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Abstract: Arginase 1 (ARG1) is a cytosolic enzyme that cleaves L-arginine, the substrate of inducible
nitric oxide synthase (iNOS), and thereby impairs the control of various intracellular pathogens.
Herein, we investigated the role of ARG1 during infection with Salmonella enterica serovar Ty-
phimurium (S.tm). To study the impact of ARG1 on Salmonella infections in vitro, bone marrow-
derived macrophages (BMDM) from C57BL/6N wild-type, ARG1-deficient Tie2Cre+/−ARG1fl/fl and
NRAMPG169 C57BL/6N mice were infected with S.tm. In wild-type BMDM, ARG1 was induced
by S.tm and further upregulated by the addition of interleukin (IL)-4, whereas interferon-γ had an
inhibitory effect. Deletion of ARG1 did not result in a reduction in bacterial numbers. In vivo, Arg1
mRNA was upregulated in the spleen, but not in the liver of C57BL/6N mice following intraperi-
toneal S.tm infection. The genetic deletion of ARG1 (Tie2Cre+/−ARG1fl/fl) or its pharmacological
inhibition with CB-1158 neither affected the numbers of S.tm in spleen, liver and blood nor the
expression of host response genes such as iNOS, IL-6 or tumour necrosis factor (TNF). Furthermore,
ARG1 was dispensable for pathogen control irrespective of the presence or absence of the phagolyso-
somal natural resistance-associated macrophage protein 1 (NRAMP1). Thus, unlike the detrimental
function of ARG1 seen during infections with other intraphagosomal microorganisms, ARG1 did
not support bacterial survival in systemic salmonellosis, indicating differential roles of arginine
metabolism for host immune response and microbe persistence depending on the type of pathogen.

Keywords: arginase 1; inducible nitric oxide synthase; Salmonella enterica serovar Typhimurium;
macrophages; intracellular bacteria

1. Introduction

Macrophages belong to the phagocytic cells of the innate immune system and rep-
resent one of the first lines of defence against invading pathogens. Depending on the
type of activation, they are divided into two major forms: (I) classically activated or M1
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macrophages that help to contain or clear microbes and express inducible or type 2 nitric
oxide synthase (iNOS or NOS2); and (II) alternatively activated or M2 macrophages that
support resolution of inflammation and tissue repair and express the enzyme arginase 1
(ARG1) [1–6].

The cytosolic enzyme ARG1 is upregulated by cytokines and microbial products dur-
ing infections, which usually promotes pathogen survival in macrophages by converting
L-arginine into urea and ornithine, thereby limiting the availability of L-arginine for iNOS
to generate nitric oxide (NO) and L-citrulline. NO has been shown to exert central functions
in host defence by acting as an anti-microbial agent but also as a regulator of immune
effector functions. Interferon gamma (IFNγ) and tumour necrosis factor (TNF), along with
bacterial lipopolysaccharides, are potent inducers of iNOS [7–9].

In addition, part of the host protective effects of TNF and IFNγ can be traced back
to their inhibitory effect on the expression of ARG1, thereby promoting NO formation
for antimicrobial host defence [10,11]. Anti-inflammatory cytokines such as interleukin
(IL)-4 (IL-4) are potent inducers of ARG1. In contrast, TNF and IFNγ have been demon-
strated to inhibit the transcription of ARG1 by hindering the IL-4-induced chromatin
remodelling [10–12]. Specifically, in bone marrow-derived macrophages (BMDM) the
simultaneous addition of TNF and IL-4 resulted in downregulation of Arg1 mRNA and
protein expression via TNF-mediated epigenetic inhibition of ARG1 induction by IL-4.
As a consequence, in TNF-deficient mice the enzymatic activity of iNOS was reduced
by the upregulation of ARG1, which was accompanied by a progression of Leishmania
infection [10].

In the past, increased ARG1 activity has been linked to an impaired control of in-
fections, especially with intracellular parasites [10,13–16]. The underlying mechanisms
include reduction in L-arginine availability for high output formation of NO but also
alterations of polyamine synthesis, or formation of antioxidants such as trypanothione,
which can promote the growth of intracellular parasites such as Trypanosoma or Leishmania
spp. The competition between iNOS and ARG1 for L-arginine has also been shown to be
highly relevant for the control of infections with intracellular bacteria, such as M. tuberculo-
sis [13,17], which are sensitive to NO-mediated killing.

While the function of ARG1 in infections with Leishmania spp. or mycobacteria is well
established, little information is currently available on the role of ARG1 for the control
of the Gram-negative bacterium Salmonella enterica serovar Typhimurium (S.tm). Similar
to the other two pathogens, S.tm also resides in phagolysosomes and is susceptible to
changes in micronutrient composition in this compartment as, for example, exerted by
the transmembrane ion transporter NRAMP1 (natural resistance-associated macrophage
protein 1; also termed solute carrier family 11 member A1, Slc11A1) [18,19]. NRAMP1 has
been shown to be essential for resistance against infections with the intracellular microbes
S.tm, Leishmania donovani and several mycobacterial species, including Mycobacterium bovis
BCG [20]. In mice, one amino acid substitution, glycine to aspartic acid, leads to a non-
functional NRAMP1 transporter [21]. Functional NRAMP1 transports iron, manganese and
zinc ions. Previous studies showed that NRAMP1 functionality increased the expression of
iNOS by activating the transcription factors IRF-1 and STAT-1. Due to high iNOS levels,
NO production was enhanced and less intracellular pathogens were found in mice and
macrophage cell lines expressing intact NRAMP1 [22–25].

Infections of mice with S.tm resemble human infections with Salmonella typhi, which
can cause life-threatening systemic disease accounting for approximately 200,000 deaths
per year worldwide. S.tm is phagocytosed by macrophages and able to evade their antimi-
crobial activities by inhibiting phagolysosomal fusion and impeding the recruitment of
iNOS, thereby surviving and replicating inside the host [26–30]. Currently, treatment of
invasive salmonellosis with antibiotics is often not successful, because resistance to con-
ventional antibiotics is common. In addition, it is uncertain whether standard antibiotics
are able to penetrate into the Salmonella-containing vacuole. Thus, it is necessary to better
understand the host–pathogen interplay in salmonellosis and to identify new avenues for
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its treatment, either by strengthening anti-microbial host responses or by directly targeting
the pathogen or its metabolism [31–33].

Here, we investigated the role of ARG1 in Salmonella infections in vitro and in vivo
by analysing the antimicrobial activity of BMDM from C57BL/6N wild-type and ARG1-
deficient Tie2Cre+/–ARG1fl/fl mice and by monitoring the course of intraperitoneal S.tm
infections in these mice as well as in wild-type littermates treated with an inhibitor of ARG1.

2. Materials and Methods
2.1. Isolation of Bone Marrow-Derived Macrophages and Culture Conditions

Tibiae and femurs from C57BL/6N, Tie2Cre+/−ARG1fl/fl, Tie2Cre−/−ARG1fl/fl and
NRAMPG169 C57BL/6N mice were used and flushed with cold phosphate-buffered saline
(PBS; Lonza, Basel, Switzerland) supplemented with 1% penicillin/streptomycin (Sigma-
Aldrich, St. Louis, MO, USA) as detailed elsewhere [34]. Cells were cultured for seven days
in the presence of 50 ng/mL recombinant murine macrophage colony-stimulating factor
(MCSF; Peprotech, Vienna, Austria) at 37 ◦C, 5% CO2 and saturated humidity. Medium was
changed every second day. After differentiation of cells for six days, cells were washed with
PBS and scraped. Cell numbers were determined with LUNA-FL fluorescent and bright
field automated cell counter and by staining BMDM with acridine orange/propidium
iodide (Biozym, Hessisch Oldendorf, Germany). BMDM were seeded into 6-well plates
(Falcontm, Szabo-Scandic, Vienna, Austria) at a density of 7 × 105 cells per mL for in vitro
infection experiments. For Western blot analyses, BMDM were seeded into petri dishes
(diameter 10 cm; Falcontm, Szabo-Scandic) after isolation.

2.2. In Vitro Infection

A pre-culture of S.tm (ATCC14028) in Lysogeny Broth (LB, ROTH, Karlsruhe, Ger-
many) medium was shaken at 37 ◦C overnight. The following day, 50 µL of the bacterial
suspension was transferred into 10 mL of LB medium and shaken for about 2 h at 37 ◦C in
order to reach an optical density of 0.5 at 600 nm (OD600). This value was set to ensure
that the bacteria were in the logarithmic growth phase. Viable S.tm were counted using the
Casy counting system (OMNI Life Science, Bremen, Germany). Cells were infected for 1 h
with a multiplicity of infection (MOI) of 10. Afterwards, S.tm that were not phagocytosed
by BMDM were washed away with PBS + 25 mg/mL gentamicin (Gibco, Darmstadt, Ger-
many), and 1 mL of DMEM media (10% FBS + 1% L-glutamine + 25 mg/mL gentamicin)
was added to each well. Cells were either left unstimulated or stimulated with cytokines
(10 ng/mL IL-4 (Peprotech) or 100 ng/mL IFNγ (Peprotech)) for various time points. To
pharmacologically inhibit ARG1 in vitro, 50 µM of CB-1158 (MedchemExpress, Sollen-
tuna, Sweden) dissolved in highly purified, sterile water for injection (Fresenius Kabi, Bad
Homburg vor der Höhe, Germany) was added to each well for 14 and 24 h.

2.3. Animals

Mice were kept on a standard rodent diet (C2010 Altromin, Lage, Germany). The
animals had free access to food and water and were kept according to institutional and
governmental guidelines in the quarters of Medical University of Innsbruck with a 12 h
dark-light cycle and an average temperature of 20 ± 1 ◦C. The animal experiments were
approved by the Austrian Federal Ministry of Science and Research (BMWF-66.011/0139-
V/3b/2018).

Tie2Cre+/−ARG1fl/fl were generated by backcrossing of Tie2Cre-deleter mice and
floxed ARG1 mice with C57BL/6N mice for 12 generations and inter-crossing thereafter.
LoxP sites were inserted into the locus such that normal Arg1 gene expression would
not be disturbed except in Cre-expressing cells (endothelial cells, pericytes, subsets of
hematopoietic progenitor cells and Tie2-expressing monocytes/macrophages) [13,35].

Breeding pairs of NRAMPG169 C57BL/6N mice were a kind gift from Ferric C. Fang
(University of Washington, Seattle, WA, USA).
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2.4. In Vivo Infection

In vivo infection with S.tm (ATCC 14028) was carried out as described [36]. Specifi-
cally, 500 colony-forming units (CFU) in 200 µL PBS were intraperitoneally (i.p.) injected
into 8–12-week-old female mice (C57BL/6N, Tie2Cre+/−ARG1fl/fl or Tie2Cre−/−ARG1fl/fl).
After 72 h, mice were sacrificed and blood and organs were removed for further analysis.
Complete blood count analysis was performed using a Vet-Animal Blood Counter (Scil
Animal Care Co. GmbH, Viernheim, Germany).

2.5. Pharmacological Inhibition of ARG1 In Vivo

C57BL/6N mice were gavaged twice a day with 100 mg/kg of CB-1158 (MedchemEx-
press) dissolved in 200 µL highly purified, sterile water for injection (Fresenius Kabi) twice
a day. CB-1158 is an ARG1 blocker with high oral bioavailability [37,38]. The control group
was gavaged with water alone. After seven days mice were infected with 500 CFU of S.tm
i.p. Treatment with 100 mg/kg of CB-1158 was continued until mice were sacrificed after
72 h of infection and blood and organs were taken for further analysis. Complete blood
count analysis was performed using a Vet-Animal Blood Counter.

2.6. Colony Forming Units

The bacterial load in liver and spleen was determined by plating serial dilutions
of homogenised infected organ pieces onto LB agar plates under sterile conditions. For
in vitro experiments, cells were lysed with 1 mL of 0.5% sodium deoxycholic acid (Sigma-
Aldrich). Serial dilutions of lysate were plated on LB agar plates. The colonies were counted
manually after a 12 h incubation of the plates at 37 ◦C. For lysates of organs, the number of
bacteria per gram of tissue was calculated and for cell culture and blood the CFU per mL
was determined.

2.7. RNA Isolation, Reverse Transcription and TaqMan Quantitative Real-Time PCR (qRT-PCR)

Total RNA was extracted from cells and organs as described [34] using TRI Reagent®

(Sigma-Aldrich) according to the manufacturer’s protocol and reverse transcribed with M-
MLV Reverse Transcriptase (Thermo Fisher Scientific, Waltham, MA, USA). The expression
of genes listed in Table 1 was measured by quantitative real-time PCR using the CFX96
PCR system (BioRad, Feldkirchen, Germany) according to the instruction manual. The
relative gene expression was calculated using the ∆∆Ct method.

Table 1. Sequences of primers and TaqMan probes.

Murine Gene Forward Primer 5′-3′ Reverse Primer 5′-3′ Probe

Hprt GACCGGTCCCGTCATGC TCATAACCTGGTTCATCATCGC ACCCGCAGTCCCAGCGTCGTC
Arg1 AACACGGCAGTGGCTTTAAC GAGGAGAAGGCGTTTGCTTA TGGCTTATGGTTACCCTCCCGTTG

iNos CAGCTGGGCTGTACAAACCTT CATTGGAAGTGAAGCGTTTCG CGG GCA GCC TGT GAG ACC
TTT GA

Tnf TTCTATGGCCCAGACCCTCA TTGCTACGACGTGGGCTACA CTCAGATCATCTTCTCAAAATT
CGAGTGACAAGC

Il-6 TGTTCTCTGGGAAATCGTGGA AAGTGCATCATCGTTGTTCATACA ATGAGAAAAGAGTTG
TGCAATGGCAATTCTG

Il-10 CCAGAGCCACATGCTCCTAGA TGGTCCTTTGTTTG
AAAGAAAGTCT TGC GGACTGCCTTCAGCCAGG

In experiments with C57BL/6N BMDM, the mRNA expression of M1 and M2 macrophage
markers (Table 2) was analysed with a QuantStudio Viia7 qPCR machine (Thermo Fisher Sci-
entific) using gene-specific assays (TaqMan Gene Expression Assays, Thermo Fisher Scientific)
and the TaqMan Universal Master Mix II, no UNG (Thermo Fisher Scientific). The relative
gene expression was again calculated using the ∆∆Ct method.
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Table 2. Gene expression assays used for analysis of M1 and M2 marker genes.

Murine Gene TaqMan®Genexpressionassays

Hprt Mm00446968_m1
Mrc1 Mm00485148_m1
Chil3 Mm00657889_mH
Il-6 Mm00446190_m1
Tnf Mm00443258_m1

2.8. Immunoblotting

Protein extracts from frozen mouse tissue or cells were prepared and immunoblotting
was performed as described [39]. Staining with anti-ARG1, anti-iNOS and anti-β-ACTIN
primary antibodies (Table 3) was detected with the ECL™ Prime Western Blotting System
(Amersham Biosciences Europe GmbH, Freiburg, Germany) using a ChemiDoc Imaging
system (Biorad).

Table 3. Antibodies used for immunoblotting.

Detected Protein Antibody Dilution Commercial Source Catalogue Number

ARG1 1:2000 Novusbio (Littelton,
CO, USA) NBP1-32731

iNOS 1:1000 Abcam ab3523
β-ACTIN 1:500 Sigma-Aldrich A 2066

2.9. Flow Cytometry

Splenocytes collected from the spleens of infected and uninfected mice were stained
with monoclonal antibodies directed against cell surface markers as described [40]. After-
wards, cells were fixed and permeabilised with BD Cytofix/Cytoperm™ (BD Biosciences,
Heidelberg, Germany) solution and stained with an antibody against iNOS. As controls,
single marker stainings and FMO (fluorescent minus one) stainings were performed. The
analysis was carried out with a Beckman–Coulter CytoflexS device and analysed with
FlowJo software (10.6.1, FlowJo LLC, Ashland, OR, USA). The fluorochrome-conjugated
antibodies used are listed in Table 4.

Table 4. Antibodies used for flow cytometry.

Antibody against Conjugated
Fluorochrome Commercial Source Catalogue Number

CD3 PE-eFluor 610 Invitrogen 61-0031-82
CD19 PE-eFluor 610 Invitrogen 61-193-82

CD49b PE-CF594 BD Horizon 562453
CD11b BB515 BD Horizon 564454
CD45 APC-R700 BD Horizon 565478
F4/80 BV421 BD Horizon 565411
Ly6C BV510 BD Horizon 563040
Ly6G Percp-eflour 710 Invitrogen 46-9668-82
iNOS PeCy7 Invitrogen 25-5920-80

2.10. Detection of Interleukins and Nitrite

Detection and concentrations of TNF (R&D, Minneapolis, MN, USA) and IL-6 (BD
Biosciences) in plasma was determined by ELISA following the manufacturer’s protocol.
The concentration of nitrite, a stable oxidation product of NO, was determined with the
Griess–Ilosvay’s nitrite reagent (Merck, Darmstadt, Germany) as previously described [41].
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2.11. Urea Assay

The concentration of urea in the plasma of infected mice was assessed using the
Urea Assay Kit (Abcam, ab83362, Cambridge, UK) following the manufacturer’s protocol.
Briefly, 0.1–1 µL of sample was mixed with the provided reaction mix in a 96-well plate.
The plate was incubated at 37 ◦C for 1 h. Thereafter, OD was measured at 570 nm with
a Tecan microplate reader. The concentration of urea was calculated based on a urea
standard curve.

2.12. Arginase 1 Activity Assay

Enzymatic arginase 1 activity was measured as previously described [42]. Briefly, cell
lysates were prepared [39] and activated at 56 ◦C after adding 25 mM Tris pH 7.4 (Roth)
buffer with manganese (II) chloride (MnCl2; Sigma-Aldrich) with a final concentration of
2 mM MnCl2. Thereafter, 0.5 M L-arginine (Sigma-Aldrich) was added at a pH of 9.7 and a
temperature of 37 ◦C. The reaction was stopped by adding an acid mixture of H2SO4 (96%;
Roth), H3PO4 (85%; Roth) and H2O in a proportion of 1:3:7. The stable end product, urea,
was detected by adding α-isonitrosopropiophenone (ISPF; Sigma-Aldrich) for 1 h at 95 ◦C,
which led to a colour change. The absorption was measured at 540 nm using a SPECTRA
max microplate reader (Molecular Devices, San Jose, CA, USA).

2.13. Statistical Analysis

Statistical differences were analysed with Graph Pad Prism 8. The data in the graphs
are presented as means ± SEM. In general, results are shown as bars and whisker plots
with each symbol representing an animal or individual analysis. Two groups were analysed
for their significant differences by a two-tailed Student’s t-test. For more groups/factors,
one or two-way ANOVA with a Dunnett post hoc test was used. p-values < 0.05 were
considered significant.

3. Results
3.1. IL-4-Dependent Arg1 Upregulation Is Ameliorated upon S.tm Infection

To study the regulation of ARG1 by IL-4 and IFNγ, we stimulated BMDM of C57BL/6N
mice with 10 ng/mL IL-4 or 100 ng/mL IFNγ for various time points. Furthermore, we
investigated whether Arg1 regulation differs between infected and uninfected samples
(Figure 1a). In uninfected macrophages, we found that Arg1 expression was increased by
IL-4 and reduced by IFNγ. Infection with S.tm induced Arg1 expression and IL-4 had an
additive effect, whereas IFNγ reduced Arg1 mRNA expression (Figure 1a). iNos mRNA
levels were upregulated by IFNγ and further enhanced by S.tm infection, whereas IL-4
had only insignificant effects on iNos mRNA expression (Figure 1b). To study whether
IL-4 stimulation also affected the expression of other genes involved in macrophage po-
larisation, we quantified the expression of M2-like phenotype markers chitinase-like 3
(Chil3) and mannose receptor C-type 1 (Mrc1) (Supplemental Figure S1a), which were
upregulated to a comparable extent as Arg1. On the other hand, M1-macrophage-specific
markers (Figure S1b), such as Tnf, Il-6 and iNos, were induced by IFNγ. Of note, M1 and
M2 markers were generally further increased by co-infection with S.tm. Moreover, we
analysed the effects of pro- and anti-inflammatory cytokines on iNOS activity by measuring
nitrite in culture supernatants of BMDM (Figure 1c). We confirmed that IFNγ increased
nitrite formation in Salmonella-infected macrophages, whereas IL-4 reduced the generation
of NO over time. In addition, ARG1 enzyme activity was determined (Figure 1d). In
uninfected samples, urea was only detectable in IL-4-stimulated samples. Infection with
S.tm led to measurable urea levels under all stimulation conditions. Addition of IL-4
further increased the urea levels compared to control samples. IFNγ treatment resulted
in lower urea concentrations, nicely resembling the effects of cytokines and infection on
Arg1 expression.
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Figure 1. ARG1 is upregulated by IL-4 and further enhanced after S.tm infection, but blocked by IFNγ. BMDM of C57BL/6N
mice were infected (different shades of red) with S.tm and stimulated with IL-4 (10 ng/mL) or IFNγ (100 ng/mL) for 3–24 h.
Uninfected (different shades of grey) and unstimulated BMDM (Ctrl) were used as a control. (a,b) Regulation of Arg1 and
iNos expression due to infection and stimulation determined by RT-qPCR analysis. mRNA levels were normalised to the
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expression of the control gene hypoxanthin-guanin-phosphoribosyltransferase (Hprt). Ctrl samples were set to 1. Significant
differences as determined by two-way ANOVA are marked **;## = p-value < 0.01; ***;### = p-value < 0.001. * indicates
significant differences to uninfected Ctrl; # depicts significant differences to infected Ctrl. Otherwise, three groups were
statistically analysed by one-way ANOVA. Exact p-values are indicated. (c) Nitrite concentrations in culture supernatants
of infected BMDM as determined by the Griess reaction. Groups were statistically analysed by one-way ANOVA. Exact
p-values are indicated. (d) ARG1 enzyme activity determined by measuring urea concentrations in cell lysates. Groups
were statistically analysed by two-way ANOVA. Exact p-values are marked # = p-value < 0.05; **;## = p-value <0.01;
***;### = p-value < 0.001. * indicates significant differences to uninfected Ctrl; # depicts significant differences to infected
Ctrl. (e) Cytokine-dependent regulation of Arg1 and iNos in uninfected and infected BMDM at different time points of
stimulation (3–24 h). mRNA levels were normalized to the expression of the control gene Hprt and the 3 h Ctrl group
was set to 1. Significant differences as determined by two-way ANOVA are marked * = p-value < 0.05; ** = p-value < 0.01;
***= p-value < 0.001. * indicates significant differences to uninfected Ctrl. (f) Protein expression of ARG1 and iNOS and
densitometric quantification of results relative to β-ACTIN expression. Groups were statistically analysed by two-way
ANOVA. Exact p-values are marked *;# = p-value < 0.05; **;## = p-value < 0.01; *** = p-value < 0.001. * indicates significant
differences to uninfected Ctrl; # depicts significant differences to infected Ctrl. Otherwise, three groups were statistically
analysed by one-way ANOVA. Exact p-values are indicated. Representative data of technical triplicates or quadruplicates
are shown for (a–c) and (e); technical duplicates are shown for (d) and (f).

Having seen this principal regulation of iNos and Arg1 by cytokines and Salmonella,
we studied their expression over time (3–24 h) (Figure 1e). iNos mRNA levels were strongly
induced by IFNγ in both uninfected and infected macrophages (Figure 1e), which, however,
did not translate into induction of iNOS protein in uninfected macrophages stimulated
with IFNγ (Figure 1f). Only in infected macrophages, IFNγ resulted in detectable iNOS
protein levels and increased iNOS activity (Figure 1c,f). This indicated that S.tm infection
of BMDM is a strong inducer of iNOS protein. Unlike IFNγ, IL-4 reduced the expression
of iNOS protein and the production of NO (Figure 1c,f), which is in agreement with the
observed roles of these cytokines in NO formation [9].

With regard to Arg1 mRNA and protein expression, this was rapidly induced by IL-4,
but then declined in uninfected BMDM over time, whereas a continuous increase in and
super induction of Arg1 expression was observed in infected cells (Figure 1e). On the
protein level, infection with S.tm alone already caused induction of ARG1 protein, which
was further increased in the presence of IL-4, but suppressed by IFNγ (Figure 1f). After
24 h of infection and IL-4 stimulation, we detected the highest levels of ARG1 and iNOS
proteins (details not shown).

From these data, we conclude that S.tm cooperates with IL-4 for the induction of
ARG1 in BMDM and leads to higher ARG1 levels over time.

3.2. ARG1-Deficient BMDM from Tie2Cre+/−ARG1fl/fl Mice Did Not Show an Improved Control
of S.tm Infection

To study the impact of ARG1 on the course of S.tm infection, we isolated BMDM from
Tie2Cre+/−ARG1fl/fl (deletion of ARG1 in endothelial cells, pericytes, subsets of hematopoi-
etic stem cells and Tie2-expressing monocytes/macrophages [13,35]) and Tie2Cre−/−

ARG1fl/fl wild-type littermates [10,13–16]. Isolated BMDM were either left unstimulated
or treated with 10 ng/mL IL-4 or 100 ng/mL IFNγ for 14 h or infected with S.tm. Protein
levels of ARG1 and iNOS were compared between conditional ARG1 knockout mice and
wild-type littermates (Figure 2a). Uninfected BMDM from Tie2Cre−/−ARG1fl/fl control
mice showed the same protein up- or downregulation of ARG1 as observed for BMDMs
isolated from C57BL/6N mice (see Figure 1f above). IL-4 led to a strong increase in ARG1
protein in Tie2Cre−/−ARG1fl/fl BMDM, which was only weakly seen in BMDM from
Tie2Cre+/−ARG1fl/f (the residual ARG1 protein expression is likely due to incomplete
gene deletion) (Figure 2a). Of interest, upon S.tm infection ARG1 was strongly expressed
in wild-type BMDM even in the absence of IL-4, but not in Tie2Cre+/−ARGfl/fl BMDM
(Figure 2a). Additionally, deletion of ARG1 was associated with an increase in iNOS



Cells 2021, 10, 1823 9 of 21

protein expression in those samples (Figure 2a), which, however, did not translate into
increased nitrite formation (Figure 2b). The efficient suppression of Arg1 mRNA levels
in infected Tie2Cre+/−ARG1fl/fl BMDM was also seen over a period of 24 h (Figure 2c).
In contrast, analysis of iNos mRNA expression yielded comparable results in infected
Tie2Cre−/−ARG1fl/fl and Tie2Cre+/−ARG1fl/fl BMDM (Figure 2c), which also held true
when studying the expression of important cytokines involved in anti-microbial host de-
fence such as Tnf, Il-6 or Il-10 (Figure 2d). iNos mRNA levels were highest 14 h after
infection and decreased thereafter, whereas Tnf, Il-6 and Il-10 decreased continuously over
time. Finally, when we examined the effects of ARG1 on bacterial numbers in infected
BMDM, no differences between CFU counts in the two groups were seen at 4 and 24 h after
infection (Figure 2e).

Thus, the deletion of ARG1 in macrophages neither resulted in a better infection
control of intracellular Salmonella nor in an altered expression of important host immune
response genes in vitro.

3.3. ARG1-Deficient Tie2Cre+/−ARG1fl/fl Mice Showed Similar S.tm Control In Vivo as Compared
to Wild-Type Littermates

Although our cell culture results did not suggest a role for ARG1 in the control of S.tm
infection in BMDM, we considered the possibility that the chosen in vitro conditions might
obviate the detection of an impact of ARG1. We therefore investigated whether an ARG1
deletion has an effect on the course of infection with S.tm in vivo. We injected C57BL/6N,
Tie2Cre+/−ARG1fl/fl and Tie2Cre−/−ARG1fl/fl mice with 500 CFU of S.tm intraperitoneally
(i.p.) (Figure 3a). The visceral infection of mice with S.tm caused comparable weight loss
in all three mouse lines when related to the respective baseline values (Figure 3b). After
72 h of infection, mice were sacrificed and bacterial counts were determined in the blood
and in organs (Figure 3c). ARG1-deficient Tie2Cre+/−ARG1fl/fl mice showed no reduction
in CFU levels in blood, liver and spleen when compared to the two other mouse strains.
When studying Arg1 mRNA expression in the liver, we neither observed an upregulation
following infection nor differences between the various genotypes, which is likely due to
the high constitutive expression of Arg1 in hepatocytes. In contrast, Arg1 mRNA expression
was significantly lower in the spleen of Tie2Cre+/−ARG1fl/fl mice as compared to the two
other groups, suggesting that macrophages and/or endothelial cells prominently contribute
to the Arg1 expression in the spleen. As observed in vitro, the expression of all macrophage
immune response genes analysed (Tnf, Il-6, Il-10 and iNos) was markedly increased upon
infection with S.tm but no differences were noted between the various genotypes after
72 h of infection (Figure 3d). Additionally, we determined the levels of IL-6 and TNF
in plasma of infected mice, which revealed no differences between ARG1-proficient and
ARG1-deficient mice, confirming our tissue expression analysis (Figure 3e). Since S.tm are
phagocytosed by macrophages, we analysed splenic tissue lysates for differences in the
composition of various macrophage populations by FACS (Figure 3f). The gating strategy
of the ex vivo flow cytometric staining is shown in Supplemental Figure S2. Neither the
relative numbers of F4/80+, CD11b+ and F4/80+/CD11b+ cells nor the relative numbers of
iNOS-expressing macrophages were different between the three groups following infection
(Figure 3f).
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Figure 2. Deletion of ARG1 does not lead to improved infection control in macrophages. BMDM of Tie2Cre+/−ARG1fl/fl

knockout mice (light blue) and Tie2Cre−/−ARG1fl/fl wild-type littermates (dark blue) were stimulated with IL-4 (10 ng/mL)
or IFNγ (100 ng/mL) for 14 h. Unstimulated BMDM were used as a control. In addition, they were infected with S.tm for 4,
14 and 24 h. (a) Protein levels of ARG1 and iNOS and densitometric quantification of results relative to β-ACTIN expression.
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Significant differences as determined by two-way ANOVA are marked ***;### = p-value < 0.001. * indicates signifi-
cant differences to uninfected Ctrl of Tie2Cre−/−ARG1fl/fl BMDM; # depicts significant differences to uninfected Ctrl
of Tie2Cre+/−ARG1fl/fl BMDM. Otherwise, two groups were statistically analysed by Student’s t-test. Exact p-values
are indicated. (b) Nitrite concentrations in culture supernatants of infected BMDM determined by the Griess reaction.
Significant differences as determined by Student’s t-test are shown. Exact p-values are indicated. (c) Regulation of Arg1
and iNos expression during infection determined by RT-qPCR analysis. mRNA levels were normalised to the control Hprt.
Tie2Cre−/−ARG1fl/fl samples 4 h after infection were set to 1. Significant differences as determined by two-way ANOVA.
p-values are indicated (*** ≤ 0.001). * indicates significant differences to Tie2Cre−/−ARG1fl/fl sample 4 h after infection.
(d) RT-qPCR analysis of inflammatory markers (Il-6, Tnf and Il-10). mRNA levels were normalised to the control Hprt.
Tie2Cre−/−ARG1fl/fl samples 4 h after infection are set to 1. Significant differences were determined by two-way ANOVA.
(e) Determination of viable S.tm in macrophages after 4 and 24 h of infection. Significant differences as determined by
Student’s t-test. Exact p-values are indicated. Representative data from three independent experiments performed with
duplicates or triplicates are shown.

Together with our in vitro data, these in vivo results demonstrate that deletion of
ARG1 in Tie2Cre-expressing cells does not cause any reduction in the S.tm burden in blood,
liver and spleen.

3.4. Pharmacological Inhibition of ARG1 with CB-1158 Did Not Affect the Control of Systemic
Salmonella Infection in Mice

It is possible that the deletion of ARG1 in Tie2Cre-expressing cells will be compensated
by ARG1 expression in other cell types. As mice with a universal deletion of ARG1 are
not viable [35,43], we performed additional infection experiments in which we applied the
pharmacological ARG1 inhibitor CB-1158. To this end, we gavaged C57BL/6N wild-type
mice twice a day with CB-1158 for 7 days prior to infection and throughout the subsequent
course of infection over 72 h (Figure 4a). CB-1158-treated mice lost minimally more weight
during the course of infection than their infected littermates that were gavaged with the
solvent only (Figure 4b). However, treatment with CB-1158 did not result in an altered
control of infection as reflected by unchanged CFU counts in blood, liver and spleen
samples (Figure 4c). Of note, Arg1 mRNA expression in the spleen was lower in infected
and CB-1158-treated mice as compared to infected and untreated littermates (Figure 4d),
whereas Arg1 expression in the liver was neither induced by infection nor reduced by
CB-1158, largely confirming the results obtained with ARG1-deficient Tie2Cre+/−ARG1fl/fl

mice (Figure 3d). In addition, we did not find any differences in the mRNA expression
or circulating plasma levels of iNos, Tnf, Il-6 or Il-10 when comparing infected mice with
their littermates receiving CB-1158 (Figure 4d,e). To test whether the activity of ARG1 was
reduced by CB-1158, we measured urea in the plasma of infected and CB-1158-treated
mice (Figure 4f). We found a slight although insignificant reduction in urea in the CB-1158-
treated mice, which might be due to the fact that CB-1158 poorly blocks hepatic ARG1
and thereby does not cause a strong reduction in urea plasma levels [37]. Furthermore, we
investigated macrophage subpopulations and the number of iNOS-expressing cells by flow
cytometry, which again did not reveal any differences in the relative numbers of F4/80+,
CD11b+ or F4/80+/CD11b+ double-positive cells or in the percentage of iNOS-expressing
cells in S.tm-infected mice (Figure 4g). The gating strategy of the ex vivo flow cytometric
staining is shown in Figure S2.
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Figure 3. Cont.
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Figure 3. Tie2Cre+/−ARG1fl/fl knockout mice showed the same course of infection as Tie2Cre−/−ARG1fl/fl littermates
and C57BL/6N mice. Tie2Cre+/−ARG1fl/fl knockout mice (light blue), Tie2Cre−/−ARG1fl/fl littermates (dark blue) and
C57BL/6N (red) were infected with 500 CFU of S.tm for 72 h. Uninfected mice (grey) were used as controls. After 72 h, mice
were sacrificed and blood and organs harvested. (a) Schematic representation of the S.tm infection experiment. (b) Initial
weight of mice and relative weight loss at termination of the experiment. (c) Bacterial load in blood (CFU/mL), liver and
spleen (CFU/gram tissue) of infected mice. (d) RT-qPCR analysis of Arg1, iNos, Tnf, Il-6 and Il-10 in liver and spleen
samples. mRNA levels were normalised to the control Hprt. Uninfected samples were set to 1. (e) Plasma TNF and IL-6
levels determined by ELISA. (f) Spleen cell suspensions were analysed for the expression of surface markers (F4/80 and
CD11b) and iNOS by flow cytometry. Representative data from four independent experiments performed with 5–8 mice per
group are shown. Graphs show mean ± SEM. Significant differences were determined by one-way ANOVA. Exact p-values
are indicated.

3.5. ARG1 Is Dispensable for the Control of Salmonella by Macrophages Irrespective of the
Presence or Absence of Functional NRAMP1

A functional NRAMP1 (Slc11A1) transporter has been described to be important for
the control of infections with intracellular pathogens, including S.tm in mice. To exclude
the possibility that the unaltered course of S.tm infection observed in ARG1-deficient
mice is causally linked to a non-functional NRAMP1 in C57BL/6N mice, we performed a
comparative analysis of BMDM obtained from C57BL/6N mice (expressing non-functional
NRAMP1) and NRAMPG169 C57BL/6N mice (expressing functional NRAMP1). Bacterial
numbers were identical 30 min after infection in macrophages of both genotypes. After
4, 14 and 24 h, we found that BMDM of NRAMPG169 C57BL/6N mice killed significantly
more S.tm than BMDM from C57BL/6N (Figure 5a). Both at 4 and 14 h after infection,
Arg1 expression was higher in infected BMDM of C57BL/6N than in infected BMDM of
NRAMPG169 C57BL/6N mice (Figure 5b). As seen before (Figure 1a), infection with S.tm
caused an upregulation of Arg1 in BMDM of both genotypes (Figure 5b). As previously
shown [22–25], NRAMPG169 C57BL/6N BMDM showed higher iNos levels in infected
samples. Stimulation of NRAMP1-expressing BMDM with IL-4 and IFNγ led to the same
pattern of regulation of Arg1 as seen in Figure 1b. Thus, IL-4 reduced iNos expression
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whereas IFNγ elevated its levels. Furthermore, nitrite levels correlated with iNos expression
levels after 14 h. At 14 h after infection, unstimulated, IL-4- or IFNγ-treated NRAMPG169

C57BL/6N BMDM showed significantly higher nitrite levels compared to C57BL/6N
BMDM (Figure 5c). As Arg1 expression was different between infected macrophages of
both genotypes, we then investigated the effect of pharmacological inhibition of ARG1 with
CB-1158 on the fate of Salmonella in macrophages depending on the NRAMP1 genotype.
While NRAMPG169 C57BL/6N BMDM contained lower numbers of intracellular Salmonella
at 14 and 24 h after infection than C57BL/6N BMDM (Figure 5d), blockade of ARG1 activity
did not change the bacterial load. Of note, ARG1 inhibition resulted in slightly increased
nitrite levels in infected BMDM expressing functional NRAMP1 (Figure 5e). Taken together,
these data demonstrate that inhibition of ARG1 by CB-1158 did not reduce the bacterial
burden in macrophages, irrespective of the presence or absence of functional NRAMP1.

Figure 4. Cont.
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Figure 4. Mice treated with the ARG1 inhibitor CB-1158 showed a similar infection profile as infected,
but untreated C57BL/6N control mice. C57BL/6N mice were either treated with 100 mg/kg CB-1158
twice a day or treated with solvent alone. Treatment started at day 7 prior to infection and was
continued for 72 h following infection with 500 CFU of S.tm. Uninfected mice were used as controls.
After 72 h mice were sacrificed and blood and organs were harvested. (a) Schematic representation
of the treatment and infection protocol. (b) Relative weight loss at termination of the experiment.
(c) Bacterial load in blood (CFU/mL), liver and spleen (CFU/gram tissue) of infected mice. (d) RT-
qPCR analysis of Arg1, iNos, Tnf, Il-6 and Il-10 in liver and spleen samples. mRNA levels were
normalised to the control Hprt. Uninfected mice were set to 1. (e) Plasma TNF and IL-6 levels
determined by ELISA. (f) Determination of arginase enzyme activity by measurement of urea in
plasma. (g) Spleen cell suspensions were analysed for surface markers (F4/80 and CD11b) and iNOS
by flow cytometry. Data obtained with 5 mice per group are shown and represent mean ± SEM.
Significant differences were determined by Student’s t-test (two groups) and one-way ANOVA (three
groups). Exact p-values are indicated.
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Figure 5. NRAMP1 expression has no impact on the role of ARG1 in the control of S.tm infection.
BMDM of NRAMPG169 C57BL/6N mice expressing functional NRAMP and BMDM from C57BL/6N
were infected with S.tm and either left unstimulated or stimulated with 10 ng/mL IL-4 or 100 ng/mL
IFNγ for 4–24 h. Furthermore, infected BMDM were stimulated with 50 µM CB-1158 for 14 and
24 h. (a) Bacterial burden at 30 min after infection and survival of S.tm in BMDM after 4, 14 and 24 h.
Groups were statistically analysed by Student’s t-test. Exact p-values are indicated. CFU time course
was statistically analysed by two-way ANOVA (*** = p-value < 0.001). * indicates significant differ-
ences to infected BMDM from C57BL/6N at specific time point. (b) Regulation of Arg1 expression
upon infection and cytokine stimulation as determined by RT-qPCR analysis after 4 and 14 h. mRNA
levels were normalised to the control Hprt. Uninfected Ctrl samples of C57BL/6N BMDM were set to
1. Significant differences were determined by one-way ANOVA. Exact p-values are indicated. (c) iNos
expression after infection and cytokine stimulation as determined by RT-qPCR analysis after 14 h.
mRNA levels were normalised to the control Hprt. Infected Ctrl samples of C57BL/6N BMDM were
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set to 1. Corresponding nitrite concentrations in culture supernatants of infected BMDM were deter-
mined by the Griess reaction. Groups were statistically analysed by two-way ANOVA. p-values are
marked *;# = p-value < 0.05; **;## = p-value < 0.01; ***;### = p-value < 0.001. * indicates significant dif-
ferences to infected unstimulated BMDM from C57BL/6N; # depicts significant differences to infected
unstimulated BMDM of NRAMPG169 C57BL/6N. (d) Bacterial numbers in BMDM after 14 and 24 h of
infection in the presence/absence of 50 µM CB-1158. Groups were statistically analysed by one-way
ANOVA. Exact p-values are indicated (e) Nitrite concentrations in culture supernatants of infected
versus infected and CB-1158-treated BMDM as determined by the Griess reaction. Groups were sta-
tistically analysed by Student’s t-test. Exact p-values are indicated. Representative data of triplicates
of two experiments (a,d,e) or technical triplicates (b,c) are shown. Graphs show mean ± SEM.

4. Discussion

The different L-arginine catabolizing pathways have been shown to be of central
importance for host resistance to infection with intracellular microbes, mainly by generating
the formation of NO to enforce anti-microbial host responses, but also via the synthesis of
polyamines, resulting in a pathogen-friendly nutritional environment [9,44–46]. A central
enzyme controlling L-arginine levels in infected macrophages is ARG1, which cleaves
L-arginine into ornithine and urea and thereby limits the availability of L-arginine for
NO formation. Accordingly, the induction of ARG1 has been linked to an increase in
tissue pathogen loads in the case of infections with Leishmania, Trypanosoma or Mycobacteria
spp., whereas the inhibition or deletion of ARG1 led to improved infection control by the
host [10,13–16,47]. So far, only little information has been available on the regulation of
ARG1 upon infection with the intracellular bacterium S.tm and on a potential impact of
ARG1 on the control of S.tm infection. A previous study suggested that ARG1 plays an
important role in combatting S.tm infections in the murine macrophage cell line RAW264.7
and in mice by promoting NO production [48]. However, in the work presented here we
did not find any effect of ARG1 on the course of infection using a model of acute systemic
salmonellosis. Although Arg1 was induced by Salmonella infection in BMDM in vitro and in
spleens in vivo, genetic or pharmacological inhibition of ARG1 neither resulted in changes
in Salmonella counts after 72 h of infection in various tissue compartments nor in alterations
of the expression of several cytokines (Il-6, Il-10 or Tnf) regulating anti-microbial effector
pathways. Moreover, we did not observe an effect of ARG1 deletion on iNos expression
and NO formation in vivo.

For studying the effect of ARG1 on the control of infections with Salmonella, we used
the Tie2Cre+/−ARG1fl/fl mouse model [13]. In vivo experiments with these mice have
previously shown that the deletion of ARG1 in hematopoietic and endothelial cells im-
proved the outcome of infections with Leishmania major, Mycobacterium tuberculosis and
Trypanosoma brucei [10,13,14], whereas in our model of murine salmonellosis no reduction
in the pathogen load was detected in liver, spleen and blood. We confirmed our find-
ings obtained with the Tie2Cre mouse model by performing infection experiments, in
which we blocked ARG1 using the orally bioavailable inhibitor CB-1158, which yielded
similar results.

Compared to other in vivo studies, we used mice on a C57BL/6N background and
not BALB/c mice. Infections of C57BL/6N mice tend to yield type 1 T-helper cell (Th1)
responses, whereas BALB/c mice are more prone to develop Th2 responses. Upon ac-
tivation of Th2 cells, more IL-4 is produced and therefore higher levels of ARG1 can be
expected [49].

Lahiri et al., showed that the blockade of ARG1 with a different inhibitor, Nω-hydroxy-
nor-L-arginine (nor-NOHA), in BALB/c mice led to reduced numbers of S.tm in the
analysed organs. A further difference between their and our approach is the route of
infection, as Lahiri and co-workers inoculated mice orally with the 12023 S.tm strain for
5 days, whereas we used a 72 h septicaemia model [13]. Additionally, the preparation of
S.tm varied between our groups. Whereas Lahiri et al. diluted an overnight culture of S.tm
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to an OD600 of 0.2, we took some bacteria from the overnight culture and let them grow in
fresh LB media to an OD600 of 0.5 in order to make sure that the Salmonella were in the
logarithmic growth phase. An oral infection with Salmonella is obviously different from
a systemic septicaemia induced by intraperitoneal injection of bacteria, both in terms of
the severity of the elicited disease and with regard to the involved organs and immune
responses [50–53].

Our results in murine systemic salmonellosis necessitate a comparison with previous
data on the role of ARG1 during infections with other intramacrophage pathogens such as
the protozoan parasite Leishmania (L.) major.

Paduch et al. infected Tie2Cre+/−ARG1fl/fl C57BL/6N mice with L. major and found
that the resolution of L. major infection was completely independent of ARG1, similar to
our observation in the S.tm model. As the parasite itself did not induce upregulation of
ARG1 and the immune response was dominated by a Th1 cytokine milieu, only low levels
of ARG1 could be detected in the infected skin and draining lymph node [16].

In contrast, in L. major infections of BALB/c mice, the deletion of ARG1 was asso-
ciated with a significant reduction in the tissue pathogen load from day 20 of infection
onwards [10], while at earlier time points of infection the parasite burden was compa-
rable in Tie2Cre+/−ARG1fl/fl and Tie2Cre−/−ARG1fl/fl BALB/c mice. In contrast to our
Salmonella infection model, induction of Arg1 in L. major infection in BALB/c mice was
driven by a strong Th2 response releasing IL-4 and IL-13 and not by the pathogen itself.
This explains why the ARG1-dependent effect in cutaneous leishmaniasis was only ob-
served at later time points of the infection. The IL-4/IL-13-induced upregulation of Arg1
was shown to restrict iNOS-derived NO production in the tissue. This is due to the fact
that (a) both enzymes were expressed in the very same cell and that (b) Arg1 and iNos
were induced to a comparable level [10]. In Salmonella-infected macrophages in vitro and
in Salmonella-infected C57BL/6N mice in vivo, however, the induction of iNos was much
higher compared to that of Arg1. Thus, ARG1 could not really compete for the common
substrate L-arginine, as was observed in the L. major BALB/c model.

In addition, previous evidence suggested that the NO pathway is primarily of im-
portance for the control of prolonged infection of macrophages with S.tm, whereas the
immediate early killing of the bacteria is mainly due to reactive oxygen species [8,54].
Therefore, alterations of NO formation may have only a limited impact on bacterial num-
bers after 72 h of infection. A limitation of our study is that due to ethical restrictions,
we were not able to perform a survival experiment with wild-type and ARG1-deficient
mice. To exclude that the unaltered bacterial burden in ARG1-gene-deficient or pharma-
cologically blocked mice is due to a non-functional NRAMP1, we investigated in vitro
whether the presence or absence of functional NRAMP1 has an impact on the role of ARG1
during infection of macrophages with S.tm. As previously seen [23], macrophages with a
functional NRAMP1 showed higher iNos activity. Therefore, they were superior in killing
S.tm in vitro. However, we found that the expression of Arg1 did affect the protective role
of NRAMP1 in S.tm infection, and the pharmacological inhibition of Arg1 did not alter the
control of bacteria in C57BL/6N BMDM, irrespective of the NRAMP1 genotype.

Finally, it may well be that short-term induction or inhibition of ARG1 is not sufficient
to critically reduce or enhance L-arginine levels in a way to influence the formation of NO,
as we did not detect differences in nitrite levels with different ARG1 targeting strategies in
infected mice [55]. In addition, we cannot exclude the possibility that the genetic deletion or
pharmacological blockade of the ARG1 pathway is compensated by an increased expression
of arginase 2 or metabolic reprogramming of other enzymes in the urea cycle, as the tissue
urea levels were only marginally reduced upon treatment of mice with the ARG1 inhibitor
CB-1158 [17,55–57].

In summary, we found a prominent induction of ARG1 in macrophages upon Salmonella
infection and an opposite regulation of ARG1 by IL-4 and IFNγ. In contrast to the role
of ARG1 for the control of infections with other intramacrophage pathogens, deletion or
inhibition of ARG1 did not influence the control of systemic S.tm infection in mice. Based
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on our results, we conclude that targeting of ARG1 is not a treatment option in patients
with systemic salmonellosis, including typhoid fever.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cells10071823/s1, Figure S1: Regulation of M2 and M1 markers in macrophages, Figure S2:
Gating strategy of in vivo FACS staining.

Author Contributions: Conceptualisation, N.B., C.B. and G.W.; methodology, all authors (N.B.,
C.P.-O., P.T., E.D., S.E., M.B.-P., S.D., C.F., L.V.D.S., V.P., L.v.R., R.H., S.B., M.S., U.S., C.B. and G.W.);
validation, all authors (N.B., C.P.-O., P.T., E.D., S.E., M.B.-P., S.D., C.F., L.V.D.S., V.P., L.v.R., R.H., S.B.,
M.S., U.S., C.B. and G.W.); formal analysis, N.B., C.P.-O. and G.W.; resources, C.B. and G.W.; data
curation, N.B. and P.T.; writing—original draft preparation, N.B. and G.W.; writing—review and
editing, all authors (N.B., C.P.-O., P.T., E.D., S.E., M.B.-P., S.D., C.F., L.V.D.S., V.P., L.v.R., R.H., S.B.,
M.S., U.S., C.B. and G.W.); supervision, G.W.; funding acquisition, C.B. and G.W. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by an INFECT-ERA grant of the European Union (EpiCross
consortium; grant FWF-I03321 to GW and grant BMBF 031L0126 to CB), by the Christian Doppler
Society, the Austrian Research Funds (FWF-Doctoral Program-HOROS, grant W1253) and by the
Deutsche Forschungsgemeinschaft (CRC 1181, project grant C04 to CB and US).

Institutional Review Board Statement: The animal experiments in this study were approved by the
Austrian Federal Ministry of Science and Research (BMWF-66.011/0139-V/3b/2018).

Informed Consent Statement: Not applicable.

Data Availability Statement: All data presented within this study is available within the manuscript
and the Supplementary Materials.

Acknowledgments: We thank Andrea Debus and Heidi Sebald for excellent technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Mills, C.D. M1 and M2 Macrophages: Oracles of Health and Disease. Crit. Rev. Immunol. 2012, 32, 463–488. [CrossRef] [PubMed]
2. Mosser, D.M.; Edwards, J.P. Exploring the full spectrum of macrophage activation. Nat. Rev. Immunol. 2008, 8, 958–969. [CrossRef]
3. Gordon, S.; Martinez-Pomares, L. Physiological roles of macrophages. Pflug. Arch. 2017, 469, 365–374. [CrossRef]
4. Murray, P.J. Macrophage Polarization. Annu. Rev. Physiol. 2017, 79, 541–566. [CrossRef]
5. Hannemann, N.; Cao, S.; Eriksson, D.; Schnelzer, A.; Jordan, J.; Eberhardt, M.; Schleicher, U.; Rech, J.; Ramming, A.; Uebe, S.; et al.

Transcription factor Fra-1 targets arginase-1 to enhance macrophage-mediated inflammation in arthritis. J. Clin. Investig. 2019,
129, 2669–2684. [CrossRef]

6. Weiss, G.; Schaible, U.E. Macrophage defense mechanisms against intracellular bacteria. Immunol. Rev. 2015, 264, 182–203.
[CrossRef]

7. Nathan, C.; Xie, Q.W. Nitric oxide synthases: Roles, tolls, and controls. Cell 1994, 78, 915–918. [CrossRef]
8. Nairz, M.; Schleicher, U.; Schroll, A.; Sonnweber, T.; Theurl, I.; Ludwiczek, S.; Talasz, H.; Brandacher, G.; Moser, P.L.; Mucken-

thaler, M.U.; et al. Nitric oxide-mediated regulation of ferroportin-1 controls macrophage iron homeostasis and immune function
in Salmonella infection. J. Exp. Med. 2013, 210, 855–873. [CrossRef] [PubMed]

9. Bogdan, C. Nitric oxide synthase in innate and adaptive immunity: An update. Trends Immunol. 2015, 36, 161–178. [CrossRef]
[PubMed]

10. Schleicher, U.; Paduch, K.; Debus, A.; Obermeyer, S.; Konig, T.; Kling, J.C.; Ribechini, E.; Dudziak, D.; Mougiakakos, D.;
Murray, P.J.; et al. TNF-Mediated Restriction of Arginase 1 Expression in Myeloid Cells Triggers Type 2 NO Synthase Activity at
the Site of Infection. Cell Rep. 2016, 15, 1062–1075. [CrossRef] [PubMed]

11. Piccolo, V.; Curina, A.; Genua, M.; Ghisletti, S.; Simonatto, M.; Sabo, A.; Amati, B.; Ostuni, R.; Natoli, G. Opposing macrophage
polarization programs show extensive epigenomic and transcriptional cross-talk. Nat. Immunol. 2017, 18, 530–540. [CrossRef]

12. Ostuni, R.; Natoli, G. Transcriptional control of macrophage diversity and specialization. Eur. J. Immunol. 2011, 41, 2486–2490.
[CrossRef]

13. El Kasmi, K.C.; Qualls, J.E.; Pesce, J.T.; Smith, A.M.; Thompson, R.W.; Henao-Tamayo, M.; Basaraba, R.J.; Konig, T.; Schleicher, U.;
Koo, M.S.; et al. Toll-like receptor-induced arginase 1 in macrophages thwarts effective immunity against intracellular pathogens.
Nat. Immunol. 2008, 9, 1399–1406. [CrossRef] [PubMed]

14. De Muylder, G.; Daulouede, S.; Lecordier, L.; Uzureau, P.; Morias, Y.; Van Den Abbeele, J.; Caljon, G.; Herin, M.; Holzmuller, P.;
Semballa, S.; et al. A Trypanosoma brucei kinesin heavy chain promotes parasite growth by triggering host arginase activity.
PLoS Pathog. 2013, 9, e1003731. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/cells10071823/s1
https://www.mdpi.com/article/10.3390/cells10071823/s1
http://doi.org/10.1615/CritRevImmunol.v32.i6.10
http://www.ncbi.nlm.nih.gov/pubmed/23428224
http://doi.org/10.1038/nri2448
http://doi.org/10.1007/s00424-017-1945-7
http://doi.org/10.1146/annurev-physiol-022516-034339
http://doi.org/10.1172/JCI96832
http://doi.org/10.1111/imr.12266
http://doi.org/10.1016/0092-8674(94)90266-6
http://doi.org/10.1084/jem.20121946
http://www.ncbi.nlm.nih.gov/pubmed/23630227
http://doi.org/10.1016/j.it.2015.01.003
http://www.ncbi.nlm.nih.gov/pubmed/25687683
http://doi.org/10.1016/j.celrep.2016.04.001
http://www.ncbi.nlm.nih.gov/pubmed/27117406
http://doi.org/10.1038/ni.3710
http://doi.org/10.1002/eji.201141706
http://doi.org/10.1038/ni.1671
http://www.ncbi.nlm.nih.gov/pubmed/18978793
http://doi.org/10.1371/journal.ppat.1003731
http://www.ncbi.nlm.nih.gov/pubmed/24204274


Cells 2021, 10, 1823 20 of 21

15. Iniesta, V.; Carcelen, J.; Molano, I.; Peixoto, P.M.; Redondo, E.; Parra, P.; Mangas, M.; Monroy, I.; Campo, M.L.; Nieto, C.G.; et al.
Arginase I induction during Leishmania major infection mediates the development of disease. Infect. Immun. 2005, 73, 6085–6090.
[CrossRef] [PubMed]

16. Paduch, K.; Debus, A.; Rai, B.; Schleicher, U.; Bogdan, C. Resolution of Cutaneous Leishmaniasis and Persistence of Leishmania
major in the Absence of Arginase 1. J. Immunol. 2019, 202, 1453–1464. [CrossRef]

17. Das, P.; Lahiri, A.; Lahiri, A.; Chakravortty, D. Modulation of the arginase pathway in the context of microbial pathogenesis: A
metabolic enzyme moonlighting as an immune modulator. PLoS Pathog. 2010, 6, e1000899. [CrossRef]

18. Wessling-Resnick, M. Nramp1 and Other Transporters Involved in Metal Withholding during Infection. J. Biol. Chem. 2015, 290,
18984–18990. [CrossRef]

19. Haschka, D.; Hoffmann, A.; Weiss, G. Iron in immune cell function and host defense. Semin Cell Dev. Biol. 2020. [CrossRef]
20. Cellier, M.F.; Courville, P.; Campion, C. Nramp1 phagocyte intracellular metal withdrawal defense. Microbes Infect. 2007, 9,

1662–1670. [CrossRef]
21. Vidal, S.; Tremblay, M.L.; Govoni, G.; Gauthier, S.; Sebastiani, G.; Malo, D.; Skamene, E.; Olivier, M.; Jothy, S.; Gros, P. The

Ity/Lsh/Bcg locus: Natural resistance to infection with intracellular parasites is abrogated by disruption of the Nramp1 gene.
J. Exp. Med. 1995, 182, 655–666. [CrossRef]

22. Fritsche, G.; Nairz, M.; Libby, S.J.; Fang, F.C.; Weiss, G. Slc11a1 (Nramp1) impairs growth of Salmonella enterica serovar ty-
phimurium in macrophages via stimulation of lipocalin-2 expression. J. Leukoc. Biol. 2012, 92, 353–359. [CrossRef]

23. Fritsche, G.; Nairz, M.; Werner, E.R.; Barton, H.C.; Weiss, G. Nramp1-functionality increases iNOS expression via repression of
IL-10 formation. Eur. J. Immunol. 2008, 38, 3060–3067. [CrossRef]

24. Fritsche, G.; Dlaska, M.; Barton, H.; Theurl, I.; Garimorth, K.; Weiss, G. Nramp1 functionality increases inducible nitric oxide
synthase transcription via stimulation of IFN regulatory factor 1 expression. J. Immunol. 2003, 171, 1994–1998. [CrossRef]

25. Valdez, Y.; Diehl, G.E.; Vallance, B.A.; Grassl, G.A.; Guttman, J.A.; Brown, N.F.; Rosenberger, C.M.; Littman, D.R.; Gros, P.; Finlay,
B.B. Nramp1 expression by dendritic cells modulates inflammatory responses during Salmonella Typhimurium infection. Cell
Microbiol. 2008, 10, 1646–1661. [CrossRef]

26. Bhutta, Z.A.; Gaffey, M.F.; Crump, J.A.; Steele, D.; Breiman, R.F.; Mintz, E.D.; Black, R.E.; Luby, S.P.; Levine, M.M. Typhoid Fever:
Way Forward. Am. J. Trop. Med. Hyg. 2018, 99, 89–96. [CrossRef] [PubMed]

27. Baumler, A.; Fang, F.C. Host specificity of bacterial pathogens. Cold Spring Harb. Perspect Med. 2013, 3, a010041. [CrossRef]
[PubMed]

28. Buchmeier, N.A.; Heffron, F. Inhibition of macrophage phagosome-lysosome fusion by Salmonella typhimurium. Infect. Immun.
1991, 59, 2232–2238. [CrossRef] [PubMed]

29. Fields, P.I.; Swanson, R.V.; Haidaris, C.G.; Heffron, F. Mutants of Salmonella typhimurium that cannot survive within the
macrophage are avirulent. Proc. Natl. Acad. Sci. USA 1986, 83, 5189–5193. [CrossRef]

30. Chakravortty, D.; Hansen-Wester, I.; Hensel, M. Salmonella pathogenicity island 2 mediates protection of intracellular Salmonella
from reactive nitrogen intermediates. J. Exp. Med. 2002, 195, 1155–1166. [CrossRef]

31. Lahiri, A.; Lahiri, A.; Iyer, N.; Das, P.; Chakravortty, D. Visiting the cell biology of Salmonella infection. Microbes Infect. 2010, 12,
809–818. [CrossRef]

32. Mastroeni, P.; Grant, A.J. Spread of Salmonella enterica in the body during systemic infection: Unravelling host and pathogen
determinants. Expert Rev. Mol. Med. 2011, 13, e12. [CrossRef] [PubMed]

33. Navarre, W.W.; Zou, S.B.; Roy, H.; Xie, J.L.; Savchenko, A.; Singer, A.; Edvokimova, E.; Prost, L.R.; Kumar, R.; Ibba, M.; et al.
PoxA, yjeK, and elongation factor P coordinately modulate virulence and drug resistance in Salmonella enterica. Mol. Cell 2010,
39, 209–221. [CrossRef] [PubMed]

34. Dichtl, S.; Demetz, E.; Haschka, D.; Tymoszuk, P.; Petzer, V.; Nairz, M.; Seifert, M.; Hoffmann, A.; Brigo, N.; Wurzner, R.; et al.
Dopamine Is a Siderophore-Like Iron Chelator That Promotes Salmonella enterica Serovar Typhimurium Virulence in Mice. mBio
2019, 10, e02624-18. [CrossRef]

35. Sin, Y.Y.; Ballantyne, L.L.; Mukherjee, K.; St Amand, T.; Kyriakopoulou, L.; Schulze, A.; Funk, C.D. Inducible arginase 1 deficiency
in mice leads to hyperargininemia and altered amino acid metabolism. PLoS ONE 2013, 8, e80001. [CrossRef] [PubMed]

36. Nairz, M.; Ferring-Appel, D.; Casarrubea, D.; Sonnweber, T.; Viatte, L.; Schroll, A.; Haschka, D.; Fang, F.C.; Hentze, M.W.; Weiss,
G.; et al. Iron Regulatory Proteins Mediate Host Resistance to Salmonella Infection. Cell Host Microbe 2015, 18, 254–261. [CrossRef]

37. Steggerda, S.M.; Bennett, M.K.; Chen, J.; Emberley, E.; Huang, T.; Janes, J.R.; Li, W.; MacKinnon, A.L.; Makkouk, A.; Marguier,
G.; et al. Inhibition of arginase by CB-1158 blocks myeloid cell-mediated immune suppression in the tumor microenvironment.
J. Immunother. Cancer 2017, 5, 101. [CrossRef]

38. Grobben, Y.; Uitdehaag, J.C.M.; Willemsen-Seegers, N.; Tabak, W.W.A.; de Man, J.; Buijsman, R.C.; Zaman, G.J.R. Structural
insights into human Arginase-1 pH dependence and its inhibition by the small molecule inhibitor CB-1158. J. Struct. Biol. X 2020,
4, 100014. [CrossRef]

39. Ludwiczek, S.; Theurl, I.; Muckenthaler, M.U.; Jakab, M.; Mair, S.M.; Theurl, M.; Kiss, J.; Paulmichl, M.; Hentze, M.W.;
Ritter, M.; et al. Ca2+ channel blockers reverse iron overload by a new mechanism via divalent metal transporter-1. Nat. Med.
2007, 13, 448–454. [CrossRef]

http://doi.org/10.1128/IAI.73.9.6085-6090.2005
http://www.ncbi.nlm.nih.gov/pubmed/16113329
http://doi.org/10.4049/jimmunol.1801249
http://doi.org/10.1371/journal.ppat.1000899
http://doi.org/10.1074/jbc.R115.643973
http://doi.org/10.1016/j.semcdb.2020.12.005
http://doi.org/10.1016/j.micinf.2007.09.006
http://doi.org/10.1084/jem.182.3.655
http://doi.org/10.1189/jlb.1111554
http://doi.org/10.1002/eji.200838449
http://doi.org/10.4049/jimmunol.171.4.1994
http://doi.org/10.1111/j.1462-5822.2008.01155.x
http://doi.org/10.4269/ajtmh.18-0111
http://www.ncbi.nlm.nih.gov/pubmed/30047361
http://doi.org/10.1101/cshperspect.a010041
http://www.ncbi.nlm.nih.gov/pubmed/24296346
http://doi.org/10.1128/iai.59.7.2232-2238.1991
http://www.ncbi.nlm.nih.gov/pubmed/2050395
http://doi.org/10.1073/pnas.83.14.5189
http://doi.org/10.1084/jem.20011547
http://doi.org/10.1016/j.micinf.2010.05.010
http://doi.org/10.1017/S1462399411001840
http://www.ncbi.nlm.nih.gov/pubmed/21477411
http://doi.org/10.1016/j.molcel.2010.06.021
http://www.ncbi.nlm.nih.gov/pubmed/20670890
http://doi.org/10.1128/mBio.02624-18
http://doi.org/10.1371/journal.pone.0080001
http://www.ncbi.nlm.nih.gov/pubmed/24224027
http://doi.org/10.1016/j.chom.2015.06.017
http://doi.org/10.1186/s40425-017-0308-4
http://doi.org/10.1016/j.yjsbx.2019.100014
http://doi.org/10.1038/nm1542


Cells 2021, 10, 1823 21 of 21

40. Theurl, I.; Hilgendorf, I.; Nairz, M.; Tymoszuk, P.; Haschka, D.; Asshoff, M.; He, S.; Gerhardt, L.M.; Holderried, T.A.;
Seifert, M.; et al. On-demand erythrocyte disposal and iron recycling requires transient macrophages in the liver. Nat. Med. 2016,
22, 945–951. [CrossRef]

41. Nairz, M.; Theurl, I.; Schroll, A.; Theurl, M.; Fritsche, G.; Lindner, E.; Seifert, M.; Crouch, M.L.; Hantke, K.; Akira, S.; et al. Absence
of functional Hfe protects mice from invasive Salmonella enterica serovar Typhimurium infection via induction of lipocalin-2.
Blood 2009, 114, 3642–3651. [CrossRef]

42. Corraliza, I.M.; Campo, M.L.; Soler, G.; Modolell, M. Determination of arginase activity in macrophages: A micromethod.
J. Immunol. Methods 1994, 174, 231–235. [CrossRef]

43. Iyer, R.K.; Yoo, P.K.; Kern, R.M.; Rozengurt, N.; Tsoa, R.; O’Brien, W.E.; Yu, H.; Grody, W.W.; Cederbaum, S.D. Mouse model for
human arginase deficiency. Mol. Cell Biol. 2002, 22, 4491–4498. [CrossRef] [PubMed]

44. Kerrinnes, T.; Winter, M.G.; Young, B.M.; Diaz-Ochoa, V.E.; Winter, S.E.; Tsolis, R.M. Utilization of Host Polyamines in Al-
ternatively Activated Macrophages Promotes Chronic Infection by Brucella abortus. Infect. Immun. 2018, 86. [CrossRef]
[PubMed]

45. Goldman-Pinkovich, A.; Balno, C.; Strasser, R.; Zeituni-Molad, M.; Bendelak, K.; Rentsch, D.; Ephros, M.; Wiese, M.; Jardim, A.;
Myler, P.J.; et al. An Arginine Deprivation Response Pathway Is Induced in Leishmania during Macrophage Invasion. PLoS
Pathog. 2016, 12, e1005494. [CrossRef] [PubMed]

46. Telser, J.; Volani, C.; Hilbe, R.; Seifert, M.; Brigo, N.; Paglia, G.; Weiss, G. Metabolic reprogramming of Salmonella infected
macrophages and its modulation by iron availability and the mTOR pathway. Microb. Cell 2019, 6, 531–543. [CrossRef]

47. Cuervo, H.; Pineda, M.A.; Aoki, M.P.; Gea, S.; Fresno, M.; Girones, N. Inducible nitric oxide synthase and arginase expression
in heart tissue during acute Trypanosoma cruzi infection in mice: Arginase I is expressed in infiltrating CD68+ macrophages.
J. Infect. Dis. 2008, 197, 1772–1782. [CrossRef]

48. Lahiri, A.; Das, P.; Chakravortty, D. Arginase modulates Salmonella induced nitric oxide production in RAW264.7 macrophages
and is required for Salmonella pathogenesis in mice model of infection. Microbes Infect. 2008, 10, 1166–1174. [CrossRef]

49. Gumy, A.; Louis, J.A.; Launois, P. The murine model of infection with Leishmania major and its importance for the deciphering of
mechanisms underlying differences in Th cell differentiation in mice from different genetic backgrounds. Int. J. Parasitol. 2004, 34,
433–444. [CrossRef]

50. Gerichter, C.B. The dissemination of Salmonella typhi, S. paratyphi A and S. paratyphi B through the organs of the white mouse
by oral infection. J. Hyg. 1960, 58, 307–319. [CrossRef]

51. Higginson, E.E.; Simon, R.; Tennant, S.M. Animal Models for Salmonellosis: Applications in Vaccine Research. Clin. Vaccine
Immunol. 2016, 23, 746–756. [CrossRef]

52. Mathur, R.; Oh, H.; Zhang, D.; Park, S.G.; Seo, J.; Koblansky, A.; Hayden, M.S.; Ghosh, S. A mouse model of Salmonella typhi
infection. Cell 2012, 151, 590–602. [CrossRef] [PubMed]

53. Palmer, A.D.; Slauch, J.M. Mechanisms of Salmonella pathogenesis in animal models. Hum. Ecol. Risk Assess 2017, 23, 1877–1892.
[CrossRef] [PubMed]

54. Mastroeni, P.; Vazquez-Torres, A.; Fang, F.C.; Xu, Y.; Khan, S.; Hormaeche, C.E.; Dougan, G. Antimicrobial actions of the NADPH
phagocyte oxidase and inducible nitric oxide synthase in experimental salmonellosis. II. Effects on microbial proliferation and
host survival in vivo. J. Exp. Med. 2000, 192, 237–248. [CrossRef]

55. Popovic, P.J.; Zeh, H.J., 3rd; Ochoa, J.B. Arginine and immunity. J. Nutr. 2007, 137, 1681S–1686S. [CrossRef] [PubMed]
56. Rath, M.; Muller, I.; Kropf, P.; Closs, E.I.; Munder, M. Metabolism via Arginase or Nitric Oxide Synthase: Two Competing

Arginine Pathways in Macrophages. Front. Immunol. 2014, 5, 532. [CrossRef]
57. Gogoi, M.; Datey, A.; Wilson, K.T.; Chakravortty, D. Dual role of arginine metabolism in establishing pathogenesis. Curr. Opin.

Microbiol. 2016, 29, 43–48. [CrossRef]

http://doi.org/10.1038/nm.4146
http://doi.org/10.1182/blood-2009-05-223354
http://doi.org/10.1016/0022-1759(94)90027-2
http://doi.org/10.1128/MCB.22.13.4491-4498.2002
http://www.ncbi.nlm.nih.gov/pubmed/12052859
http://doi.org/10.1128/IAI.00458-17
http://www.ncbi.nlm.nih.gov/pubmed/29203548
http://doi.org/10.1371/journal.ppat.1005494
http://www.ncbi.nlm.nih.gov/pubmed/27043018
http://doi.org/10.15698/mic2019.12.700
http://doi.org/10.1086/529527
http://doi.org/10.1016/j.micinf.2008.06.008
http://doi.org/10.1016/j.ijpara.2003.11.021
http://doi.org/10.1017/S0022172400038420
http://doi.org/10.1128/CVI.00258-16
http://doi.org/10.1016/j.cell.2012.08.042
http://www.ncbi.nlm.nih.gov/pubmed/23101627
http://doi.org/10.1080/10807039.2017.1353903
http://www.ncbi.nlm.nih.gov/pubmed/31031557
http://doi.org/10.1084/jem.192.2.237
http://doi.org/10.1093/jn/137.6.1681S
http://www.ncbi.nlm.nih.gov/pubmed/17513447
http://doi.org/10.3389/fimmu.2014.00532
http://doi.org/10.1016/j.mib.2015.10.005

	Introduction 
	Materials and Methods 
	Isolation of Bone Marrow-Derived Macrophages and Culture Conditions 
	In Vitro Infection 
	Animals 
	In Vivo Infection 
	Pharmacological Inhibition of ARG1 In Vivo 
	Colony Forming Units 
	RNA Isolation, Reverse Transcription and TaqMan Quantitative Real-Time PCR (qRT-PCR) 
	Immunoblotting 
	Flow Cytometry 
	Detection of Interleukins and Nitrite 
	Urea Assay 
	Arginase 1 Activity Assay 
	Statistical Analysis 

	Results 
	IL-4-Dependent Arg1 Upregulation Is Ameliorated upon S.tm Infection 
	ARG1-Deficient BMDM from Tie2Cre+/-ARG1fl/fl Mice Did Not Show an Improved Control of S.tm Infection 
	ARG1-Deficient Tie2Cre+/-ARG1fl/fl Mice Showed Similar S.tm Control In Vivo as Compared to Wild-Type Littermates 
	Pharmacological Inhibition of ARG1 with CB-1158 Did Not Affect the Control of Systemic Salmonella Infection in Mice 
	ARG1 Is Dispensable for the Control of Salmonella by Macrophages Irrespective of the Presence or Absence of Functional NRAMP1 

	Discussion 
	References

