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ABSTRACT:

Aims - Dysmetabolic iron overload syndrome (DI1OS) is common but the clinical relevance of
iron overload is not understood. Macrophages are central cells in iron homeostasis and
inflammation. We hypothesized that iron overload in DIOS could affect the phenotype of

monocytes and impair macrophage gene expression.

Methods - This study compared 20 subjects with DIOS to 20 subjects with metabolic
syndrome (MetS) without iron overload, and 20 healthy controls. Monocytes were
phenotyped by Fluorescence-Activated Cell Sorting (FACS) and differentiated into
anti-inflammatory M2 macrophages in the presence of IL-4. The expression of 38 genes
related to inflammation, iron metabolism and M2 phenotype was assessed by real-time PCR.
Results - FACS showed no difference between monocytes across the three groups. The
macrophagic response to IL-4-driven differentiation was altered in four of the five genes of
M2 phenotype (MRC1, F13A1, ABCALl, TGM2 but not FABP4), in DIOS vs Mets and
controls demonstrating an impaired M2 polarization. The expression profile of inflammatory
genes was not different in DIOS vs MetS. Several genes of iron metabolism presented a
higher expression in DIOS vs MetS: SCL11A2 (a free iron transporter, +76%, p = 0.04),
SOD1 (an antioxidant enzyme, +27%, p = 0.02), and TFRC (the receptor 1 of transferrin,
+59%, p = 0.003).

Conclusions - In DIOS, macrophage polarization toward the M2 alternative phenotype is
impaired but not associated with a pro-inflammatory profile. The up regulation of transferrin
receptor 1 (TFRC) in DIOS macrophages suggests an adaptive role that may limit iron

toxicity in DIOS.
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Abbreviations:

BMI: Body mass index

DIOS: dysmetabolic iron overload syndrome

DMT: divalent metal transporter

FPN: ferroportin

GAPDH: glyceraldehyde 3-phosphate dehydrogenase
HOMA-IR: homeostatic model assessment of insulin resistance
LDH: lactate dehydrogenase

MetS: metabolic syndrome

MR: mannose receptor

MRI: magnetic resonance imaging

NAFLD: non-alcoholic fatty liver disease

NASH: non-alcoholic steatohepatitis

PBMC: peripheral blood mononuclear cells

PPARG: peroxisome proliferator-activated receptor gamma
ROS: reactive oxygen species

usCRP: ultra-sensitive C-reactive protein

RM: resting macrophages

TLDA: TagMan low-density array
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INTRODUCTION

Insulin resistance-associated hepatic iron overload, referred as dysmetabolic iron
overload syndrome (DIOS) [1,2] affects up to 20% of patients with metabolic syndrome
(MetS) and iron could participate to the risk of cardiovascular diseases of patients with MetS.
MetS promotes atherosclerosis [3] and NASH [4] through low-grade inflammation; but it is
not clear that iron overload in DIOS may enhance this inflammation. In MetS, the infiltration
of macrophages in expanding adipose tissue and liver tissue is linked to low-grade
inflammation and insulin resistance [5,6].

Monocytes, macrophages and hepatocytes are involved in iron recycling and tissue
redistribution [7]. The mesenchymal localisation of iron overload in DIOS suggests the
potential involvement of monocytes-macrophages in its pathophysiology.

Monocytes and macrophages produce various inflammatory mediators and growth
factors in response to the microenvironment. Macrophages exhibit a broad spectrum of
polarization from the classical M1 phenotype, characterized by inflammatory, bactericidal,
and proatherogenic properties, to the alternative macrophages M2, which specialise in

immunomodulation and tissue repair [8]. M1 and M2 macrophages have been observed in



various tissues including adipose tissue [9], liver tissue [10] or atherosclerotic plaques
[11,12]. The ability of macrophages to switch from the M1 to M2 phenotype may drive the
resolution of inflammation and limit chronic inflammation [13].

Alternatively activated macrophages have an increased capacity for heme uptake,
non-heme iron release into tissues via ferroportin, and the production of anti-inflammatory
mediators via heme oxygenase-dependent heme catabolism [14,15]. Macrophage iron
overload triggers inflammation via the production of reactive oxygen species (ROS) and
influences macrophage polarization. In humans, ex vivo monocyte-differentiated
macrophages, raised intracellular iron [16] or iron loading [17] lead to an inflammatory
phenotype.

We hypothesized that iron overload in DIOS could affect the phenotype of
monocytes and macrophages, and impair macrophage polarization towards the M2
phenotype, which could participate to the potential clinical toxicity of iron in DIOS. The aim
of this study was to compare the gene expression profile of M2 polarized macrophages in
DIOS patients with those of patients with MetS without iron overload, and healthy

volunteers.

METHODS

Subjects
The prospective study included three groups of 20 subjects. DIOS participants had

hyperferritinemia (450 - 1500 ng/mL); hepatic iron content >50 pumol/g as measured by MRI



[18]; and at least one criterion of Mets [19]. Mets subjects fulfilled the definition of Mets [23]
and had normal serum ferritin levels. The control group (healthy volunteers) had normal
serum ferritin and routine laboratory parameter levels and a BMI < 25 kg/m2. The exclusion
criteria were: under 18 year-olds, pregnancy, alcohol (World Health Organization standards)
or tobacco consumption, use of anti-diabetic medication, prior therapeutic phlebotomy, type
1 hereditary hemochromatosis, hemolysis (elevated LDH and reticulocytes and low
haptoglobin), elevated blood concentrations of liver enzymes (transaminases >2 times the
normal values), or acute inflammatory syndrome [C-reactive protein (CRP) >15 mg/L].
Subjects were matched by age (+ 5 years), gender, BMI (+ 5 kg/m?) and waist circumference
(£ 5 cm) for DIOS and Mets groups.

The control and MetS subjects were recruited from a cohort of volunteers in
biomedical research managed by the Clermont-Ferrand Clinical Investigation Centre (CIC).
Informed consent was obtained from all individual participants included in the study. The
study protocol conforms to the ethical guidelines of the 1975 Declaration of Helsinki as
revised in 1983 and received approval from the institution's human research committee
(Comiteé de Protection des Personnes Sud-Est VI, N°’AU 1100). The study was sponsored by
the CHU of Clermont-Ferrand and registered in a public trial registry (NCT 02066012).

All subjects were seen once by a medical doctor and underwent fasting peripheral
blood sampling (50 mL). Blood samples were used to perform routine laboratory analyses,
monocyte chemotactic protein (MCP)-1, tumour necrosis factor (TNF), IL-6 and hepcidin
plasma determination by enzyme-linked immunosorbent assay (ELISA), phenotyping of

monocytes by fluorescence activated cell sorting (FACS), and isolation and differentiation of



monocytes into RM or M2 macrophages.

Phenotypic characterization of peripheral blood mononuclear cells (PBMC)

Phenotyping of PBMC was performed using a BD FACS Canto Il cytometer
equipped with Diva 7.0 software (BD Biosciences, Le Pont de Claix, France) for a
multiparametric study. Labelling was carried out on whole blood, as previously described
[20]. Two samples were analysed for each subject. The first sample served as a negative
control, to compensate for CD14 and CD45 autofluorescence. The second sample contained
cell and CD14 APC-H7 (APC-cyanine 7), V450 CD16, MR PE-CyTM 5 (Phycoerythrin
cyanine 5), and CD163-PE (Phycoerythrin) antibodies. Lymphocytes were used as a hegative
control for mannose receptor (MR, coded by MRC1) and CD163 staining. To limit the
overlap of emission spectra of fluorochromes, a compensation matrix was automatically
calculated using capture beads with Compbeads type antibody (BD Biosciences).

Analysis of monocyte subpopulations was performed by successive windowing: by
size (forward scatter) and granularity (side scatter), then in terms of CD45 (pan leukocyte
marker) and graininess, and in terms of CD14 and CD16. Monocytes were selected based on
their light scatters as well as CD14 and CD16 expression, and divided into sub-populations.
Populations P6 (CD14++CD16-) and P3 (CD14++CD16low) were previously reported
[21,22] as classical monocytes, P4 (CD14+ CD16+) as intermediate monocytes, and P5
(CD14-CD16++) as non-classical monocytes. Expression of CD163 and MR, two cell
surface markers of monocyte/macrophage lineage, was then analysed for each of these
subpopulations. CD163 is a scavenger receptor for the hemoglobin-haptoglobin complex,

and MR is involved in both the innate and adaptive immune systems as well as in the
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clearance of circulating glycoproteins [23].

Macrophage culture in vitro

Monocytes were isolated from whole ethylenediamine tetraacetic acid (EDTA) blood
using Ficoll gradient centrifugation (GE Healthcare, Velizy-Villacoublay, France) within 2
hours of collection. Monocytes were then placed in Corning® Primaria™ 24-well plastic
culture dishes (BD Falcon™, Dominique Dutscher, Brumath, France) and incubated (37°C,
5% COg2) in serum-free Roswell Park Memorial Institute (RPMI) 1640 medium (Life
Technologies, lllkirch, France). Differentiation of monocytes into resting (RM) or M2
macrophages was performed as previously described [24]. IL-4, a commonly used potent
inducer of the macrophage alternative phenotype [25], was used to induce M2 polarization.
After 7 days of culture, monocyte-derived macrophages (RM or M2) were recovered in

Trizol (Life Technologies) for RNA extraction.

Macrophage RNA extraction and reverse transcription

Total RNAs were extracted from RM and M2 macrophages by Trizol (Life
Technologies) in line with the manufacturer’s instructions. Concentration of RNA was
measured using the ND-100 Nanodrop (ThermoScientic, Wilmington, USA), and sample
integrity was verified using the 2100 Bioanalyzer (Agilent Technologies, Santa Clara, USA).
Samples with an RNA integrity number (RIN) greater than 6.5 were used for further analysis.
After treatment with DNase (RNase-free DNase | Kit, Fermentas, Fisher Scientific, France),
a reverse transcription of RNA into complementary DNA (cDNA) was performed using a

High Capacity cDNA Reverse Transcription kit (Life Technologies) in line with the



10

manufacturer’s instructions. The obtained cDNA were stored until use at -20°C.

Gene expression in macrophages

Pre-amplified cDNA samples were amplified using the Made-to-Order Low Density
Array System, TLDA (TagMan Low Density Array, ThermoFisher Scientific, Paisley,
Scotland) in line with the manufacturer’s instructions. The analyses were performed on the
Applied Biosystems 7900HT system. TLDA was designed to screen for changes in the
expression of 48 marker genes relating to monocytes, M2 macrophage polarization (MRC1,
F13A1, FABP4, ABCAl, and TGM2), cytokines, chemokines, iron metabolism,
transcription factors, lipid metabolism, oxidative stress markers and housekeeping genes
(Table 1). Each sample was run in duplicate, and the results analysed using RQ Manager
software (Applied Biosystems). Due to insufficient expression or excessive variability
among cell donors, CCL18, CX3CR1, CXCL10, CXCLY9, INFG, IL6, PPIB, SLC46A1, TNF,
and CYBB were excluded from the analysis.

The relative expression of each gene was normalized to the expression level of the
housekeeping gene GAPDH (glyceraldehyde-3-phosphate dehydrogenase) and was
calculated using the AACt method. The amount of target gene relative to GAPDH was
expressed as 24ACY_ For the responsiveness of macrophages to IL-4 polarization, results
were expressed as a percentage of gene expression (2-“A¢Y), relative to the RM macrophages
in each group. For the analysis of the basal gene expression profile in RM and M2
macrophages that were assessed individually, results were expressed in MetS and DIOS

groups as a percentage of gene expression (2 ~(4Y) relative to the control group.
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Cytokine and hepcidin measurement in plasma

Plasma MCP-1, IL-6, and TNF concentrations were quantified using ELISA Kits, in
line with the manufacturer’s instructions (4ABio, Beijing, China). In the absence of
harmonization in the hepcidin-25 assays [26], a hepcidin assay (S-1337 Hepcidin-25
(human)-EIA Kit, Bachem, Budendorf, Germany) was carried out by the French reference

laboratory for iron metabolism (INSERM UMR 991, Rennes, France).

Statistical analysis

The number of subjects required was based on the detection of a difference in two M2
phenotypic markers (MRC1, F13A1) between the three groups (control, MetS, DIOS) after
induction with IL4. Considering first-species risk inflation o of 0.017 (to compensate for
multiple group comparisons) and a power of at least 80%, the expected minimal difference D
(bilateral) for the macrophage phenotypic marker MRC1 is 16.5 [standard deviation (SD) =
15.55 [24] and F13A1, D =0.014, SD = 0.013]. In view of the results published by Bories et
al., on N=13 per group, these differences appear to be relevant [24]. In our exploratory study,
the number of subjects required was calculated according to our ability to recruit and on the
calculation of statistical power (assuming a normal distribution of parameters): each group
included 20 patients.

Statistical analyses were performed using Stata software (version 13, StataCorp,
College Station, USA) and SIMCA (version 13.0, Umetrics, San Jose, USA). Continuous
data was expressed as mean + SD or median (interquartile range) according to statistical

distribution (assumption of Gaussian distribution studied by the Shapiro-Wilk test), and
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compared by analysis of variance (ANOVA), or using the nonparametric Kruskal-Wallis
(KW) test when assumptions of ANOVA were not met [(i) normality and (ii)
homoscedasticity using the Bartlett test]. When appropriate (omnibus p-value <0.05), these
analyses were followed by a post-hoc test for multiple comparisons: Tukey-Kramer
following ANOVA, and Dunn following KW. Multivariate analysis taking into account the
simultaneous study of IL-4 fixed effects (yes/no), group (control, MetS, DIOS), and their
interaction, were performed using random-effects models to model between and within topic
variability. When necessary, a logarithmic transformation was used to achieve normality of
dependent variables, and the Wilcoxon test was applied for paired comparisons. All
statistical tests were two-sided, and p <0.05 was considered significant. We chose to report
all the individual p-values without systematically carrying out mathematical correction for
distinct tests [27]. Particular focus was given to the magnitude of improvement and to

biological relevance.
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RESULTS

Demographic and biological characteristics of studied subjects

Figure 1 shows the selection process for DIOS patients. The mean age was 58 + 9 yrs.
(Table 2), and 85% were men. Compared to the Control group, MetS and DIOS patients had
a significantly higher plasma concentration of usCRP, triglycerides, alanine
aminotransferase (ALAT), and lower HDL cholesterol. Insulin resistance, calculated by
HOMA-IR, was higher
Plasma hepcidin and cytokine concentrations

Plasma hepcidin concentration was higher in DIOS than in Mets and control groups
(Table 3). Hepcidin concentrations were correlated with ferritin (r = 0.79, p = 0.001), BMI (r
= 0.27, p = 0.04) and CRP (r = 0.27, p = 0.04). Plasma pro-inflammatory cytokines and

chemokines (MCP-1, IL-6, and TNF) were not different between groups.

Monocyte subtype distribution and surface markers
The distribution of all monocyte subtypes was not different across the three groups

(Supplementary Figure 1 and Supplementary Table 1).

Macrophage gene expression
Macrophages exposed to IL-4 showed significantly higher expression of two markers
of M2 polarization compared to resting macrophages in the Control group (median value

MRC1, +48%) and F13A1, +11%) (Figure 2 and Supplementary Table 2) and in the MetS
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group (MRC1, +49 % and F13A1, +114 %). However, the induction of these M2 markers by
IL-4 was not significant in the DIOS group. Other gene expression including FABP4,
ABCA1, and TGM2 was modulated by IL-4, especially in the control group, where FABP4
expression increased significantly by 37%, ABCA1 decreased by 31%, and TGM2 increased
by 84%. Most of these effects were not observed in the MetS and DIOS groups except for
IL-4 induced FABP4 in the DIOS group (+74%). Using a mixed-effects regression model to
compare IL4-induced polarization between patient groups, only F13A1 showed a difference
between Control and DIOS groups. No intergroup difference was demonstrated among the
35 other genes of interest. (Supplementary Table 2).

To assess whether donor pathophysiological status affects basal macrophage gene
expression, RM and M2 macrophages from the MetS and DIOS groups were compared to the
Control group. The expression of several genes was significantly affected in RM in MetS and
DIOS subjects (Figure 3a-g and Supplementary Table 3.). Gene expression of ABCAL, a
cholesterol transporter, or PPARA (Peroxisome Proliferator-Activated receptor alpha), a
transcription factor regulating fatty acid and lipoprotein metabolism, gluconeogenesis and
ketogenesis, was significantly lower in the MetS group compared to the Control group (-38%
and -45% respectively, Figure 3a-b). In the DIOS group, the mRNA abundance of several
genes (Figure 3b-e) was different than that of control subjects: CD163, a scavenger receptor
involved in the clearance and endocytosis of hemoglobin/haptoglobin  with
anti-inflammatory properties (+23%, p = 0.06, Figure 3C), SCL11A2, coding for DMT-1
(divalent metal transporter 1) (+140%, p = 0.04, Figure 3D). Conversely, the expression of
PPARA (-37%, Figure 3B) and CD14, a co-receptor involved in innate immune response

(-52%, Figure 3E), was significantly lower in the DIOS group compared to the Control
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group.

When the DIOS group was compared to the MetS group, several genes were
significantly up-regulated: SCL11A2 (+76%), SOD1 (Superoxide Dismutase 1), an important
antioxidant enzyme (+27%), and TFRC coding for TfR1 (Transferrin receptor 1), which is
involved in iron cellular uptake (+59%) (Figure 3f-g).

Two genes were also differently expressed between the M2 macrophages across the
three groups (Figure 4 and supplementary Table 4). M2 macrophages from the MetS group
exhibited significantly higher mRNA abundance (+30%) of PPARY, a nuclear receptor
involved in macrophage inflammatory and immune responses as compared to the Control
group. In the DIOS group, the mRNA level of PPARy (+46%) and TFRC (+45%) was
significantly higher than in the Control group. There was no difference in the expression of

these genes between the MetS and DIOS groups.

DISCUSSION AND CONCLUSION

In the DIOS group, impaired induction of MRC1 and F13Al in response to IL-4
suggests an alteration of M2 macrophages polarization. This has never been reported before
in DIOS but a similar observation was made in severely obese compared to lean subjects [24].
We hypothesize that the pro-inflammatory microenvironment of DIOS monocytes, as
illustrated by the high usCRP plasma concentration, affects their polarization capacity. In an
recently published MS-based lipidomic profiling on the plasma samples of our volunteers,
we were able to show that oxylipin profiling supports a mild but similar oxidative stress and
inflammation in both MetS and DIOS subjects compared to control group [28]. The inability

of macrophages to differentiate toward M2 polarization could lead to unresolved
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inflammation [13] and may contribute to the pathogenesis of NAFLD [29] and
atherosclerosis [30]. However, the impairment of M2 macrophage polarization in the DIOS
group was not associated with a pro-inflammatory profile or differences in monocyte subsets.
This may be due to the increased PPARG gene expression in DIOS patients that represses the
inflammatory response of macrophages [31]. A proteomic study of Adipose Tissue
Macrophage from obese patients, has shown a metabolically activated macrophage
phenotype, distinct from M1 and M2[32]. This dysmetabolic profile, characterized by
overexpression of ABCAL, was experimentally induced by certain fatty acids such as
palmitate and was dependent on the transcription factor PPARgamma. Consequently, DIOS
macrophages have impaired M2 polarization but weak inflammatory response, possibly
because of increased PPARG expression in a pro-inflammatory monocytes

microenvironment.

Macrophages capture free iron through transporters DMT1 [33], heme iron via heme
carrier protein 1 (HCP-1) and CD163[34], or through iron bound to transferrin (TFR1), they
limit iron toxicity via the 2 enzymes heme oxygenase 1 (HO-1) superoxide dismutase 1
(SOD1), and store iron in ferritin and export it via ferroportin (FPN) [35]. Hepcidin, a small
peptide produced mainly by the liver and to a lesser extent by adipocytes and macrophages, is
over-expressed in cases of iron overload or inflammation (IL-6, LPS) and repressed in the
case of anaemia or hypoxia [36]. Hepcidin reduces the amount of circulating iron by inducing
proteasome dependent degradation of FPN [37]. Hepcidin reduces iron release by
macrophages, leading to iron accumulation in macrophages. As expected, the level of

circulating hepcidin was high in our DIOS patients, in relation to elevated intra-hepatic iron
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accumulation. We previously showed that intestinal iron uptake was reduced in DIOS
patients [38], but hepcidin reduces intestinal iron absorption by enterocytes [37]. Recently,
Rametta et al. suggested a subtle impairment in the ability of hepcidin to restrain iron
absorption in DIOS patients [39]. This hepcidin resistance may partly explain the
accumulation of iron in DIOS. Nevertheless, our DIOS patients display an overexpression of
several genes involved in iron metabolism (SCL11A2, SOD1, TFRC), without an
overexpression of ferroportin (coded by SCL40A1), essential for iron export from
macrophages. Surprisingly, DIOS patients showed no different expression of ferritin (FTL
and FTH1, encoding the light chain and heavy chain, respectively). These elements could
participate in the increase of labile intra macrophagic iron which in turn could impact
macrophage polarization [16]. Unfortunately, the design of our study did not allow us to

measure it directly.

Taken together, these results support the capacity of macrophages to adapt to their
microenvironment, which, in the case of DIOS, results in limiting the accumulation of
circulating iron and its potential toxicity. Although this was an ex-vivo study conducted in a
limited number of volunteers with inherent inter-individual variability, our results provide
new insights into the understanding of DIOS and are consistent with recent clinical trials
showing no benefit to bloodletting in NAFLD and DIOS subjects. In NAFLD patients,
Britton et al. found a significant inverse correlation between hepatic iron content and insulin
resistance or hepatic steatosis, and venesection had no effect on the serum concentration of
six major adipokines [40]. Moreover, Adams et al. showed that iron depletion failed to

improve hepatic steatosis measured by MRI, serum ALT, blood glucose, HOMA-IR and
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insulin sensitivity index in an NAFLD patient with or without initial hyperferritinemia [41].
In a large randomized control study involving 274 non diabetic French patients with DIOS,
Lainé et al. found no benefit to iron depletion by phlebotomy in liver enzymes, hepatic fat or
insulin resistance venesections, compared to lifestyle and diet advice [42]. These results were

confirmed in a recent meta-analysis [43].

Our study shows the adaptive capacity of macrophages in DIOS. Gene expression
analysis of macrophages from a DIOS population highlights an impairment in polarization
toward the M2 alternative macrophages without a pro-inflammatory profile. Moreover,
macrophages from DIOS patients play a major regulatory role by overexpressing TFRC, thus
potentially limiting the toxicity of iron overload. This adaptation seems in accordance with

clinical trials that showed no clinical benefit in the reduction of iron overload in DIOS.
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Figure captions

Figure 1. Recruitment of the patients into the DIOS, MetS, and Control groups.

DIOS: dysmetabolic iron overload syndrome; MetS: metabolic syndrome

Figure 2. Responsiveness to IL-4 induction of macrophages from Control, MetS and DIOS
subjects (n=20 per group)

Monocytes from control, MetS or DIOS subjects were differentiated in the presence (M2
macrophages) or in the absence (RM - resting macrophages) of 1L-4 (15 ng/mL) for 7 days.
At the end of differentiation, mMRNA was extracted and the expression of selected M2
polarization markers (MRC1, F13A1, FABP4, ABCAL, TGM2) was determined by TagMan
Low Density Arrays (TLDA). The relative expression (% of mean resting macrophage
expression) of each gene was calculated and represented as median +/- interquartile and
compared by Wilcoxon tests. A mixed-effects regression model was used to compare
IL4-induced polarization between patient groups. Resting macrophages (RM) are shown in

light grey and IL4-treated macrophages (M2) are shown in dark grey.

Figure 3. Relative expression of selected genes of interest in resting macrophages from MetS
and DIOS patients in comparison with control subjects (n=20 per group).
Panel A = ABCAL, panel B = PPARA, panel C = CD163, panel D = SCI11A2, panel E =

CD14, panel F = SOD1, panel G = TFRC
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Monocytes from control, MetS or DIOS subjects were differentiated into resting
macrophages (RM) after 7 days of culture in RPMI medium. At the end of differentiation,
MRNA was extracted and the expression of selected genes of interest related to cholesterol
efflux (ABCAL1), lipid metabolism (PPARA), iron uptake (SCL11A2, TFRC), and limitation
of oxidative stress (SOD1) were analyzed by TagMan Low Density Arrays (TLDA). The
relative expression (% of mean control expression) of each gene was calculated and
compared by ANOVA or the nonparametric Kruskal-Wallis (KW) tests. Statistical

significance is indicated by * for p<0.05 or ** for <0.01

Figure 4. Relative expression of selected genes of interest related to iron uptake (TFRL,
panel A) and inflammation (PPARG, panel B) in M2 macrophages from MetS or DIOS
patients compared with control subjects (n=20 per group).

Monocytes from control, MetS or DIOS subjects were differentiated into M2 macrophages
in the presence of IL-4 (15 ng/mL) for 7 days. At the end of differentiation, mMRNA was
extracted and expression of selected genes of interest related to iron uptake (TFRC) and
inflammation (PPARG) were analyzed by TagMan Low Density Arrays (TLDA). The
relative expression (% of mean control expression) of each gene was calculated and
compared by ANOVA or the nonparametric Kruskal-Wallis (KW) tests. Statistical

significance is indicated by * for p<0.05 or ** for <0.01



Patients diagnosed with DIOS (n=301)

- Diagnosis more than?2 years earlier (n=168)
- Missing value of liver iron quantification (n=47)

Patients contacted to participate (n=86)

Presence of exclusion criteria (n=63)

- Comorbidities. smoking, alcohol (n=33)
- Refusal to participate (n=15)

- phlebotomy (n=13)

Eligible and volunteers
DIOS patients (n=23)

- Inflammatory syndrome (n=2)
- Low femitin (n=1)

DIOS patients included <« | Paired volunteers |¢y

(n=20) with MetS (n=20)

Paired Controls
(n=20)
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Table 1. List of genes analyzed within the customized Tagman Low Density Array (TLDA) Card
Gene Function

symbol Assay Gene name
GAPDH Housekeeping GAPDH-Hs99999905_m1 glyceraldehyde-3-phosphate
gene dehydrogenase
cpi4  Monocyte CD14-Hs02621496_s1 CD14 molecule
marker
FCGR3B:  Monocyte Fc fragment of IgG, low affinity I11b,

FCGR3A marker FCGR3B;FCGR3A-Hs00275547_m1 receptor (CD16b),Fc fragment of I1gG, low

affinity Illa, receptor (CD16a)
CCR2 M;Z?;eyrte CCR2-Hs00704702_s1 chemokine (C-C motif) receptor 2
SELL  Monocyte SELL-Hs00174151_m1 selectin L
marker
Iron . .
FTH1 metabolism FTH1-Hs01694011_s1 ferritin, heavy polypeptide 1
Iron e .
FTL metabolism FTL-Hs00830226_gH ferritin, light polypeptide
CDigg ~mmune CD163-Hs00174705_m1 CD163 molecule
system
TGM2  Monocyte TGM2-Hs00190278_m1 transglutaminase 2
marker
Immune . . -
PPIB system PPIB-Hs00168719_m1 peptidylprolyl isomerase B (cyclophilin B)
GTF2B  Transcription GTF2B-Hs00976258 m1 general transcription factor 11B




factor
Macrophage
MRC1 polarization MRC1-Hs00267207_m1 mannose receptor, C type 1
marker
Macrophage
F13A1 polarization F13A1-Hs00173388_m1 coagulation factor XII1, Al polypeptide
marker
TFRC Iron TFRC-Hs00951083_m1 transferrin receptor 1 (90, CD71)
metabolism
LRP1 Iron_ L RP1-Hs00233856 mi low density I|popr0te_|n receptor-related
metabolism - protein 1
SLC11A2 Iron_ SLC11A2-Hs00167206 mi s_olute carrier f_amlly 11 (proton-coupled
metabolism - divalent metal ion transporter), member 2
HAMP ron HAMP-Hs00221783_m1 hepcidin antimicrobial peptide
metabolism
SLCA0AL Iron_ SLCA0AL-Hs00205888 mi solute carrier family 40 (iron-regulated
metabolism - transporter), member 1
Iron .
HMOX1 metabolism HMOX1-Hs01110250_m1 heme oxygenase (decycling) 1
ATF1 Trar]:zggitlon ATF1-Hs00909673_m1 activating transcription factor 1
PPARG Transcription PPARG-Hs01115513 m1l peroxisome proliferator-activated receptor
factor - gamma
PPARA Transcription PPARA-Hs00947536 ml peroxisome proliferator-activated receptor
factor - alpha
cLecta P CLEC7A-Hs01902549 s C-type lectin domain family 7, member A
metabolism
FABP4 Lipid FABP4-Hs01086177_m1 fatty acid binding protein 4, adipocyte

metabolism
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Lipid

ATP-binding cassette, sub-family A
ABCAL 0 olism ABCA1-Hs01059118_m1 (ABCL), member 1
NR1H3 Transcription NR1H3-Hs00172885_mi nuclear receptor subfamily 1, group H,
factor member 3
NR1H?2 Transcription NR1H2-Hs01027215_gl nuclear receptor subfamily 1, group H,
factor member 2
IL10 Cytokine IL10-Hs00961622_m1 interleukin 10
SOCS3 Cytokine SOCS3-Hs02330328_s1 suppressor of cytokine signaling 3
HLA-DRA Immune HLA-DRA-Hs00219575 m1l major histocompatibility complex, class I,
system - DR alpha
IL1B Cytokine IL1B-Hs01555410_m1 interleukin 1, beta
IL6 Cytokine IL6-Hs00985639 _m1 interleukin 6 (interferon, beta 2)

TGFB1 Growth factor

TGFB1-Hs00998133_m1

transforming growth factor, beta 1

CCL2 Chemokine

CCL2-Hs00234140_m1

chemokine (C-C motif) ligand 2

CCL3 Chemokine

CCL3-Hs00234142_m1

chemokine (C-C motif) ligand 3

GPX1-Hs00829989_gH

glutathione peroxidase 1

SOD1-Hs00533490_m1

superoxide dismutase 1, soluble

PTGS2-Hs00153133_m1

prostaglandin-endoperoxide synthase 2
(prostaglandin G/H synthase and
cyclooxygenase)

GPX1 Oxidative
stress
SOD1 Oxidative
stress
PTGS? Oxidative
stress
SRAL Lipid

metabolism

SRA1-Hs00288796_m1

steroid receptor RNA activator 1




Table 2. Clinical characteristics of subjects in the Control, MetS, and DIOS groups (n=20 per group)

Control MetS DIOS
Age (y) 579 57+9 58 + 8
Female (n %) 3 (15) 3 (15) 3(15)
Systolic blood pressure (mmHg) 120+ 6 129 £ 12 131+11

Diastolic blood pressure (mmHQ) 80+3 84+8 87+5
Heart rate (bpm) 66 + 8 677 705

BMI (kg/m?) 231+16°  294+29° 28.8+3.8"

Waist size (cm) 86 + 6° 103+ 9° 102 + 10°

Liver Iron quantification by MRI (umoL/g) NA NA 72.3+28.9
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Triglycerides (g/L) 0.79+0.24* 1.39+0.63" 1.61+0.80°
HDL cholesterol (g/L) 0.68+0.11* 0.54+0.09®  0.46 +0.09°
LDL cholesterol (g/L) 1.34+£0.40 1.36 £0.37 1.23+0.31

ASAT (IU/L) 24+6 25+6 27+7
ALAT (IU/L) 30 + 8° 40 +17° 43 +10P
Transferrin saturation (%) 29.1+£79 31.0+84 327+114
Ferritin (ug/L) 116 + 93° 194 +13° 697 + 176°
usCRP (g/L) 0.74 £ 0.48% 1.89 +£1.02° 2.47 +3.08°
HOMA-IR index 1.03+1.22¢8  220+1.66° 2.60 +1.53°

34

HOMA-IR: homeostatic model assessment of insulin resistance; NA: Not available; Us: ultra-sensitive, bpm (beats per minute)

Data (Mean £ SD,) were compared using ANOVA, or the nonparametric Kruskal-Wallis (KW) tests when assumptions of
ANOVA were not met. When appropriate (omnibus p-value <0.05), these analyses were followed by a post-hoc test for multiple
comparisons: Tukey-Kramer following ANOVA, and Dunn following KW. Mean values within a row with different superscript

letters are statistically different (P<0.05).
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Table 3. Plasma hepcidin and inflammatory cytokine concentrations in Control, MetS, and DIOS subjects (n = 20 per group)

Control MetS DIOS

Hepcidin-25 (ng/mL)  25.4+16.3% 35.9+24.3° 64.4+355°¢

IL6 (ng/mL) 137+1.01  1.29+0.61  1.83 +1.40
TNF (ng/mL) 102 +171 89 +163 133 +184
MCP-1 (ng/mL) 254 +56 2 211 +56 267 +75°

Data (Mean £ SD,) were compared using ANOVA, or the nonparametric Kruskal-Wallis (KW) tests when assumptions of
ANOVA were not met. When appropriate (omnibus p-value <0.05), these analyses were followed by a post-hoc test for multiple
comparisons: Tukey-Kramer following ANOVA, and Dunn following KW. Mean values within a row with different superscript

letters are statistically different (P<0.05).
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Supplementary Figure 1. Phenotype of PBMC performed with FACS

Panel A: Example of final separation of monocytes by CD14 and CD16 sorting. Classical monocytes are represented by the P6
(CD14++CD16-) and P3 (CD14++CD16low), intermediate monocytes by P4 (CD14+ CD16+) population and non-classical
monocytes by P5 (CD14-CD16++) population. Panel B: Comparison of Mannose receptor expression in P3 monocytes. Statistical

significance is indicated by * for p<0.05 or ** for <0.01



