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ARTICLE INFO ABSTRACT

Keywords: The bioavailability and regulation of iron is essential for central biological functions in mammals. The role of this
NOD1 element in ferroptosis and the dysregulation of its metabolism contribute to diseases, ranging from anemia to

Macrophages infections, alterations in the immune system, inflammation and atherosclerosis. In this sense, monocytes and
;r:r:t)ptosis macrophages modulate iron metabolism and splenic function, while at the same time they can worsen the
CXCR2 atherosclerotic process in pathological conditions. Since the nucleotide-binding oligomerization domain 1
Atherosclerosis (NOD1) has been linked to numerous disorders, including inflammatory and cardiovascular diseases, we

investigated its role in iron homeostasis. The iron content was measured in various tissues of Apoe”” and
Apoe'/ “Nod1”" mice fed a high-fat diet (HFD) for 4 weeks, under normal or reduced splenic function after ligation
of the splenic artery. In the absence of NOD1 the iron levels decreased in spleen, heart and liver regardless the
splenic function. This iron decrease was accompanied by an increase in the recruitment of F4/80"-macrophages
in the spleen through a CXCR2-dependent signaling, as deduced by the reduced recruitment after administration
of a CXCR2 inhibitor. CXCR2 mediates monocyte/macrophage chemotaxis to areas of inflammation and accu-
mulation of leukocytes in the atherosclerotic plaque. Moreover, in the absence of NOD1, inhibition of CXCR2
enhanced atheroma progression. NOD1 activation increased the levels of GPX4 and other iron and ferroptosis
regulatory proteins in macrophages. Our findings highlight the preeminent role of NOD1 in iron homeostasis and
ferroptosis. These results suggest promising avenues of investigation for the diagnosis and treatment of iron-
related diseases directed by NOD1.

1. Introduction Macrophages are essential for proper iron metabolism. They play

important roles in erythropoiesis (by supplying iron), bacteriostasis (by

Iron is fundamental for the maintenance of life due to its contribution
to essential metabolic and cellular processes (such as oxygen transport,
energy production, detoxification or host defense); however, its dysre-
gulation can lead to adverse effects, such as oxidative damage and fer-
roptosis. These processes are implicated in several chronic diseases such
as inflammatory disorders and cardiovascular dysfunctions [1-3].
Indeed, iron homeostasis has also been related to immunometabolic and
immune-related diseases, since iron dysregulation triggers alterations in
immune cells and in the immune response [2].

sequestering this metal), erythrophagocytosis (especially by splenic
macrophages, highlighting the importance of this organ) and modula-
tion of tissue local iron bioavailability and function. To these aims, re-
ceptors such as CD163 (which is exclusively expressed in monocytes and
macrophages and is related to the clearance of hemoglobin/haptoglobin
complexes or to the detection of bacteria and the induction of local
inflammation), and transporters like ferroportin 1 (FPN1; involved in
iron export from cells) are indispensable [4-7].

Macrophages express pattern recognition receptors (PRRs), which
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exert key functions in the innate immune response [8]; among them,
nucleotide-binding oligomerization domain 1 (NOD1) plays essential
roles in pathogen and damage recognition in macrophages and in the
activation of critical immune responses [9-11]. The contribution of
NOD1 to leukocyte mobilization, inflammation, metabolism and extra-
medullary hematopoiesis has been profusely characterized [12-15].
However, connections between iron metabolism, ferroptosis, specific
leukocyte subset mobilizations and clinical data remain poorly defined.
In addition, there are strong connections between iron homeostasis and
cardiovascular diseases such as atherosclerosis [3,16-19]. Inflammation
and oxidation are prominent mechanisms contributing to the complex
process of atherogenesis, and iron leads to enhanced free radical pro-
duction and ferroptosis [16,20]. These properties of iron mishandling
added to hypercholesterolemia driven lipid mediated-oxidative stress
can probably create synergies and potentiate atheroma development
[21]. Indeed, iron affects all cell populations that actively participate in
the atherosclerotic process (endothelial cells, vascular smooth muscle
cells, platelets and monocytes/macrophages [17]). In this sense, it has
been shown that the accumulation of iron in macrophages promotes the
formation of foam cells and the development of atherosclerosis [22].
Furthermore, CXCR2 entails important roles in peripheral blood stem
cell mobilization and recruitment of atherogenic and inflammatory
monocytes. This receptor is expressed on neutrophils, but also on
circulating endothelial progenitor cells (EPCs), fibroblasts, monocytes,
macrophages and foam cells [23-25]. Indeed, it has been observed the
binding of activated CXCR2 molecules to cholesterol, demonstrating the
potential allosteric modulation function of cholesterol in chemokine
receptors recognition [26]. However, beyond hypercholesterolemia, cell
death is important in the atherosclerotic onset [27,28]. The cell death
driven by loss of activity of the lipid repair enzyme glutathione perox-
idase 4 (GPX4), which leads to the accumulation of reactive oxygen
species (ROS) derived from fatty acids, mainly lipid hydroperoxides, has
been termed ferroptosis. This iron-dependent cell death is markedly
different from other forms of cell death, including regulated apoptosis,
necrosis or necroptosis [1,20,29-32]. Ferroptosis has been investigated
in depth in recent years due to its impact on degenerative disease,
immunometabolic disorders and cancer. Small molecules can modulate
the complex mechanisms involved in ferroptosis, thus offering novel
opportunities for therapeutic interventions [1,33-35]. The aim of this
work was to determine the role of NOD1 in iron metabolism and fer-
roptosis, especially its contribution to monocyte/macrophage function,
as cells involved in the homeostasis of this metallic element.

2. Materials and methods
2.1. Human samples

Human peripheral blood mononuclear cells (PBMCs) were prepared
from blood of healthy donors after information and written consent. The
studies were approved by the Ethics Committee of La Paz hospital and
were conducted in accordance with the Helsinki Declaration (project
HULP PI-4100; approved April 2020). .

2.2. Animal procedures

All animal studies were firstly approved by the local ethics com-
mittee, and according to EU Directive 2010/63 and Recommendation
2007/526/EC in regard the protection of animals employed for experi-
mental and other scientific purposes, enforced in Spanish law under Real
Decreto 53/2013. Apoe”” mice, bearing the C57BL/6 background, were
obtained from Charles River (JAX mice stock #002052, Barcelona,
Spain). Double-knockout Apoe”"Nod1”” mice were generated by crossing
Apoe”” mice with Nod1”" mice as previously described [14,15]. Briefly,
Apoe”’"Nodl”" mice were generated by crossing Apoe”” with Nod1”"
mice. Heterozygous mice were at the expected Mendelian ratios. Mice
were genotyped by RT-PCR from ear samples. All assays compared male
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Apoe”’"Nod1”" mice vs. male Apoe”~ littermates.

For the spleen-involving surgeries, aiming to analyze the conse-
quences of splenic loss of function, 3-4 mice per group were randomly
assigned to either splenic hilar ligation or to control (sham). In short,
animals were intubated and anesthetized with 2% isoflurane. The fur
over the left side of the abdomen was shaved, mice were accommodated
on a heating pad (37 °C) and skin was disinfected with alcohol and
betadine before the intervention. The spleen was identified and it was
ligated with a monofilament 7-0 nylon suture around the splenic ar-
teries. The abdominal incision was carefully closed by using absorbable
5-0 sutures and specific glue for animal tissue (3 M™ Vetbond Tissue
Adhesive). Ibuprofen (Dalsy) was supplied in drinking water (3 ml of
medicine for every 250 ml of water) during 3 days after the procedure.
Wound healing and adequate recovery after the surgical process were
monitored daily. To accelerate the progression of atherosclerotic lesions
and to establish a hypercholesterolemic onset, at 8 weeks of age and
after sham operation or ligation of splenic arteries, mice males were kept
on high-fat diet (HFD, 10.2% hydrogenated coconut oil, 0.75% choles-
terol; Ssniff, Soest, Germany) for 4 weeks. Then, mice were anaes-
thetized intraperitoneally under general anesthesia (ketamine/xylazine
combination at 80 mg/kg and 10 mg/kg body weight, respectively)
before euthanasia by CO5 inhalation. Whole blood was extracted post-
mortem by cardiac puncture and serum was obtained by initial blood
coagulation and afterwards samples centrifugation at 1600g for 10 min
at 4 °C. Total plasma cholesterol levels were determined to ensure the
effect of the HFD (283 + 46 and 292 + 59 under chow diet, and 979 + 75
and 842 + 59 under HFD for Apoe’~ and Apoe’Nodl”’ mice,
respectively).

To conduct the CXCR2-blocking experiments, the CXCR2 inhibitor
SB225002 (ref. SML0716; Sigma, Madrid, Spain) was administered
intraperitoneally at 3 mg/kg, twice a week during the 4 weeks on HFD.

2.3. Iron and other basic elements content

Tissues (spleen, heart, liver) from mice on HFD were submitted to
Inductively Coupled Plasma Mass Spectrometry (ICP-MS) measurements
to determine the content in iron and other elements of interest. In brief,
fresh tissues were firstly preserved at — 80 °C, then subjected to
lyophilization and properly sealed and stored at 4°C in a desiccator prior
to submitting to the ICP protocol. ICP-MS equipment (ICP-MS NexION
300XX Perkin Elmer; Madrid, Spain) was used according to the manu-
facturer’s instructions and specific treatments for these biological sam-
ples. Lyophilized tissues were submitted to acid digestion in a
microwave oven adding 4 ml of HNOs. Dissolved samples were gradu-
ated to a final volume of 25 ml in 1% HNOs3 (v/v). Samples were diluted
1:10 in 1% HNOg (v/v) and multi-element quantitative analysis were
carried out.

2.4. Human cell procedures: monocytes

Human PBMCs were obtained from healthy donors freshly collected
blood following previous protocols [36,37]. Monocytes were subjected
to different stimuli in order to study NOD1 implication in iron meta-
bolism. Cells were incubated for 1 h in medium supplemented with 400
pM FeCls (Sigma) and then 1 h with 1 pg/ml of the FPN1 inhibitor ref.
NBP1-21502PEP (Bionova, Madrid, Spain) or medium, plus 1 h with 1
pg/ml of the NOD1 agonist iEDAP (C12-iE-DAP, Invivogen, ref.
tlrl-c12dap, San Diego, CA, USA). Afterwards, cells were washed with
PBS and analyzed.

2.5. Mice cell procedures: peritoneal macrophages

Mice peritoneal macrophages were obtained from Apoe”~ and
Apoe'/ "Nod1”" mice peritoneal suspensions in the presence of DMEM
(Sigma) plus 20% fetal bovine serum (FBS, Lonza; Basel, CH) and anti-
biotics (100 units/ml penicillin and 100 pg/ml streptomycin) as
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previously described [38]. After seeding and washing with PBS to
remove non-adherent cells, the culture was maintained for 24 h prior to
use. The percentage of F4/80" cells was between 85% and 90%. Cells
were treated with the NOD1 agonist iEDAP (1 pg/ml) or vehicle for 1 h.
After removing the stimuli, macrophages were stimulated again with
iron (FeCls; Sigma; used at 400 pM) for 24 h.

2.6. Flow cytometry assays

Mice blood and disaggregated spleen and bone marrow tissue were
used for flow cytometry experiments. These assays were performed as
previously described [14,15]. In summary, to analyze leukocyte pop-
ulations, single cell suspensions were obtained after centrifugation and
lysis (blood case) or flushing (spleen or femur and tibias) and they were
prepared by processing the corresponding solutions through a 70 mm
cell strainer. After 400g centrifugation for 5 min at 4 °C, the cell pellet
was resuspended in HBSS (ThermoFisher, Waltham, MA, USA) supple-
mented with 10 mM Hepes and 0.5% bovine serum albumin (pH 7.4)
and incubated for 30 min at 4 °C with: rat APC-Cy7-conjugated mAb
against CD45 (1:200; BioLegend, ref. 47-0451; San Diego, CA, USA), rat
PE-conjugated mAb against CD115 (1:100; BioLegend, ref. 135505), rat
PerCpCy5.5- conjugated mAb against Ly6G (1:100; BioLegend, ref.
127616), rat FITC-conjugated mAb against Ly6C (1:100; BioLegend, ref.
128006), rat APC-conjugated mAb against F4/80 (1:100; BioLegend, ref.
123116), rat PECy7-conjugated mAb against Cd11b (1:100; Thermo-
Fisher, ref. 25-0112), rat FITC-conjugated mAb against MHCII (1:100;
BioLegend, ref. 205305), rat PE-conjugated mAb against MHCII (1:100;
BD Biosciences, ref. 562010; Madrid, Spain), rat FITC-conjugated mAb
against CD68 (1:100; BioLegend, ref. 137006), rat PE-conjugated mAb
against CD169 (1:100; BioLegend, ref. 142402), rat FITC-conjugated
mAb against CXCR2 (1:100; BioLegend, ref. 149608), rat
PE-conjugated mAb against CCL2 (1:100; BioLegend, ref. 505904), rat
PE-conjugated mAb against FPN1 (1:100; Novus Biologicals, ref.
NBP1-21502PE), rat FITC-conjugated mAb against CD163 (1:100;
ThermoFisher, ref. 11-1631), rabbit PE-conjugated pAb against GPX4
(1:100; Mybiosource, ref. MBS2069337). For cell counting, DAPI and
absolute counting beads were used (Count-Bright; ThermoFisher; ref.
C36950). Flow cytometry was conducted in a FACSCanto II (BD Bio-
sciences), and cell subsets were defined using FlowJo software (Treestar,
Ashland, OR, USA): leukocytes (CD45™), neutrophils (CD45" CD11b™"
Ly6G™), inflammatory monocytes (CD45" CD115" CD11b* Ly6C™),
patrolling monocytes (CD45" CD115" CD11b™ Ly6C), tissue macro-
phages (CD45" F4/80™), red pulp macrophages (RP) (CD45" F4/80"
CD11b"°% MHCII'®"), white pulp macrophages (WP) (CD45" F4/80°
CD68% CD11b), marginal zone macrophages (MZs) (CD45" F4/80
CD68) and metallophilic macrophages (Metallo.) (CD45% F4/80
CD68" CD169™). The expression of CXCR2, CCL2, FPN1, CD163 and
GPX4 was quantified in the main leukocyte subsets.

2.7. Serum iron measurement

Iron profile in serum was analyzed in the mice groups after 4 weeks
of HFD. Serum iron levels, including ferrous iron (Fe2+), ferric iron
(Fe>*) and total iron were quantified using the Abcam Iron Colorimetric
Assay Kit (ab83366) as per the manufacturer’s specifications.

2.8. Histological analysis and lesion quantification

Mice tissues for Prussian Blue (spleen, liver, heart), Massons tri-
chrome (spleen) or hematoxylin/eosin (H/E) staining were obtained as
previously described [14,15]. Briefly, to confirm the differences in iron
content in Apoe”” and Apoe”"Nod1” mice (sham or splenic artery liga-
tion animals), as shown by the ICP-MS technique, tissues were fixed in
4% paraformaldehyde in PBS and embedded in paraffin. The 5 pm
(spleens and livers) and 8 um (hearts) sections of tissues (Jung RM2055;
Leica Microsystems), were deparaffinized and samples were then stained
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with Prussian Blue (Sigma Iron Stain kit; ref. HT20-1KT), using standard
procedures. To analyze splenic collagen levels, mouse spleens were fixed
in 4% paraformaldehyde for 24 h at 4 °C, passed through sucrose gra-
dients at 10% and 20% (PBS supplemented with the sucrose), incubated
24 h in 30% sucrose, embedded in optimal cutting temperature, and
cryopreserved at — 70 °C. Cryocut cross sections (5 um) were evaluated
for Massons trichrome staining (Masson-Goldner staining kit, Sigma, ref.
1004850001) as per manufacturers instructions. For the evaluation of
the atherosclerotic lesion mice groups underwent CXCR2 inhibition plus
4 weeks on HFD, murine hearts were fixed and cryopreserved as spleens
in the previous Massons trichrome assays. Images of these histological
techniques were captured in a Zeiss Axiophot microscope with a
Plan-Neofluar 310/0.3 objective (Carl Zeiss, Oberkochen, Germany) and
a DP70 camera (Olympus, Tokyo, Japan). To avoid specific biases due to
potential differences in tissue shape, cross sections of the entire fragment
of tissue were analyzed and averaged. Both the collagen content
(spleens) and the planimetric area of atherosclerotic plaques (hearts)
with or without CXCR2 inhibition were measured in pixels using ImageJ
(NIH) and quantified.

2.9. Immunostaining

Immunofluorescence analysis was done as previously described [14,
15]. Briefly, mice spleens and hearts were fixed overnight for 24 h at
4 °C, underwent sucrose gradients at 10% and 20% (PBS supplemented
with the sucrose), incubated 24 h in 30% sucrose, embedded in optimal
cutting temperature, and cryopreserved at — 80 °C. Then, they were
sectioned into 5 um (spleens) and 8 pm (hearts) sections with a micro-
tome (Jung RM2055; Leica Microsystems). Cryo-Section samples slides
were rehydrated, subjected to antigen retrieval in 10 mM citrate buffer
(pH 6.0), blocked, and stained with antibodies specific for mouse CD68
(1:200; Bio-Rad, ref. MCA1957GA), CD169 (1:20; BioLegend, ref.
142404), CXCR2-AF647 (1:20; BioLegend, ref. 149306), Ly6G (1:100;
Pharmingen, ref. 551459), CD163-FITC (1:20; ThermoFisher, ref.
11-1631), CD36-PE (1:20; Santa Cruz, ref. sc-13572), followed by sec-
ondary staining using standard procedures [39,40]. Secondary anti-
bodies for immunofluorescence were Alexa Fluor 594-conjugated
anti-rat (ThermoFisher), FITC-conjugated anti-rabbit (Sigma), Alexa
Fluor 647-conjugated anti-rat (ThermoFisher). Afterwards, nuclei were
counterstained with DAPI (ThermoFisher). Immunofluorescence stain-
ing of cryo-sections were then mounted in Prolong Gold Antifade
mounting medium (ThermoFisher, ref. D1306). Primary control panel
was performed with an appropriate isotype control IgG, and secondary
controls incubations were performed in the absence of primary anti-
body. To perform TUNEL technology assays, same methodology was
used added to TUNEL kit (In Situ Cell Death Detection Kit, Fluorescein,
ref. 11684795910; Roche) manufacturer’s specifications. A LSM710
confocal microscope with a Plan-Apochromat 325/0.8 oil immersion
objective (Carl Zeiss, Oberkochen, Germany) was employed to capture
images from the immunofluorescence stainings. Images were analyzed
using ImageJ and were further processed for presentation with Zen2009
(Carl Zeiss) software.

2.10. Western blot analysis

Mice splenic samples for Western blotting were snap-frozen in liquid
nitrogen and stored at — 80 °C. Subsequent processing was carried out
according to previous works of this group [14,15]. In summary, protein
extracts from mouse tissues were obtained using ice-cold 25 mM bicine,
150 mM sodium chloride (pH 7.6) (T-PER Tissue Protein Extraction
Reagent; ThermoFisher) supplemented with phosphatase cocktail and
protease inhibitors (Sigma). Afterwards, proteins were resolved on
SDS-PAGE gels and were transferred to nitrocellulose membranes. Pro-
teins were detected using rabbit pAb against TNF-a (1:1000; Abcam, ref.
ab8348), rabbit pAb against CXCR2 (1:1000; Abcam, ref. ab14935),
mouse mAb against a-tubulin (1:4000; Sigma, ref. T9026) and
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Fig. 1. NOD1 deficiency modifies iron homeostasis and splenic macrophage profile in Apoe”” mice fed high-fat diet (HFD) for 4 weeks. (A) Representative images of
spleens from sham and splenic artery ligation in male Apoe”” and Apoe”"Nod1”~ mice for iron quantification (Prussian Blue). (B) Quantitative determination of iron
content by ICP-MS in the spleen, liver and heart of sham and spleen artery ligation in Apoe”~ and Apoe”"Nod1”~ mice. (C) Quantification of splenic Collal mRNA,
total collagen content (RP and WP) and representative images of Massons trichrome staining from mice described in panel A. (D) Cd68 mRNA levels in the spleen of
sham Apoe”~ and Apoe” "Nod1”~ mice and immunofluorescence analysis of CD68" cells and DAPI staining in splenic sections from Apoe”~ and Apoe”"Nod1”" mice after
sham or splenic artery ligation. Results show the mean + s.e.m. from 9 animals of each condition (Apoe”~ and Apoe”"Nod1”", sham or splenic hilar ligation surgery).
* P < 0.05; ** P < 0.01; *** P < 0.005 vs. the corresponding Apoe”~ or sham condition, or by 1-way ANOVA # P < 0.05; #*# P < 0.01; #*# P < 0.005 when comparing
splenic artery ligation with the corresponding sham condition in Apoe”~ or Apoe”"Nod1”~ mice. Bars: 100 um (A, C); 100 um (E). (A) Inset 4x magnification.(For

interpretation of the references to colour in this figure, the reader is referred to the web version of this article.)

horseradish peroxidase-conjugated secondary antibodies (Bio-Rad).
Protein bands were visualized using a Luminata chemiluminescence
detection system (Merck) and an Image-Quant LAS 500 imager (GE
Healthcare Life Sciences, Freiburg, Germany) and were quantified using
ImageJ [National Institutes of Health (NIH), Bethesda, MD, USA]. In-
tensities of each protein bands were expressed as a percentage of those
of the tubulin bands as indicated.

2.11. gRT-PCR

Total RNA was isolated by homogenization in QUIAZOL® by a Tis-
sueLyser LT and eluted using MinElute columns (Qiagen; Madrid,
Spain). RNA integrity was assessed by RNA Nano Chip (Agilent Tech-
nologies; Madrid, Spain). 250 ng of RNA were retro-transcribed by using
High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems;
Madrid, Spain). SYBR Green assay was conducted in a 7900HT Fast Real-
Time PCR System equipment for qRT-PCR detection [14,15]. After
performing the assays, calculations were obtained from measurement of
technical triplicates of each sample. The relative amount of mRNA was
calculated with the comparative 222t method using mouse or human
Hprtl or GAPDH, respectively, as endogenous control transcripts. Mu-
rine and human sequences are given in Supplementary table S1.

2.12. Quantification and statistical analysis

To obtain the statistical analysis, GraphPad Prism 6 (GraphPad
Software Inc.; San Diego, CA, USA) was used. All the values are
expressed as means + s.e.m. Normality was calculated by
D’Agostino-Pearson omnibus test, and afterwards a non-parametric test
(Mann-Whitney U-test), or a normality test (unpaired Student’s t test
with Welch’s correction, ordinary 1-wayANOVA) was used as appro-
priate in each case. Statistical significance was considered at P values <
0.05. Removal of outliers was carried out by ROUT method. Statistical
tests and p values are showed for each panel in the corresponding figure
legends. The number of individual animals for in vivo and ex vivo ex-
periments is indicated in the figure legend.

3. Results

3.1. NOD1 activation affects iron homeostasis and macrophage
recruitment in a splenic-dependent manner

The bioavailability of iron exerts adaptations in immune cells and the
dysregulation of its metabolism favors significant alterations in the
immune response, with the spleen being one of the relevant organs in its
recycling. Quantification of iron content in the spleen of male Apoe”” vs.
Apoe”"Nod1”~ mice fed HFD for 4 weeks showed a significant decrease in
splenic iron in NOD1 deficient animals (Fig. 1A-B). This decrease per-
sisted after ligation of the splenic artery. Moreover, in addition to the
spleen, a significant decrease in iron was also observed in the heart and
in liver of Apoe”"Nod1”" mice after accurate determination by ICP-MS
(Fig. 1B). However, serum iron levels, including Fe?t, Fe* did not
show significant differences between mice genotypes (Suppl. Fig. S1A).
Other key metal elements were determined in the same three tissues by
ICP-MS; Na, Cu, Mg, K, Ca and Mn exhibited organ-specific changes
depending on splenic artery ligation and the absence of NOD1. The most

relevant result was the reduction of hepatic Cu levels in sham Apoe”™
Nod1”" mice (Suppl. Fig. S1B). As collagen levels and fibrosis have been
related to iron metabolism in the spleen [41], we determined its content
within this organ. Collal mRNA expression levels and splenic collagen
content in white and red pulps were significantly increased under NOD1
deficiency (Fig. 1C).

Because splenic iron metabolism is regulated by different subsets of
leukocytes, we analyzed the total and zonal distribution of inflammatory
and patrolling monocytes under HFD; however, except for a modest
increase in white pulp macrophages in Apoe” Nod1”" mice, no statisti-
cally significant differences were observed between other populations
(Suppl. Fig. S2A). Furthermore, the splenic distribution of leukocytes
was not significantly affected by NOD1 deficiency after splenic artery
ligation (Suppl. Fig. S2B). Nevertheless, highlighting the involvement of
monocytes/macrophages in these metabolic processes, Cd68 expression
was enhanced in the spleen of the sham Apoe” Nodl”" mice group.
Immunofluorescence quantification of CD68 showed an increase in
white and red pulps from Apoe”"Nod1”" mice vs. Apoe”". Ligation of the
splenic artery showed an opposite trend (Fig. 1D). Splenic macrophages
and marginal metallophilic macrophages were labelled with anti-Mac-3
or anti-CD169 antibodies, respectively, to visualize their distribution
and confirm the white pulp organization (Suppl. Fig. S2C).

3.2. The NOD1/CXCR2 axis regulates macrophage mobilization and
development of atherogenesis

Apoe”"Nodl”" mice exhibited a significant increase in patrolling
monocytes in the blood vs. Apoe'/ " (Fig. 2A). In addition to this, circu-
lating CD45™ myeloid cells (monocytes and neutrophils) were increased
in Apoe”"Nod1”/" mice, whereas pharmacological activation of NOD1
with the agonist iEDAP in Apoe”” mice significantly decreased these
populations (Suppl. Fig. S3). Bone marrow assays indicated that the
expression of the monocyte/macrophage biomarker Cd68 was increased
in Apoe”"Nod1”" mice, independently of splenic artery ligation (Fig. 2B).
These data suggested a different leukocyte mobilization that could
contribute to modulate splenic iron metabolism. Firstly, we observed
that the bone marrow mRNA levels of the transendothelial chemokine
receptors Cxcr2 and Cxcr4 were decreased in sham Apoe” Nod1”" mice
but upregulated after splenic artery ligation (Fig. 2C). In addition,
CXCR2 exhibited the same trend in the spleen of sham Apoe”” mice, in
which TNF-a, accordingly to macrophage profile counts, was increased
in Apoe'/ "Nodl”" mice (Suppl. Fig. S4). Therefore, monocytes/macro-
phages recruitment appears to be associated with NOD1 activation
under these conditions. Furthermore, flow cytometry assays of splenic
cells showed differences between CD45™ subsets regarding the expres-
sion of CXCR2, especially in macrophages that exhibited enhanced
CXCR2 expression in Apoe’"Nodl”~ mice, opposite to other splenic
myeloid cells populations (Fig. 2D).

This role of CXCR2 in macrophage recruitment in the spleen of
Apoe”’"Nod1”" mice was confirmed after in vivo pharmacological inhi-
bition of this chemokine receptor (Fig. 2E). Interestingly enough, and
because CXCR2 is known to be strongly expressed on macrophages
within atherosclerotic lesions, inhibition of CXCR2 significantly
increased atheroma formation in Apoe'/ "Nod1”~ mice (Fig. 2F). More-
over, immunofluorescence quantification of CD68 and Ly6G levels in the
atherosclerotic lesion was similar (CD68) or even lower (Ly6G) in
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Fig. 2. NOD1 activation and CXCR2 modulation orchestrate monocyte and macrophage mobilization and influence atherogenesis under hypercholesterolemic
conditions. (A) Quantification of circulating inflammatory and patrolling monocytes from spleen of sham Apoe”~ and Apoe”"Nod1”” mice. (B) Cd68 mRNA levels in
the bone marrow of sham and splenic artery ligation of animals fed HFD. (C) Cxcr2 and Cxcr4 bone marrow mRNA levels from the same animals as in panel B. (D)
Splenic CXCR2 expression in the main subsets of leukocytes from 4 weeks-fed HFD Apoe” and Apoe” Nod1”~ mice. (E) Circulating and splenic leukocytes after CXCR2
inhibition (administered at 3 mg/kg twice a week during 4 weeks; HFD-fed). (F) Quantification and representative images of the atherogenic lesion in Apoe”~ and
Apoe”"Nodl”” mice from panel E. Analysis was performed after quantification of 6 consecutive sections of the lesion. (G) Quantification and representative images of
immunofluorescences of LY6G, CD68 and nuclei (DAPI) in heart sections from panel E mice. Values were expressed as percentage vs. the sham Apoe”” condition.
Results show the mean + s.e.m. from 9 animals of each condition. * P < 0.05; ** P < 0.01; *** P < 0.005 vs. the corresponding intervention condition, or by 1-way

ANOVA ### p < 0.01 when comparing splenic artery ligation with the corresponding sham condition in Apoe”~ or Apoe”’"Nod1”~ mice. Bars: 0.5 mm (F) 200 um (G).

Apoe”’"Nod1”" vs. Apoe”” mice (Fig. 2G). These data demonstrate a link
between NOD1 and CXCR2 modulation in macrophage recruitment in
the athero-prone vascular context.

3.3. NOD1 contributes to the regulation of iron metabolism in
macrophages

The above data prompted us to investigate the link between
macrophage NOD1 activation under HFD and the regulation of iron
homeostasis. Quantification in the bone marrow and spleen of Ccl2
mRNA levels, one of the main chemokines that modulate the migration
and infiltration of monocytes/macrophages, showed a significant in-
crease in both tissue from Apoe”’ Nod1”~ (Fig. 3A). However, splenic
artery ligation reversed this upregulation of Ccl2 in the bone marrow
(Fig. 3A).

Relevant genes associated with iron metabolism were quantified in
the spleen of sham mice: Slc40al (encoding for FPN1, the main iron
export transporter in macrophages), Spic (encoding for Spi-C, the tran-
scription factor that regulates the development of red pulp macrophages
needed for red blood cells recycling and iron metabolism) and Slc7al1
(which exerts a critical role in the negative regulation of ferroptosis)
were elevated in Apoe”"Nod1”~ mice. However, Gpx4, which represses
ferroptosis, was downregulated in Apoe”"Nod1”" mice (Fig. 3B). Iron-
homeostasis related genes were analyzed in the liver of both sham and
splenic artery ligation mice, as this organ is also highly involved in iron
regulation. Slc40al, Hmox1, Col3al and Prom2 showed the most
remarkable changes. Slc7al and Prom2 levels were decreased after
splenic artery ligation (Suppl. Fig. S5). Since FPN1 and CD163 are
preeminent biomarkers in iron metabolism, they were determined in
myeloid cells populations in spleen and blood. Splenic FPN1* and
CD163" myeloid populations showed the greatest differences between
mice groups (Fig. 3C). Interestingly, the only subsets with changes be-
tween mice genotypes in blood were that of FPN1" and CD163"
monocytes, which were increased in the Apoe”"Nod1”~ group (Fig. 3D).
Further analysis in sham mice spleens showed that CD68, CD163 and
CD36 populations were highly increased in the red and white pulps of
Apoe'/ “Nod1”" mice (Fig. 3E).

3.4. NOD1 signaling affects ferroptosis in macrophages and spleen

Several proteins act as negative regulators of ferroptosis, including
GPX4 and the cystine-glutamate antiporter (encoded by the Slc7all
gene). Having shown that Gpx4 mRNA levels were decreased in
Apoe”"Nod1”" mice (Fig. 3B), analysis of GPX4 protein levels in splenic
cells from Apoe”” mice were higher than in Apoe”"Nod1”" in almost all
cell populations (Fig. 4A). Furthermore, CD68" TUNEL" cells were
increased in the red pulp of Apoe” Nod1”" mice (Fig. 4B).

The role of NOD1 in macrophage ferroptosis was validated in peri-
toneal macrophages from Apoe”” and Apoe” Nod1”" mice treated with
iEDAP and iron enriched medium. As Fig. 4C shows, maximal activation
of NOD1 significantly upregulated the expression of genes involved in
protection against ferroptosis in Apoe”” (Slc40al, Gpx4, Spic, Hmox1 and
Collal). These genes were significantly decreased in peritoneal mac-
rophages from Apoe'/ “Nodl”" mice. In addition, these results were vali-
dated in human macrophages using the NOD1 agonist iEDAP and in the
presence and absence of the FPN1 inhibitor NBP1-21502PEP. As Suppl.

Fig. S6 shows, NOD1, SLC40AA1 and the gene encoding for the ferritin
light chain (FTL) mRNA levels were not affected under these conditions.
However, SPIC, CD163, and CD36 were repressed after FPN1 inhibition
in cells treated with iEDAP. Other genes, such as MCSF, LDLR, NFE2L2
(encoding for the transcription factor NRF2 involved in the defense
against oxidative stress) and HMOX1 were upregulated after iEDAP
treatment, an effect that was not prevented by FPN1 inhibition.

4. Discussion

Iron metabolism and ferroptosis are involved in multiple biological
processes [2,42,43] and macrophages play a role in the homeostatic
handling and recycling of iron from senescent erythrocytes [2,4-7]. The
present work aimed to study the role of NOD1 from splenic macrophage
in these key processes. Our findings unveil a specific implication of
NODL1 in iron dynamics through the regulation of FPN1, CD163 (the
high-affinity receptor of haptoglobin-hemoglobin complexes) and GPX4
(protecting from ferroptosis) in the context of HFD. The connections
between iron homeostasis and immune responses are well known
[44-46] and here we demonstrate that NOD1 deletion causes a signifi-
cant reduction in the iron content of essential organs (e.g., spleen, liver
and heart), and independent of partial loss of splenic function. It is worth
mentioning that splenic artery ligation is a well-tolerated surgical
intervention because, due to the vascular structure of the spleen, there is
an extensive collateral blood supply to the organ [47].

Moreover, deficient iron bioavailability in these organs can lead to
previously described severe chronic disorders [48-50].

The role of the spleen in iron storage and metabolism is well docu-
mented [51-53]. In this regard, collagen biosynthesis, for example, re-
quires iron-dependent activities for the hydroxylation of the prolyl and
lysyl residues that promote intermonomeric crosslinking leading to the
formation of the classic triple helix collagen. Accordingly, reduced iron
content in several organs (as occurs in the absence of NOD1) results in
enhanced splenic transcription of the Collal gene and collagen accu-
mulation, probably because of the reduced functional crosslinking
required to maintain the correct structure of collagen fibrils, enhancing
fibrosis and tissue damage [54]. In addition to this, increased levels of
CCL2 in the bone marrow and spleen of NOD1-deficient animals under
HFD conditions contribute to the pro-fibrotic role of this chemokine due
to its ability to induce collagen production [55]. Moreover, Ccl2
expression is crucial for monocyte mobilization and transmigration into
the subendothelial space [1,56] and, precisely, they are remarkably
enhanced in both the spleen and the bone marrow of Apoe” Nodl™"
mice, the group with the highest splenic macrophage counts.

Macrophages play fundamental functions in wound healing mecha-
nisms and collagen synthesis in several experimental models [57-61].
Our data show that, under HFD, splenic inflammatory and patrolling
monocytes, precursors of tissue macrophages, exhibit changes between
the mice genotypes. In addition, hilar splenic vessel ligation reverses the
trend with respect to the content of patrolling monocytes and CD68™
macrophages in the red and white pulp. Moreover, the splenic levels of
Spic, a transcription factor that controls the development of red pulp
macrophages, which are in charge of iron homeostasis and red blood
cells recycling, were enhanced in NOD1-deficient mice. Therefore,
NOD1 activation by HFD is contributing to iron content, correct regu-
lation of collagen synthesis (avoiding fibrosis), and splenic
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Fig. 3. NOD1 impairs iron metabolism in murine splenic macrophages and affects iron homeostasis in human monocytes. (A) Bone marrow and splenic mRNA levels
of Ccl2 in Apoe”” and Apoe”"Nod1”~ mice (sham or after splenic artery ligation; left panel). Splenic CXCR2 expression in the main leukocyte populations (right panel).
(B) Splenic mRNA levels of iron-related genes (Gpx4, Slc40al (encoding for ferroportin 1, FPN1), Spic and Slc7al1. (C,D) Distribution of FPN1 and CD163 in the main
myeloid cells populations in the spleen (C) and blood (D). (E) Immunofluorescence quantification of CD68, CD163 and CD36 staining in splenic sections from panel C.
Results show the mean + s.e.m. from 9 animals of each condition. * P < 0.05; ** P < 0.01; *** P < 0.005 vs. the corresponding Apoe”” condition, or by 1-way
ANOVA. ### P < 0.005 when comparing splenic artery ligation with the corresponding sham condition in Apoe”~ or Apoe”"Nodl”" mice.
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Fig. 4. NOD1 confers ferroptosis protection in mice fed HFD. (A) Quantification of splenic GPX4 levels in the main leukocyte populations. (B) CD68" and TUNEL"
splenic cells from Apoe”” and Apoe” Nod1”~ mice. (C) mRNA levels of genes involved in iron homeostasis in murine peritoneal macrophages treated for 1 h with the
NOD1 agonist iEDAP and 24 h with FeClz (400 uM). Results show the mean + s.e.m. from 9 animals of each condition (sham and ligation of Apoe”~ and Apoe” Nod1”~
mice). * P < 0.05; ** P < 0.01; *** P < 0.005 vs. the corresponding Apoe”” condition; * P < 0.05 vs. the condition in the absence of iEDAP.

monocyte/macrophage homeostasis.

Previous studies showed that splenic monocytes and macrophages
contribute to atherosclerosis development [49], as well as to iron
accumulation in atherosclerotic plaques [62]. Accordingly, our data
show a higher iron content in the heart of Apoe”” vs. Apoe” Nod1”" mice.
In addition to this, the CXCL1/CXCR2 axis is key in classical
HDF-induced monocytosis and neutralization of CXCL1 avoids the
expansion of circulating monocytes [23]. Now, we show that CXCR2
inhibition reduces the splenic levels of macrophages in Apoe” Nod1”"
mice, but favors the presence of circulating inflammatory cells that
infiltrate the atherosclerotic lesion and promote its progression. These
results agree with those by Dyer et al. [63], which demonstrated that
exacerbated inflammation in the CXCR2-deficient mice was a conse-
quence of altered myeloid cells recruitment.

Previous studies had shown a preeminent role for apoptotic neu-
trophils in triggering anti-inflammatory responses when interacting

with macrophages [64]. In addition to this, our data show that TNF-a
levels were notably increased in the spleens of Apoe” Nod1”" mice, in
which CXCR2 was diminished. These results fit with previous studies
describing that TNF-a down-regulates CXCR2 expression in human
polymorphonuclear leukocytes and triggers its intravascular retention
with an increased production of reactive oxygen species [65]. Moreover,
a similar situation has been described after systemic infection by
S. aureus [66].

Regarding CD163, it is expressed at high levels on splenic macro-
phages [6] and mediates the recovery of iron and iron-containing mol-
ecules [4]. This is consistent with the enhanced splenic levels of CD163™"
cells in Apoe” Nod1”" mice. Moreover, these data agree with the
observed increase in the mRNA levels of genes involved in iron handling,
such as Slc40al, Spic and Slc7all in NODI1-deficient mice. Indeed,
NOD1 activation by iEDAP entails the polarization of macrophages to a
pro-inflammatory phenotype, a condition that suppresses Slc40al
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transcription. Additionally, our results also agree with the fact that red
pulp macrophages present high expression levels of Spi-C, the scavenger
receptor CD163, heme oxygenase 1 (HO-1) and FPN1 [39,67,68]. All
these molecules controlling iron bioavailability and preventing adverse
oxidative effects.

As we have mentioned above, an excess of lipids leads to oxidative
stress, lipid peroxidation and tissue damage; mechanisms that can be
counteracted by antioxidant and anti-inflammatory proteins and en-
zymes such as HO-1 [69]. Interestingly, in iron-treated human mono-
cytes stimulated with different agonists, it is worth mentioning that
iEDAP-induced NOD1 stimulation leads to reduced expression of
HMOX1, encoding for HO-1, a protein that has been associated with
atheroprotection [55,70]. Moreover, NFE2L2 is slightly overexpressed
under iEDAP stimulation, in agreement with its known activation by
cellular oxidative stress and noxious conditions [70,71]. However, it
seems that the NFE2L2-dependent antioxidant-response is not capable of
inducing sufficient HO-1 activity to alleviate the cellular stress and
inflammation derived from the activation of NOD1 and the excess of
iron. These results are in line with those previously published indicating
that NOD1 deletion plays an atheroprotective role in early and advanced
disease [14,15]. In fact, NOD1 activation in these iron-stimulated
monocytes showed an increase in the expression of lipid responsive
genes (OLRI1 and LDLR), while colony stimulating factor 1 (CSF1) was
notably enhanced under the same conditions and especially when FPN1
was inhibited.

Finally, because GPX4 is at the crossroads of protection against
peroxidation of membrane lipids, ferroptosis and antioxidant damage
[32,72], we analyzed the role of this protein in the Apoe””/Nodl”"
context. Not surprisingly, Gpx4 levels were enhanced in the spleen of the
Apoe”” mice group, as it were also in the splenic main leukocyte subsets
and in iron-stimulated peritoneal macrophages. These results, added to
Hmox1 enhanced expression in Apoe”” peritoneal macrophages and as-
says showing that CD68'-TUNEL" cells were increased in the red pulp of
NOD1-deficient mice, suggest that splenic cell death in Apoe”"Nodl”"
mice occurs via ferroptotic mechanisms. Indeed, NOD1 deficiency
notably reduced apoptosis in peritoneal macrophages after iron sup-
plementation. Therefore, we hypothesize that splenic NOD1 confers
protection against ferroptosis in this organ to maintain leukocyte cells,
mainly macrophages, in sufficient levels to mobilize them to inflam-
matory sites through systemic circulation and even recruit them to the
atheroma layer. In this regard, extramedullary hematopoiesis plays a
key role [73]. This idea is similar to that proposed for Gpx4 activity
preventing lipid peroxidation and ferroptosis to sustain Treg cell acti-
vation and subsequent suppression of antitumor immunity [74].

5. Conclusion

Iron contributes to vital cellular and metabolic processes for the
maintenance of health. This fact supposes that changes in its normal
regulation can favor the development of severe pathophysiological
processes. In this work we have demonstrated for the first time a clear
link between immune player NOD1 and iron metabolism both in human
and murine models. Moreover, the connections between ferroptosis,
splenic activity modulation, atherosclerosis and leukocyte mobilization
open novel multidisciplinary fields to explore, leading to identify po-
tential pharmacological targets against different immune-metabolic
diseases.
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