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The ability of pathogens to sequester iron from their host dis and proteins affects their
virulence. Moreover, iron is required for various innate Isb defense mechanisms as
well as for acquired immune responses. Therefore, intradelar iron concentration may
in uence the interplay between pathogens and immune systemHere, we investigated

whether changes in iron concentrations and intracellularefritin heavy chain (FTH)
abundance may modulate the expression of Major Histocompaility Complex molecules
(MHC), and susceptibility to Natural Killer (NK) cell cytticity. FTH downregulation,
either by shRNA transfection or iron chelation, led to MHC gtace reduction in primary
cancer cells and macrophages. On the contrary, mouse embrynic broblasts (MEFs)

from NCOA4 null mice accumulated FTH for ferritinophagy ingirment and displayed

MHC class | cell surface overexpression. Low iron concentteon, but not FTH, interfered

with IFN-g receptor signaling, preventing the increase of MHC-classtholecules on the

membrane by obstructing STAT1 phosphorylation and nucleatranslocation. Finally, iron
depletion and FTH downregulation increased the target susptibility of both primary

cancer cells and macrophages to NK cell recognition. In conasion, the reduction of

iron and FTH may in uence the expression of MHC class | moledas leading to NK

cells activation.

Keywords: MHC-I, NK cells, iron, IFN g, STAT1, HLA

INTRODUCTION

Iron is an important component in the regulation of metabolic meostasis, but high levels
are dangerous since they generate highly toxic reactivegesxyspecies via the Fenton's
reaction. Therefore, the iron concentration must be tightigntrolled, both systemically and
intracellularly ().
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Iron is of pivotal importance for our immune system and, genes involved in Hepcidin production characterized by iron
at the same time, is essential for the survival of severalverload and tissue damage, is H#,(22). Hfe encodes a non-
pathogenic microorganisms. Pathogens obtain iron to supportlassical, beta 2 microglobulibZm)-associated MHC class |
their proliferation from host iron containing proteins and molecule and is localized 4 Mb telomeric to HLA-A2. In the five
the maintenance of low iron concentration in the serumHfe protein promotes signal transduction from TFR2 receptor
is considered an antibacterial defens®. (Moreover, iron- when transferrin saturation increases and this activatgschdin
overloaded hosts are more susceptible to infections inofydi production to reduce iron absorption and recycle3|. The Hfe
yersinosis, salmonellosis, tuberculosis, and AIR8)( gene is in linkage disequilibrium with an ancestral haplotype

Clinical studies in Africa have demonstrated how ironcarrying the HLA antigens A03 and BO7. Individuals with
repletion in iron-de cient individuals was able to reacttegpre-  two copies of this haplotype show a more severe iron overload
existing infectionsX). phenotype 24).

More recent epidemiological studies indicate that nutritn It has been shown that “double knockout” mice for Hfe
iron overload can increase mortality from active tuber@ido and theb2m genes accumulate more tissue iron in comparison
(6, 7). These observations may be explained by the evidenedth what observed in mice with single knockout for Hfe gene
that increased provision of iron better supports pathogeng25. Thus, de Sousa et ak€) found increased hepatic iron
metabolism but may also re ect a role for iron in modulating concentration in mice lacking classical MHC class | molecules.
both innate and acquired immunityg( 9). Moreover, the mycobacteria burden, which is strongly in weq

Recently, abnormal iron metabolism has also been associatby iron availability, is elevated in mice lackif@?m (27) as
with tumorigenic processesl(), 11). Free iron contributes to well as in mice fully de cient for MHC class | moleculegg].
the formation of reactive oxygen species (ROS) that, in turniNotably, these mice strains have a hereditary iron-overload
cause oxidative stress, promoting mutagenesis, DNA breakshenotype 26).
oncogene activation, and tumor suppressor genes inhibition Beyond the regulation of its uptake, intracellular iron
(12). Moreover, iron is needed by cancer cells to sustain a higbhoncentration is maintained stable by bu ering iron excess i
proliferation rate (L3). Ferritin. Ferritin is composed by 24 subunits of acidic/hgéd)

Since both infective and neoplastic diseases outcome (BTH) and basic/light (L) (FTL) chains. It acts as intracédiu
strongly inuenced by the immune system the relationshipiron nanocage that accumulates large amounts of iron in its
between iron metabolism and immune response may beavity (up to 4,000 per molecule) to prevent oxidative stress,
important to better understand the key events in evolution ofand to release it in iron deprivation condition29). NCOA4
such pathological processes. This is the ambition of the pteseprotein controls the iron-dependent recycling of ferritinoim,
study in which we focus our attention on MHC class | moleculesjn a process named “ferritinophagy.” It was shown that under
which can regulate NK cells, one of the two major cytotoxicconditions of low iron, NCOA4 binds ferritin and targets its
lymphocytes populations (NK and CI58 cells), involved both degradation to recycle iron, while in high iron conditions,

in cancer and infections. NCOAA4 is ubiquitinated and degraded by proteasome, favoring
NK cells are large granular lymphocytes and members of thieon sequestration30).
Innate Lymphoid Cells group 1 (ILC1) subset4]. They are Here, we have investigated the role of iron and its binding

potent cytotoxic e ectors able to recognize, without prior spec  protein FTH in modulating MHC class | expression and NK cell
sensitization, bacteria, and virus-infected, transfodmend recognition. The study was rst performed in mice and in human
allogeneic cells while sparing autologous healthy célls This  using anin vitro experimental setting. The results were validated
capability depends on the integrated balance of signals geeter ex vivoin NCOA4-null mice.
by activating and inhibitory NK cell receptors that scrutsi
the surface of potential target cells. The inhibitory signafe MATERIALS AND METHODS
generated by the binding of MHC class | molecules to Killet cel
Immunoglobulin-like Receptors (KIRs) and to Immunoglobulin- Cell Culture
Like Transcript (ILT, also known as LIR, CD85) receptors inMMO7m (supraclavicular lymph node metastasis), MMO7m
humans, to Ly49 receptors in mice, and to the CD94/NKG2AshFTH (FTH-silenced) cells were cultured in RPMI 1640 (Life
heterodimer (L6, 17) in both species. On the other hand, NK cells Technologies, Monza, Italy) supplemented with 10% FBS, 10
activation depends on receptors such as NK group 2 membemits/ml penicillin, and 10 mg/ml streptomycin. MCF-7 and
D (NKG2D), Natural Cytotoxicity Receptors (NCRs)g), 2B4 MCF-7 shFTH cells were cultured in Dulbecco’'s modi ed Eagle'
and DNAX accessory molecule-1 (DNAM-1)9). Increased NK  medium (Life Technologies, Monza, Italy) supplemented with
susceptibility therefore results from the increased exjpoassf 10% FBS, 10 units/ml penicillin, and 10 mg/ml streptomycin.
activating ligands, decreased expression of MHC class | mlelec Cells were grown at 3T in a 5% CQ atmosphere. Freshly
or other inhibitory ligands, or a combination of these two explanted melanoma cell lines were obtained from patients aft
events 20). informed consent, according to previously described procedu
Several studies show a functional connection between iro(81) at the Fondazione IRCCS Istituto Nazionale dei Tumori,
metabolism and MHC antigens. The most frequently mutatedMilan, Italy. The cells derived from the patients were named
gene in patients a ected by Hereditary Hemochromatosis (HH)Mel-30 and Mel-35. Cells were cultured in RPMI 1640 medium
a heterogeneous inherited disorder associated to mutation supplemented with 10% heat inactivated fetal calf serum (FCS),
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10 units/ml penicillin and 10 mg/ml streptomycin and passaged2F1), NKp46 (29A1.4), DNAM-1 (10E5), CD11b (M1/70),

every 2-3 days. CD27 (LG.3A10), LFA-1 (H155-78),2B4 (2B4), (Biolegend);

Ly49G2 (4D11), H2-Db (KH95), H2-Kb (AF6-88.5) and NKG2D
Preparation of Lentiviral Supernatants and (CX5) (BD Biosciences); Ly49l (YLI-90); and NKG2A (20d5)
Transduction of MMO7 , and MCF7 Cells (eBioscience). Ly49C (4LO) hybridoma was a kind gift from

Lentiviral preparations and transductions were performed a$uzanne Lemieux (INRS-Institut Armand-Frappier, Laval,
previously described3@, 33. The supernatants were used Quebec). Dead cells were excluded using Live/Dédeixable

to cross-transduce MMO7m and MCF-7 cells in the presencédua Dead Cell Stain Kit, for 405 nm excitation (ThermoFigher
of 8mg/ml polybrene (Sigma-Aldrich, Saint Louis, Missouri, Samples were analyzed by a BD FACS¢gBecton Dickinson,
United States) and positive clones were isolated by puromyciMountain View, CA) or BD FACSCant¥ II. For human cell

selection (Ing/ml). lines and murine splenocytes, cells were rst gated on physical
parameters (SSC-H vs. FSC-H) and then for singlets (FSC-A vs.
NK Cell Generation Assay FSC-H). For puri ed human macrophages cells were rst gated

NK cells preparation was done as described elsewhfe ( on physical parameters (SSC-H vs. FSC-H), then for singlets
Briey, peripheral blood mononuclear cells (PBMCs) were(FSC-A vs. FSC-H), and the CD14 positive population was
isolated from buy coats of healthy donors and from four further analyzed. Analyses were performed by using FlowJo
hemochromatosis patients by Biocoll Separating Solutiogoftware (TreeStar Inc. Ashland, OR, USA).

(Biochrom GmbH, Berlin, Germany) density gradient .
centrifugation. Enriched NK cells were isolated from theFlow Cytometry Measurements of Labile

separated PBMCs utilizing the NK cell isolation kit andlron Pool (LIP). Calcein Test

VarioMACS (Miltenyi Biotec, Bologna, ltaly) according to HeLa shCTRL and shFTH clones were loaded with &6

the manufacturer's instructions. The purity of the isolatedcalcein acetoxymethyl ester (CA-AM) (Sigma 56496) for 15min
CD3 CD56° NK cell populations was 95%. Freshly enriched then washed with PBS1X and treated or not for 1 h with the iron
NK cells were suspended in RPMI 1640 culture mediunchelator DFO (500mM). The uorescence (FL1-H) of Calcein-
(Life Technologies, Carlsbad, California) supplemented witlstained cells were analyzed by ow cytometry and the di erence
penicillin (100 1U/ml) and streptomycin (100 mg/ml), and in the Mean Fluorescence Intensity (MFI) between DFO-treated
10% FBS. In the cytotoxicity with K562 cells, NK cells wer@nd untreated cells was used to calculate the amount of & abil
treated with 100nM of Deferoxamine (DFO) for 16 h. After that Iron Pool (LIP).

cells were processed for the cytotoxicity assay experiments a

described below. Protein Studies
HelLa shCTRL and shFTH were lysed in a bu er containing
Cytotoxicity Assay 50mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic dci

Cytotoxicity was measured using the uorescent 5,6{HEPES; pH 7.5), 1% (vol/vol) Triton X-100, 150 mM NaCl,
carboxy uorescein diacetate (CFDA) NK assay or using & MM EGTA, 50 mM NaF, 20 mM sodium pyrophosphate, 1 mM
standard 4-h }1Cr]-release assay3%). In CFDA NK assays, sodium vanadate. Protein extracts ($0y) were diluted in
cytotoxicity was analyzed by ow cytometry. Briey, the gmt Laemmli sample buer and subjected to SDS-PAGE and by
cells were labeled with CFDA-mixed isomers (Invitrogen,avijl ~ standard Western blot techniques using the following andies:
Italy). Target cells were mixed with e ector cells at dierent anti FTH1 (D1D4) (Cell Signaling) (1:1000) and anti Phospho-
E ector: Target ratios (E:T). The incubation was performedStatl (Tyr701) (Cell Signaling) (1:1000); anti Statl p84/p91
in 96-well U-bottom plates at 3T in a humidied 5% CQ  (C-136) sc-464 (1:500) (Santa Cruz); Anti-HLA Class | ABC
incubator for 3h. The speci ¢ lysis of target cells was calmd  antibody [EMR8-5] (ab70328) (1:1000) (Abcam).

as follows: % specic lysiB (CT-TE/CT 100, where CT .

indicates mean npumber)(/)f uo(rescenttarg)et cells in contutles Splenocytes Isolation From NCOA4-Null

and TE indicates mean number of uorescent cells in targesplu Mice

e ector tubes. NCOA4 WT and KO in C57BL6 genetic background mice
_ ) _ were maintained under speci ¢ pathogen-free conditions ie th
Antibodies and FACS Analysis animal facility of the Department of Molecular Medicine and

The cell lines were analyzed by immuno uorescence and owMedical Biotechnologies Federico Il University, Naples,yltal
cytometry analysis using the following Abs: W6/32 (antiAlL This study was carried out in accordance with the principles
class | PE conjugated), HLA-E (clone 3D12 PE conjugatedh-HL of the Basel Declaration and recommendations of Italian
G (clone 87G PE conjugated), CD86 (clone GL-1 PerCP/Cy5rggulations for experiments involving animals (D.L. 26/2014
conjugated), and CD14 (clone M5E2 APC conjugated)he protocol was approved by the Italian Ministry of Health
(BioLegend). Cells were incubated with heat inactivatedauthorization 774/2015PR). Genetic screening of mice and
human serum for 15min and isotype-matched controls weréeMEFs isolation were conducted by genomic PCR as described
used to set up the negative values. Mouse splenocytes weleewhere36).

stained with uorescently conjugated anti-mouse antibesli Spleens were mechanically disrupted into single cell
NK1.1 (PK136), CD3 (145.2C11), Ly49A (YE1/48.10.6), KLRCGduspension and erythrocytes were eliminated by incubation
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for 2min in RBC lysis bu er (55 mM NHCI, 12mM NaHCQ, version 7 was applied for data analysis. Signi cance levels we

0.1mM EDTA) on ice. Splenocytes were then washed two timedetermined by a paired Studentistest analysis or repeated

in PBS and treated separately for RNA or protein extraction. measured ANOVA based on the dataset that were compared to
. ) each otherP  0.05 was considered signi cant. Column statistic

RNA Isolation and Real Time g-PCR one-sample-test was used to perform the analysis of samples

Analysis referred as % of control by setting the hypothetical valueG®.1

Total RNA was extracted using the TRIzol method (Invitrogenin all the gures, p  0.05, p 0.01, p 0.001.

Life Technologies) according to the manufacturer's instions

and reverse-transcription was subsequently performed with a

reverse transcription kit (Invitrogen). RESULTS

Each fragment was ampli ed in a 20l reaction containing 1X . .

SYBR G?een I PCR Master mix (Bio-Rad Laboratories),g20 pmtﬁemt'n Heavy Chain (FTH) Abundance

of each primer pair, 20 ng of cDNA (total RNA equivalent), andModulates Cell Surface MHC Expression

nuclease-free water. The thermal pro le consisted of 1 cgtle To investigate whether iron metabolism can directly modulate

95 C for 3 min followed by 45 cycles at 95 for 10s, 60C for MHC class | expression interfering with immune responses

10s, 72C for 20s. The PCR reaction was followed by a meltingand NK activity), we modulated iron levels and evaluated

pro le analysis. A glyceraldehyde 3-phosphate dehydrogena$éHC class | expression in dierent cellular systems. Primary

(GAPDH) cDNA fragment was ampli ed as the internal control human melanoma cells (Mel-30 and Mel-35) were cultured

for the amount of cDNA in the gPCR. Each experiment wasn iron-depleted conditions by treatment with the iron

performed in triplicate. chelator Deferoxamine (DFO)F{gure 1A). DFO led to a
The primers sequences were as follows for human samples afddwn regulation of MHC-class | expression on cell surface,
for murine samples: including the non-classical HLA-E moleculeFigure 1A;
Human samples: Supplementary Figure 1A. We observed a reduction of
FTH for 52CATCAACCGCCAGATCAAC-8 MHC molecules also on primary macrophages cultured in
FTH rev .GATGGCTTTCACCTGCTCAT-8 the presence of DFO. In this case, the e ect occurred on
GAPDH for > TGATGACATCAAGAAGGTGGTTGAAG-8 the non-classical MHC-class | molecules (HLA-E), but not
GAPDH rev - TCCTTGGAGGCCATGTGGGCCATH on classical ones as shown iSupplementary Figure 1B
HLA-I for 5%CCTTGTGTGGGACTGAGAGG3 Interestingly we also observed a reduction of both
HLA-I rev 5*CAGAGATGGAGACACCTC-8 MHC-class Il and CD86 surface expression after DFO
Mouse samples: treatment. The surface molecule CD14 was not aected
GAPDH for XAACACCACCATGGAGAAGGC-8 (Supplementary Figure 2.
GAPDH rev :ACAGCCTTGGCAGCACCAGT-3 Iron chelation by DFO reduces labile iron pool (LIP)
FTH for 52CATCAACCGCCAGATCAAC-8 concentration and promotes ferritin degradation by autopyy
FTH rev 3:GATGGCTTTCACCTGCTCAT-8 mobilize intracellular iron deposits. In order to address wlegth
FTL for *CTTGCCCGGGACTTAGAGCAS DFO-dependent modulation of MHC expression was due to
FTL rev #ATGGCTGATCCGGAGTAGGA-3 reduction of LIP or to reduction of intracellular ferritin, etested
MHC expression in HeLa cells in which ferritin abundance was
Macrophages Cell Generation and reduced by shRNA. Upon stable transfection with shRNA for the
Treatment With DFO FTH, we generated several clones of HeLa cell line which display

Primary human macrophages where isolated from PBMC#&arked reduction of ferritin, measured by western blotting
by adherence. First, white blood cells where isolated frorfFigure 1B), and increase of LIP, measured by Calcein assay
healthy donor buy coats by Ficoll-Paqflé Plus solution (Figure 1Q. In HeLa shFTH cells, reduction of ferritin by itself
(GE Healthcare Bio-science AB) density gradient centdfigm ~ induced a decrease of MHC-class | expression on cell surface,
at 2,200 rpm for 30 min. PBMCs were suspended in RPMglbeit iron concentration was increased, indicating thaf@
1640 medium supplemented with 10% autologous serurf €cts were due to reduction of ferritin rather than reduatio
and 100 U/ml penicillin and 106g/ml streptomycin and Of intracellular iron concentration Kigure 1D). Decreased
cultured in 75 cm plastic ask at 37C, 5% CQ. After expression of MHC class | molecules was also observed in
overnight culture, the medium containing the non-adherentMMO7m and MCF7 cell lines in which ferritin protein abundance
cells was decanted and replaced with fresh medium witMvas reduced by shRNAS(pplementary Figures 1C,[p Similar

or without DFO (Sigma Aldrich) at a nal concentration results were obtained using two di erent shRNA for FTH (data
of 100mM for additional 16h. After the treatments, the notshown).

adherent macrophages were gently scraped with a plastic Interestingly, in HeLa shFTH cells decreased expression of

cell scraper. MHC class | molecules on cell surface was not due to decreased
o _ transcription, as shown by rtPCR of MHC class | mRNA levels
Statistical Analysis (Figure 1B, or decreased overall translation of such antigens, as

Results of experimental points obtained from multipleshown by western blotting of total cellular proteirisigure 1F.
experiments were reported as mean SD. GraphPad Prism These results suggest that decreased ferritin levels vketlg |
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FIGURE 1 | Ferritin Heavy Chain (FHC) modulates the expression of MH@ass | molecules.(A) Mel30 and Mel35 primary melanoma cells where treated overgint
with DFO and classical (HLA A/B/C) MHC class | surface expressi was measured by ow cytometry. The dashed curve in the two 8tograms represents the isotype
control; the white curve represents the untreated (Nt) comol cells and the lled gray curve represents cells treated wh DFO. Columns show statistical analysis of
three consecutive independent experimentsP-values were calculated using paired Student-test (p < 0.05; **p < 0.01; ***p < 0.001). (B) Western blotting analysis
of Ferritin Heavy Chain (FTH1) and Iron binding protein 2 (IRFA& HeLa cell lines stably transfected with shCTRL or shFTHhree different clones were selected with
puromycin (2.5 ug/ml). Tubulin was used as loading contro(C) Flow cytometry measurements of labile iron pool (LIP) in HelshCTRL and two different shFTH
clones. Cells were treated with Calcein-AM, followed by 1 mcubation with or without DFO. The ratio in the mean uoresceoe intensity (MFI) between DFO-treated
and untreated cells of three different experiment was meased and is presented in the histogramP-values were calculated using 2-tailed Unpaired Studerittest. *p
< 0.05, **p < 0.01. (D) Representative Flow cytometry analysis of classical (HLAB/C) surface expression in HeLa shCTRL and two different shiFIclones. (E)
Relative expression of MHC-I mRNA in HeLa shCTRL and two dfient shFTH clones with respect to the housekeeping gene GAPH. (F) Western blotting analysis of
MHC-1 (A-C) in HelLa cells stably transfected shCTR or shFTH.

a ecting MHC protein maturation and transport to cell surface Interferon-Gamma Induced MHC Class |

rather than total protein expression. Molecules Expression Is Affected by Iron
To corroborate these observations, we used a reciprocl’:lleve|S

approach, asking whether the increase of intracellular farrit IFN-g induces maturation of macrophages, and it is a

could lead to augmentation of MHC class | expression. To thi?(ey cytokine for optimization of antigen p,resentation in

aim we analyzed in ain vivo setting represented by NCOA4

KO mice, in which impairment of ferritinophagy leads to femit infections, by virtue of |_ts capacity 10 mdu_ce high e_xpressm
S . of MHC molecules. Given our observation that iron and
accumulation in cells and tissuesj.

. ferritin levels can impinge on MHC expression, we set to
MHC class | molecules expression levels were augmente% Ping P

on the cell surface oin vitro grown NCOA4 KO mouse a”a'Yze the ',V!HC class | regulation by I@l-either in
embryonal broblasts (MEFs) compared to MEFs from thow iron con_d|t|ons (DFO treatment), or by interference of
animals Figure 2A). Furthermore, cell surface levels of K (b) FTH expression.
(apex) and H2-D (b) (apex) were signi cantly higher on freshly ~When the primary melanoma cells, Mel-30 and Mel-35,
explanted splenocytes of NCOA4 KO mice compared to those ¢Y€"€ grown in presence of DFO, concomitant stimulation with
wt mice (Figure 2B). IFN-g failed to increase the classic MHC class | expression
Overall these data strongly support the observation thatFigure 3A). DFO treatment also prevented the e ect of the IFN-
intracellular ferritin levels a ect the abundance of MHC ddas 9 on expression of HLA-Eupplementary Figures 3A,B This
antigens on cell surface, possibly a ecting innate and adaptiwas a speci ¢ e ect on MHC class | molecules since the DFO
immune response. treatment was able to induce (rather than decrease) a ditren
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FIGURE 2 | In vitroand ex vivomodulation of ferritin heavy chain and MHC-I expression in ause. (A) Immortalized Embryonic broblasts derived from NCOA4 WT
and KO mice (MEFs) were surface stained for MHC class | molelas H2 K (b) (apex) and H2 D (b) (apex) and analyzed by ow cytorimg Data are representative of
three independent experiments(B) Cell surface levels of H2-K (b) (apex) and H2-D (b) (apex) weanalyzed on freshly explanted splenocytes of NCOA4 KO mice
compared to those of wt mice. White column represents wt (B6jnice while gray column corresponds to NCOA4 KO mice. Data areepresentative of three
consecutive experiments.P-values were calculated using 2-tailed Unpaired Studertttest. *p < 0.05; **p < 0.01; ***p < 0.001.

cellular surface marker, CD155, expression both at the gteaderritin abundance does not, only impinging MHC class |

state and upon IFNg treatment Supplementary Figure 3¢ expression on the cell surface, as shown already in unstiedilat
These data led to the question of how low iron and/or,cells Figure 1).

possibly, decreased FTH levels induced by DFO treatment,

can interfere with the IFNg-induced MHC expression. To . "

address this question, we analyzed how HeLa cells, eitbatedt  R€DUCEd Iron Concentration and Ferritin

with DFO or silenced for FTH (shFTH), responded to IFN- Heavy Chain Is Associated With NK Cell

stimulation. In HeLa shFTH, although cell surface HLA level Susceptibility of Established Tumor Cell
were lower compared to shCTRL cells, as previously describcf_qneS and Primary Melanoma Cells

(Figure 1), : 3B, On th o "Since iron concentration (and consequently FTH levels) can
IFN-g treatment Figure 38). On the contrary, DFO treatment be reduced in the very early stages of the infection, due to

hindered MH.C cla_ss ! mol_e0u|es expression on cell surfaq?on consumption or decreased uptake, we reasoned that innate
upon IFN-g stimulation both in HeLa shCTRL and shFTH cells,irnmunity might be able to sense such iron uctuation via
indipgting thatitis Iow.iron concentration (LIP): rathehan low changes in MHC expression in target cells expressing reduced
ferritin, t_o be_ responsible for blockade of IFg#nduced MH_C levels of FTH. To experimentally challenge this hypothess tw
expression Rigure SB)._In order_ to unplerstand how DFO _(|.e., melanoma cell lines were grown in low iron concentration
low LIP) was obstructing IFNy induction of MHC expression, . medium and then used separately as target cells in cytotgxicit

‘t')\’e ha:algzeicl:\{lrg?_ CI%SSthrnHRN'TI' a:d tr?tal mgrotein éec;/els Irlassays with NK celld={gures 4A,B. Target cells became more
oth Helas ands cells. As showifrigures 3C,0 susceptible to NK cell killing in the presence of DFO in the

treatment with DFO blocked mRNA induction and protein medium. Since we demonstrated that it is ferritin abundance

Ia;ﬁ_(l:_lljm.lljla“?n upon ”;'\(? treatmentlFlr,ll both ceIII types, while rather than LIP that regulates MHC expression on cell surface
silencing,per sedid not a ect -g stimulatory e ects, (Figure 1), we determined whether the speci c silencing of FTH

asgxpected. £ th or sianali ina d in tumor cell lines would result in increased NK cells killing
ince one of the major signaling events acting 0WnStrea'gctivity. The results indicated that shFTH transfectiortimor

IFN-g receptor is STAT1 transcription factor phosphorylation, . jines triggered a more robust NK cell recognition compared
nuclear translocation, and gene transcription activation? ' the activity against mock transfectants ceMiggres 4C.D).

tested whether DFO was able to directly interfere with IFN-gjmijar results were obtained with primary macrophages agetar
g-induced STATL activation. As shown iftigure 3D, DFO  ¢elis Supplementary Figure 44

treatment markedly reduced STAT1 phosphorylation upon IFN-  |n order to exclude that DFO aects NK cells directly,

g stimulation in shCTRL and Hela shFTH cells, indicatingjrrespective of its e ects on MHC expression of target cells,
that LIP reduction directly attenuates IFljl+eceptor signaling. freshly isolated NK cells were treated with DFO and used in a
In accordance to what previously shown, FTH silencing diccytotoxicity assay using MHC negative K562 as target cells. As
not aect IFN-g-induced STAT1 phosphorylation. Over all shown in Supplementary Figure 4B no change in the tumor
these data suggest that labile iron acts directly on B-N- cells killing was observed, arguing against the possilbiiaythe
signaling by obstructing STAT1 activation, while intrdakdr  iron levels directly modulate NK cell function.
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FIGURE 3 | Interferon-g stimulation is affected by iron levels(A) Mel30 and Mel-35 primary melanoma cell were grown in presereof DFO, IFNg, or a combination
of both. Cells were stained for MHC class | molecule (HLA-A/B/z and analyzed by ow cytometry. The dashed curve in the histgrams represents the isotype
control; the white curve represents the untreated control ells; the light gray curve represents the treatment with DFQhe black curve represents cells stimulated with
IFN-g, and the dark gray curve represents cells treated with DF@ IFN-g. Columns show statistical analysis of three independent gperiments. Statistical analysis was
performed by ANOVA followed by Holm-Sidak's multiple compasons test. p < 0.05; **p < 0.01; ***p < 0.001. (B) Representative ow cytometry analysis of
classical (HLA-A/B/C) surface expression in HeLa shCTR and BfTH clone 1, grown for 12 h with or without DFO (100 uM) and thestimulated for 24 h with IFNg
(20 ng/ml). Statistical analysis was performed using Studéri-test comparing untreated to IFN-g-treated cells, and comparing IFNg to IFN-g /DFO treated cells. p <
0.05, **p < 0.01 (C). HeLa shCTR and shFTH clone 1 were treated as described iRigure 3B, then total RNA was extracted, retro-transcribed into cDNAand the
expression of MHC-I mRNA was analyzed compared to the housedeping gene GAPDH. Statistical analysis was performed uginStudent's t-test comparing
untreated to IFN-g-treated cells. (D) Western blotting analysis of the indicated antibodies in Hea sShCTR and HeLa shFTH clone 1 cells treated as iRigure 3B .
pSTATL1 (Y701) antibody was used to monitor STAT1 activity atubulin was used as loading control.

We also measured the surface expression levels of activatib SCUSSION
NK cell ligands on MMO7m cells silenced or not for FTH. The
reduction of FTH by shRNA led to an increase of DNAM1 IigandsOUF study unveiled a novel cross talk between iron metabolism
CD155 (PVR) and CD112 (NECTIN2) on the surface of MM07mand MHC molecules.
cells Supplementary Figure 4¢. While we did not observe any Decreased MHC class | expression on the cell surface was
modulation of NKG2D ligands$upplementary Figure 4D). observed upon DFO treatment, which by chelating iron induces
Thus, the iron/ferritin down modulation leads to a highly ferritin degradation as well as shRNA for FTigure 1). Vice
NK cell susceptible immune phenotype with low surface levelgersa, increased MHC class | surface expression was observed i
of MHC class | inhibitory molecules and increased amount ofnouse model of ferritin accumulation such as NCOA4 KO mice
membrane associated activating DNAM-I ligands. that show impaired ferritin degradatiorF{gure 2).
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FIGURE 4 | Iron and Ferritin Heavy Chain reduction is associated with Neell susceptibility of established tumor cell lines and priary melanoma cells.(A,B)
Representative cytotoxicity experiments in which two primry melanoma cell lines, Mel-30 and Mel-35, where treated @rnight with DFO. Curves show the NK cell
recognition of DFO treated cells (gray squares), and untréad cells (white squares). Columns show statistical analjsof three consecutive experiments at the
effector:target ratio of 25:1 and 12:1, respectively(C,D) Representative cytotoxicity experiments in which MMO7m sRTH and MCF7 shFTH (gray squares), or
scramble (white squares) were tested for their susceptilitiy to NK cell killing. Column show statistical analysis of & consecutive experiments at the effector:target
ratio of 25:1 and 12:1, respectively.P-values were calculated using paired Student-test (p < 0.05; **p < 0.01; ***p < 0.001).

The data obtained bothin vitro and ex vivo clearly more detail in the future. It is also important to underline tha
demonstrated that it is not DFO-induced low iroper seto  MHC Class | antigen mRNAs do not contain Iron Responsive
promote reduction of MHC class | expression but rather DFO-Elements (IREs) and are not known to be modulated by Iron
induced decrease of ferritin abundance. Thus, cells siérior  Regulatory Proteins (IRPs).

FTH display increased LIP but low levels of MHEidure 1) Of note, downregulation of classical MHC class | (either
while NCOA4 null cells display low or normal LIP but high by DFO or by shRNA FTH) was observed in cancer cells but
levels of ferritin and MHC class | proteing-igure 2 and data not in macrophages while the non-classical MHC class | were
not shown). It should be stressed that, rather than promotingeduced in both Supplementary Figure L Several explanations

a reduction in MHC class | mRNA or total protein abundance, for classical MHC class | molecules could account on the di éren
DFO or shRNA FTH induced a reduction of the abundancebehavior in such cellular settings. First of all, the baselin
of MHC on cell surface Kigure 1), indicating an impairment membrane associated levels of MHC class | molecules on the
of posttranslational maturation that we sought to investeggan  tumor cells surface are two logs lower than that measured on
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macrophages cells, making more di cult to observe with a panphenotype, characterized by low MHC class Il, and CD86
MHC class | antibody the potential uctuation of single allele expression40). The environmental iron concentrations and the
product. Indeed, it is well-known that tumor cells have seVer related FTH levels is likely critical in the NK cells/M2 crosskt
concomitant operating mechanisms to reduce their MHC class Thus, it is conceivable that a reduced uptake of iron may tesul
expression on cell membrane. In addition, the tumor assedat in a reduced production of FTH that, in turn, will make M2
neo-antigens may have low a nity for the MHC classbEm  macrophages more susceptible to NK cells killing.
heterodimers making them more instable and consequently NK cells are at the interface between innate and adaptive
easier to down regulate. While in our study we analyzed mainlymmunity and their activation could alert the adaptive immune
MHC class | and non-classical MHC molecules as HLA-E, weesponse. The NK cells activation is regulated by an integrat
cannot exclude that other genes associated with MHC expressitalance between activating and inhibitory receptors we
like TAP1 and TAP2 or other antigen processing machinendemonstrate that iron/ferritin modulation reduce the sace
related genes could be regulated as well. expression of inhibitory MHC class | molecules while have
MHC class | molecules are expressed and present peptides mtiprocal e ect on the activating DNAM-I ligands. It is
almost all nucleated cells of the body. Maturation and catrre conceivable that this provide a mechanistic explanation ® th
folding of MHC class | is a multistep process, where the heavitigher NK cell mediated cytotoxic susceptibility of eitheFO
chain, b2-microglobulin, and the peptide are all essential fortreated or FTH silenced target cells.
surface expression of the complex. In ER heavy chains rst bind It was already known that iron concentration may modulate
to the chaperones immunoglobulin heavy chain-binding protei NK cell cytotoxic activity 44, 45). Indeed, it might be possible
(BiP) and calnexin, which is then replaced by calreticulin uporthat in the case of an infective disease ferritin could induée N
binding to b2m. The heavy chaib2m molecule associates with cells to produce pro-in ammatory cytokines that may contriieu
MHC class | loading complex (LC) which consists of several ERo drive the adaptive immunity toward a Th2 immune response,
resident proteins including transporter associated withigenn  helpful to ght bacterial infections. Low FTH with low HLA-
processing (TAP). The peptides are generated in the cytosol I/ and classical MHC class | cell membrane levels leads to the
the proteasome, transported into the ER lumen by TAP, andNK cells activation Figure 4). Thus, the acute reduction of
then further trimmed by ER-resident aminopeptidase. Correcferritin and the consequent reduction of HLA-E may remove
folding, association, and loading depend heavily on glyletisyn  the CD94/NKG2A mediated inhibition and permit the fully
of the heavy chain. Sequential interaction with a set of ciigid ~ activation of NK cells. We found conceivable to predict thae t
proteins guides transport of the assembled complex to th&lK cell subsets able to recognize monocytes exposed to iron
cell surface. deprivation thus expressing low HLA-E levels are the CT9%%
Interestingly, levels of both BiP and calreticulin were gased NK cells that are controlled mainly by CD94/NKG2A inhibitor
in iron-burdened astrocytoma cells3§), and BiP expression receptors. This NK cell population it is known to be a crucial
was increased in dietary iron-loaded mic89)(. Change in cytokines producer at the early stages of the infection.
ER-resident chaperones levels by iron concentrations could The iron-related immune modulatory mechanism emerging
potentially explain both the observed decrease in surface MHEom our data involves also the modulation of MHC class
class I, but could also lead to upregulation of other surfacé molecules by IFNg (Figure 3. In this case, the low iron
molecules that depend on proper protein folding in the ERconcentration, but not the low ferritin, hinders STAT1
lumen. To this end, we have observed an increase in the CD1phosphorylation and nuclear translocation upon IFN-
and CD155, both ligands for the receptors DNAM-1 and TIGIT. stimulation. Interestingly, a previous report has demonstdat
Macrophages play a critical function in iron homeostasis bythat low iron can promote reduction of IFNy receptors and
recycling iron from red cells and storing it in ferritin. Tse cells resistance to cytokine stimulatiord€). The lack of e ect of
use MHC class | and MHC class Il to present antigens to théFN-g can contribute to the Th2 skewing of the anti-bacterial
lymphocytes (Antigen Presenting Cells). In tumors, M2-otezh  immune response as well.
macrophages express low levels of FTH, to release iron tasusta Historically the measurement of the reduction of iron blood
cell proliferation @0, 41). concentration has been used in the clinic to monitor the ceurs
It has been shown that direct exposure to FTH recombinanbf an infection. Thus, iron availability plays a pivotal role
protein increases INR production through a direct e ect on for bacteria metabolism and virulence. This means that while
CD&" T cells and IL-10 production on CO4T cells indirectly, bacteria use the host iron they will set an ideal condition fo
involving DCs @2). The INFg production increases MHC NK cells activation due to decrease levels of MHC class I.
class Il ¢3), PD-L1, and CD86 on APCstP). We observed a Thus, it appears conceivable that immune genes regulating the
reciprocal regulatory pattern when FTH expression was reduceichmune response have evolved in order to be able to respond to
by exposing the APCs to the iron chelator DFO. The exposure twon/ferritin decrease induced by infections.
DFO in APC correlated with reduced expression of MHC class Il  Another intriguing scenario that should be taken in
and CD86 Supplementary Figure 2 Taking together previous consideration is the role played by iron concentrations i th
published ¢2) and our present data it is conceivable that FTHtumor microenvironment. Correlation between cancer growt
can act as immunomodulatory molecule. and iron/ferritin availability has been reportedty, 48). The
Moreover, our data suggest that the reduction of FTH leveldyypothesis of a relationship between ferritin and cancer is
by DFO leads to macrophages polarization toward M2 liken line with the reported correlation between FTH and
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immunomodulatory networks found in Triple Negative BreastSUPPLEMENTARY MATERIAL

Cancer (TNBC) patients40). Using a combined transcriptomic

and proteomic approach it has been shown that the proteinffhe Supplementary Material for this article can be found
levels of the antigen processing genes pathways were sigtiyca online at: https://www.frontiersin.org/articles/10.Z8nmu.
associated with the FTH expression and the good prognosg019.00224/full#supplementary-material

in TNBC patients. Furthermore, among the di erent factors in Supplementary Figure 1| Reduced MHC class | surface expression molecules
antigen processing pathway, the MHC class | proteins showed thigestablished tumor cells and human macrophages after DFQeatment and in
strongest association to ETH expressiéﬁ)( FTH-silenced cells.(A) Mel-30 and Mel-35 primary melanoma cells were treated

Finall le f ETH di boli overnight with DFO and non-classical (HLA-E) MHC class | dace expression was
Inally, we propose a role for and iron metabo ISmma’easured by ow cytometry. The dashed curve in the two histogams represents

in regulating the recognition of immune molecules of normal e isotype control; the white curve represents the untread control (Nt) cells and
and cancerous mammalian cells thus providing a new, anthe lled gray curve represents cells treated with DFO. Colums show statistical
interesting explanation on how the availability of iron cap b analysis of three independent experimentsP-values were calculated using paired

. . . . tudent t-test ( p < 0.01). (B) Phenotype of human macrophages treated or not
eXp|0|ted to modulate our immune SyStem in the battle aga'ms\f\/ith DFO. The dashed curve in the histograms represents theatype control; the

microorganisms and cancer. The molecular mechanisms lnbh"]/\/hite curve represents untreated control cells and the lledyray curve represents

the described correlation between FTH and MHC proteins needelis treated with DFO. Columns show statistical analysisfaine independent

to be further investigated_ experiments. P-values were calculated using paired Student-test ( p < 0.05). (C)
MMO7m shCTRL (white histogram) and MM0O7m shFTH clone 1 ( lledray curve)
and clone 2 ( lled gray curve) were stained with W6/32 and the exression of

AUTHOR CO NTR | BUT'ONS MHC class | molecule was quanti ed by FACS. One representate/zexperiment is
shown. Quanti cation of the surface expression levels of MH@lass | molecules or

RS designed and performed research, analyzed and interpreteigh-E molecules in MM07m(C) and MCF7 cells.(D) Dashed curves represent

data, and wrote the manuscript. GF designed and performeEOtVPe control; white curves represent shCTRL cells and gy curves represent

. FTH cells. Statistical analysis was obtained from six caecutive experiments.
research, and Interpreted the data. MF and BQ performe@-values were calculated using paired Student-test ( p < 0.05; p < 0.001).

research and generate the shRNA FHT transfectants. CG, CC,
MD. GCon. VV. and AW performed research. GCu. NP. EG SFSuppIementary Figure 2| Iron levels affect CD86 and MHC class Il on human

. . . racrophages. Phenotype of human macrophages treated or nowith DFO. The
and FSC contributed to the data analySIS and mterpretatidﬁ. dashed curve in the histograms represents the isotype cont; the white curve

contributed to the data analysis, interpretation, and masmiff  represents untreated control cells and the lled gray curveapresents cells treated
writing. FC designed research, interpreted the data, supedvi with DFO. Columns show statistical analysis of nine indepetent experiments.
the WOI’k, and wrote the manuscript. EC conceived the Stud)ﬁ-values were calculated using paired Student-test ( p < 0.05; p < 0.001).
designed research, interpreted the data supervised the &oek, supplementary Figure 3 | Iron levels affect HLA-E up regulation by interferog-
wrote the manuscript_ All the authors read and approved thestimulation. (A-C) Mel-30 and Mel-35 primary melanoma cells were grown in
nal manuscript. presence IFNg, or a combination of DFO and IFNg. Cells were stained with

non-classical MHC-class | molecule (HLA-E) or CD155 and ahged by ow
cytometry. The dashed curve in the two histograms represestthe isotype control;
FU N D| NG the white curve represents the untreated control cells; thélack curve represents

cells stimulated with IFNg and the dark gray curve represents cells treated with
This work was Supported by ltalian association AssociazionBFOC IFN-g. Columns show statistical analysis of three independent

. . xperiments. Statistical analysis was performed by ANOVAlfowed by
ltaliana per la Ricerca sul Cancro AIRC-IG 15521 and AIRC_I@IoIm-SidaKS multiple comparisons test. P < 0.05; P < 0.01; P < 0.001.

20793, Technology Transfer Fellowship, and Italian Ministfy _ N
Health grant CO-2011-02348049. EC is Supported by Wenn%pplementary Figure 4 | Iron levels regulate Macrophages NK cell recognition.
’ )

. . . Human macrophages were tested for their susceptibility to K cell killing after
Gren Foundation. RS is Squorted by a fellowshlp from th%FO treatment (gray squares) and without any treatment (whisquares). One

Foundation Blance or Boncompagni Ludovisi, née Bildt. representative experiment is shown. Columns represent statical analysis from
three consecutive experiments at 25:1 and 12:1 effector:teget ratio performed
using paired Studentt-test ( p < 0.05; p < 0.01). (B) Freshly isolated NK cells
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