was determined by plating serial dilutions of S. Tm on
agar-plates and incubation for 24 hours at 37°C.

RNA preparation, reverse transcription and polymerase chain
reaction

RNA extraction, cDNA transcription and quantitative RT-PCR
was performed exactly as described previously [47]. cDNA
levels of the respective genes were calculated as relative ex-
pression to the house keeping gene beta-Glucuronidase
(Gusbeta). The specific probes and primers are presented as
supplemental information.

Western blot analysis

Protein extracts were prepared with cytoplasmic lysis buffer
(25 mM Tris—HCI [pH 7.4], 40 mM KCI, and 1% Triton X-100)
supplemented with 1 mg/ml aprotinin and 1 mg/ml leupeptin
(all obtained from Sigma). 20 ug of total protein were run on
10-15% SDS-polyacrylamide gels, and western blotting was
performed using the PVDF transfer membrane as previously
described [48]. We used either a mouse anti-human TfR1 an-
tibody (1:1000; Invitrogen, rabbit anti-human ferritin (1:500,
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Sigma) or rabbit anti-mouse p4E-BP1 (1:1000; Cellsignal) anti-
bodies. Blotting with rabbit anti-B-Actin antibody (1:500; Sig-
ma-Aldrich) was performed as a loading control. The chemi-
luminescence signal was detected with a ChemiDoc Imaging
system (BioRad) and densitometric scanning of blots was car-
ried out for quantitative comparisons.

Metabolomics analysis of cell supernatants

Cell supernatant samples were collected and stored at -80°C
until metabolomics analysis. Samples were diluted adding
200 pL of dilution solution to 50 pL of cell supernatant. The
dilution solution consisted of acetonitrile (100%) and con-
tained the following internal standards: alanine-*3C3,*°N
(0.9 pg/mlL), arginine- 3C¢,>Ns (1.8 pg/mL), aspartic acid-
13C4, 5N (1.3 pg/mL), cystine-13Cg,*°N, (1.2 pg/mL), glutamic
acid-13Cs,'>N (1.5 pg/mL), glycine-'3C,,*>N (0.8 pg/mL), histi-
dine-13C,"°N3 (1.6 pg/mL), isoleucine-'3Ce,">N (1.3 pg/mL),
leucine-3Cg, >N (1.3 pg/mL), lysine-13Cq,*°N, (1.5 pg/mL), me-
thionine-3Cs,'>N (1.5  ug/mL), phenylalanine-13Cg,*>N
(1.7 pg/mL), proline-13Cs,'>N (1.2 ug/mlL), serine-'3Cs,'°N
(1.1 ug/mL), threonine-13C4,*>N (1.2 ug/ mL), tyrosine-3Co,*°N
(1.8 pg/mL), and valine-'3Cs,>N (1.2 pg/mL). Samples were
then filtered through a protein removal plate (Sirocco, Waters
Corporation, Milford, MA, USA). Quality control (QC) samples
were obtained by pooling together small aliquots (15 pL) from
each sample.

Ultra-high-performance liquid chromatography (UHPLC)
combined with Mass spectrometry (MS)

All samples were analyzed using a metabolomics workflow
previously described [49]. Briefly, ultra-high-performance
liquid chromatography (UHPLC) (Agilent 1290; Agilent Tech-
nologies, Santa Clara, CA, USA) was coupled to a Q-TOF mass
spectrometer (TripleTOF 5600+; AB Sciex, Foster City, CA, USA).
The chromatographic separation was achieved by hydrophilic
interaction liquid chromatography (HILIC) using an Acquity
BEH amide, 100 x 2.1 mm column (Waters Corporation, Mil-
ford, MA, USA).

Acetonitrile + 0.1% formic acid was used as mobile phase
A and water + 0.1% formic acid as mobile phase B. The injec-
tion volume was set at 5 pl, and the flow rate at 0.6 ml/min.
The following linear gradients were used: 0 min 95% A and
1 min 95% A, 4 min 30% A and 5 min 30% A, and 5.1 min 95%
A and 8 min 95% A.

The mass spectrometer operated in full scan mode in the
mass range from 50 to 1000 m/z and with an accumulation
time of 250 ms. In ESI+ mode, the source temperature was set
at 700°C, the declustering potential at 30 V, the collision ener-
gy at 6 V, the ion spray voltage at 5120 V, the curtain gas at
25 psi, and the ion source gases 1 and 2 at 60 psi. In ESI- mode,
the source temperature was set at 650°C, the declustering
potential at - 45 V, the collision energy at - 6 V, the ion spray
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