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A B S T R A C T   

Iron plays a major role in multiple processes involved in cell homeostasis such as metabolism, respiration and 
DNA synthesis. Cancer cells exhibit pronounced iron retention as compared to healthy counterpart. This phe-
nomenon also occurs in multiple myeloma (MM), a hematological malignancy characterized by terminally 
differentiated plasma cells (PCs), in which serum ferritin levels have been reported as a negative prognostic 
marker. The aim of current study is to evaluate the potential role of iron metabolism in promoting drug resistance 
in myeloma cancer cells with particular regard to the interactions between PCs and tumor-associated macro-
phages (TAMs) as a source of iron. Our data showed that myeloma cell lines are able to intake and accumulate 
iron and thus, increasing their scavenger antioxidant-related genes and mitochondrial mass. We further 
demonstrated that PCs pre-treated with ferric ammonium citrate (FAC) decreased bortezomib (BTZ)-induced 
apoptosis in vitro and successfully engrafted in zebrafish larvae treated with BTZ. Treating human macrophages 
with FAC, we observed a switch toward a M2-like phenotype associated with an increased expression of anti- 
inflammatory markers such as ARG1, suggesting the establishment of an iron-mediated immune suppressive 
tumor microenvironment favouring myeloma growth. Using mfap4:tomato mutant zebrafish larvae, we further 
confirmed the increase of PCs-monocytes interactions after FAC treatment which favour BTZ-resistance. Taken 
together our data support the hypothesis that targeting iron trafficking in myeloma microenvironment may 
represent a promising strategy to counteract a tumor-supporting milieu and drug resistance.   

1. Introduction 

Multiple myeloma (MM) is a hematological malignancy character-
ized by terminally differentiated plasma cells (PCs), immunosuppression 

and end-organ damage, including osteolytic lesions, renal failure, ane-
mia and hypercalcemia [1]. MM progression is tightly dependent on 
bone marrow microenvironment which supports and regulates tumor 
proliferation, survival and migration of PCs. Despite the therapeutic 
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progress achieved with the introduction of the proteasome inhibitors 
(PI), immunomodulators and monoclonal antibodies, MM remains a 
non-curable disease due to intrinsic or acquired drug resistance [2]. 
Bortezomib (BTZ) is a first-in-class selective PI, which has been proven 
to be effective in the treatment of MM. However, nearly all MM patients 
eventually relapse and approximately one third of them develops 
resistance to BTZ [3]. Therefore, additional studies are warranted in 
order to develop more effective therapies targeting myeloma cells and 
their microenvironment, which plays an important role in tumor pro-
gression and drug resistance. 

Iron is essential for many biological functions including electron 
transport, DNA synthesis, detoxification and erythropoiesis, all 
contributing to metabolism, cell growth, and proliferation [4]. More-
over, it is involved in free-radical-generating reactions, including Fenton 
reaction, in which ferrous iron (Fe2þ) donates an electron to hydrogen 
peroxide to produce the hydroxyl radical and other highly reactive ox-
ygen species (ROS) [5]. Although excess of iron can induce toxic 
oxidative damage ensuing cell death and induce DNA damage leading to 
tumor transformation and growth [6]. Tumor cells regulate intracellular 
iron metabolism to favour iron accumulation by increasing iron uptake 
and storage, and, at the same time, decreasing iron export [7]. It seems 
that cancer cells retain most elements of the general iron metabolism 
pathway, although for many cancer types this has not been rigorously or 
explicitly studied. However, cancer cells differ from their non-malignant 
counterparts in the levels or activity of many of the proteins that are 
involved in iron metabolism. In many cases, the net result of these 
cancer-specific alterations is an increase in intra cellular iron levels that 
fuels the activity of iron-dependent proteins and enables enhanced 
proliferation. In some cases, the downstream consequences of changes in 
iron-regulated proteins remain unclear. In order to increase iron reten-
tion tumor cells express higher levels of iron import proteins, such as 
transferrin receptor (TFR1) and divalent metal transporter 1 (DMT1) 
[8–12]. To this regard, in leukemia patients there exists a relationship 
between dysregulation of iron metabolism and the occurrence and 
progression of the disease [13,14]. On account of their high requirement 
for iron to maintain their rapid proliferation, leukemia cells are more 
susceptible to iron depletion than normal cells [15]. Similarly, MM cells 
also exhibit altered iron metabolism allowing increased iron intracel-
lular levels leading to cell proliferation and drug resistance [16–18]. A 
recent study found that ferroportin (FPN1), the only iron exporter in 
mammalian cells, is decreased in myeloma PCs leading to an increase in 
the labile iron pool (LIP) [19]. 

Furthermore, several studies highlighted the importance of iron- 
restricted erythropoiesis and anemia of chronic diseases triggered by 
myeloma-associated inflammation [20,21]. Most of the iron used to 
sustain erythropoiesis is released by macrophages that recycle iron into 
the bloodstream derived from senescent erythrocytes, through FPN1 
[22]. Macrophages can acquire a range of different phenotypes and 
functions based on the environmental stimuli. In particular, 
tumor-associated macrophages (TAM) exhibit an alternative activated 
and suppressive (M2-like) phenotype and are likely guided by apoptotic 
cancer cells to release iron, lipocalin 2 and ferritin into the tumor 
microenvironment [23,24]. PCs myeloma affect macrophage behaviour 
shifting their phenotype toward a M2-like profile which support MM 
cells growth and protect them from chemotherapy-induced apoptosis 
[25]. To this regard, Bordini and colleagues previously demonstrated 
that iron excess in myeloma PCs promoted cell death and potentiated 
BTZ effect in a murine model of MM [26]. By contrast, deferasirox 
(DFO), an oral iron chelator used to treat iron overload in clinical 
practice, inhibits MM cell growth both in vivo and in vitro [27]. There-
fore, the aim of the present work is to elucidate the significance of iron 
metabolism in MM cells, its effect on response to BTZ and to unravel the 
molecular mechanisms underlying PCs-macrophage interactions. 

2. Material and methods 

2.1. Cell culture and treatments 

Human myeloma cell lines (U266, OPM2, NCI–H929) and U937 cell 
line were cultured in RPMI 1640 medium supplemented with 10% FBS 
and 1% penicillin/streptomycin at 37 �C and 5% CO2. Primary periph-
eral blood CD14þmonocytes were obtained by healthy donor buffy coat 
after separation by Ficoll-Hypaque gradient and cultured for 3 days in 
RPMI-1640 medium supplemented with 10% FBS and 1% Penicillin/ 
streptomycin in presence of 10 nM Phorbol 12-myristate 13-acetate 
(PMA) at 37 �C and 5% CO2 [28]. 

Based on the previous literature data [29], 15 nM BTZ (Takeda, 
Rome, Italy) was used in all experiments. Used dose of ferric ammonium 
citrate (FAC) was 100 μM or 400 μM [30–32]. 

2.2. Apoptosis assay 

Evaluation of apoptosis was performed by flow cytometry. Samples 
(5 � 105 cells) were washed and resuspended in 100 μL of phosphate- 
buffered saline (PBS). 1 μL of Annexin V-FITC solution and 5 μl of Pro-
pidium Iodide (Beckmam Coulter, made in France) were added to cell 
suspension and mixed gently. Cells were incubated for 15 min in the 
dark. Finally, 400 μl of 1X binding buffer was added and cell preparation 
was analyzed by flow cytometry (MACSQuant Analyzer 10, Miltenyi 
Biotec). 

2.3. Intracellular LIP estimation 

To quantify LIP, 0.5 � 106 cells were collected and washed with PBS. 
Then cells were incubated with 0,5 μM calcein acetoxymethyl ester (CA- 
AM) (Sigma- Aldrich) for 15 min at 37 �C. After cell washing, samples 
were incubated with a high-affinity chelator, 100 μM deferiprone (DF) 
(Sigma- Aldrich), at 37 �C for 1 h. Cells were washed 3 times in 
phosphate-buffered saline (PBS) at 1500 rpm for 5 min and then 
analyzed by flow cytometry (MACSQuant Analyzer 10, Miltenyi Biotec). 
The difference in the MFI before and after treatment with DF was used to 
calculate the amount of LIP (ΔF ¼ MFICA-AM/DF-MFICA-AM). 

2.4. Real-time RT-PCR for gene expression analysis 

For each experiment, total RNA was extracted from cells using Trizol 
reagent and quantified using a UV spectrophotometer (NANODROP 
1000, Thermofisher), as previously described [33]. One microgram of 
total RNA (in 20 μL reaction volume) was reverse-transcribed in cDNA 
using reverse-transcriptase (Applied Biosystem) and oligo-dT primers in a 
standard reaction. The quantitative real-time polymerase chain reaction 
(RT-PCR) of the resultant cDNA was performed using Sybr Green PCR 
Master Mix (ThermoFisher Scientific) and 7900HT Fast Real-Time PCR 
System (Thermo Fisher) [34,35]. Expression of the following human 
genes was evaluated: HMOX1 (FW: AAGACTGCGTTCCTGCTCAAC, RW: 
AAAGCCCTACAGCAACTGTCG); DMT1(FW: TGCATTCTGCCTTAGT-
CAAGTC, RW: ACAAAGAGTGCAATGCAGGA); FPN1 (FW: CATGTAC-
CATGGATGGGTTCT, RW: CAATATTTGCAATAGTGATGATCAGG); ND4 
(FW: ACAAGCTCCATCTGCCTACGACAA, RW: TTATGA-
GAATGACTGCGCCGGTGA); CYTB (FW: TCCTCCCGTGAGCGCGGTGA, 
RW: TTATGAGAATGACTGCGCCGGTGA); GLUT-S-TRANSFERASE (FW: 
CTGGGCTTCGAGATCCTGTG, RW: GGCAGACAAACTTCCACTGTC); 
TFAM (FW: GGTCTGGAGCAGAGCTGTGC, RW: TGGACAACTTGCCAA-
GACAGAT); SOD (FW: TGGTTTGCGTCGTAGTCTCC; RW: 
CCAAGTCTCCAACATGCCTCT); GST (Fw: CTGGGCTTCGA-
GATCCTGTG; Rw: GGCAGACAAACTTCCACTGTC); B2M (Fw: AGCAG-
CATCATGGAGGTTTG; Rw: AGCCCTCCTAGAGCTACCTG); GAPDH (Fw: 
AATGGGCAGCCGTTAGGAAA; Rw: GCCCAATACGACCAAATCAGAG). 
Gene expression analysis of pro-inflammatory and anti-inflammatory 
cytokines IL-6, CCL2, TNFα, TGFB1 and ARG1 was performed using 
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GoTaq Master mix (Promega) according to manufacturer’s recommended 
protocol. Each reaction was run in triplicate. For each sample, the relative 
expression level of the mRNA of interest was determined by comparison 
with the control housekeeping genes B2M and GAPDH using the 2^� ΔΔCt 

method. 

2.5. Immunofluorescence 

For immunofluorescence, paraformaldehyde-fixed cells samples 
were permeabilized in 0.1% Triton X100 in PBS and incubated with 
blocking solution (10% normal goat serum, NGS, in 0.1% Triton X100 in 
PBS) for 1 h at room temperature [36–38]. Samples were incubated 
overnight at 4 �C with the following primary antibodies diluted in PBS 
Rabbit anti-NOS2 (Santa Cruz, Cat#sc-7271; 1:100), mouse anti-ARG1 
(Santa Cruz, Cat#sc-20150; 1:100). The following day, after washing, 
samples were incubated for 1 h at room temperature with the appro-
priate fluorescence goat secondary antibodies: anti-rabbit 546 (Invi-
trogen, Cat# A11010, RRID: AB_143156, 1:1000) and anti-chicken 488 
(Abcam, Cat# ab150169, RRID: AB_2636803, 1:1000). Nuclei were 
counterstained with 4’,6-diamidino-2-phenylindole (Dapi, 1:1000, Cat# 
D1306, Invitrogen) for 5 min at room temperature. Slides were mounted 
with fluorescent mounting medium Permafluor (ThermoScientific) and 
digital images were acquired using a Leica DM IRB (Leica Microsystems, 
Buccinasco, Milano, Italy) fluorescence microscope or the Leica TCS SP8 
confocal microscope. 

2.6. Flow cytometry 

For apoptosis evaluation, 5 � 105 cells were washed and resuspended 
in 100 μL of PBS. 1 μL of Annexin V-FITC solution and 5 μl of Propidium 
Iodide (Beckmam Coulter, made in France) were added to cell suspen-
sion and mixed gently. Cells were incubated for 15 min in the dark. 
Finally, 400 μl of 1X binding buffer was added and cell preparation was 
analyzed by flow cytometry (MACSQuant Analyzer 10, Miltenyi Biotec). 

To determine the intracellular ROS levels, cells were stained with 
using the 20,70-Dichlorofluorescein (Sigma-Aldrich) and fluorescence 
intensity was measured according to the fluorescence detection condi-
tions of FITC. 

A membrane potential probe, the 3,30-Diethyloxacarbocyanine Io-
dide (DiOC2(3)), was used to evaluate the mitochondrial membrane 
potential. Cells were incubated with 10 μM DiOC2(3) (Thermo Fisher 
Scientific, Milan, Italy) for 30 min at 37 �C, washed twice, resuspended 
in PBS and analyzed by flow cytometry through the detection of the 
green fluorescence intensity of DiOC2(3). 

In order to measure changes in the mitochondrial mass, cells were 
reacted with 200 nM MitoTracker Red CMXRos probe (Thermo Fisher 
Scientific) for 30 min at 37 �C, according to the manufacturer’s in-
structions. After being washed twice, labeled mitochondria were 
analyzed by flow cytometry. 

To evaluate CD206, CD86, CD163, HLA-DR expression in U937 cells 
and primary human monocytes, cells were washed and resuspended in 
100 μl of PBS. 10 μl of anti-HLA-DR-PC5 (clone Immu-357; Beckman 
Coulter), CD206-PE (clone 3.29B1.10; Beckman Coulter), CD86-PE 
(clone BU63; Biolegend) and CD163-PerCP (clone GHI/61; Biolegend) 
were added to each tube. Cells were incubated for 15 min at room 
temperature, protected from light. After centrifugation, cells were 
washed in 1 ml of PBS and analyzed using flow cytometer. 

2.7. Myeloma xenograft model 

Zebrafish (Danio rerio H.) larvae were obtained from the Zebrafish 
International Resource Center and mated, staged, raised and processed 
as described [39]. The line tg(mfap4:Tomato)xt12 [40] in Casper back-
ground has been previously described [41]. Zebrafish fertilized eggs 
were obtained from natural spawning of transgenic fish held at the fa-
cilities following standard husbandry practices. Animals were 

maintained for 12 h in light/dark cycle at 28 �C. The experiments per-
formed comply with the Guidelines of the European Union Council 
(Directive 2010/63/EU) and the Spanish RD 53/2013. Experiments and 
procedures were performed as approved by the Bioethical Committees of 
the University of Murcia (approval numbers #75/2014, #216/2014 and 
395/2017). 

Zebrafish larvae 2 dpf were anesthetized by a solution of 0.16 mg/ml 
buffered tricaine in embryo medium (Sigma-Aldrich) followed by 
myeloma cells xenotransplantation, using a microinjector system (Nar-
ishige). Before the injection in the Cuvier duct, 2 � 106 MM cells were 
pre-stained with Vybrant DiO cell-labeling solution (Thermofisher). 
Larvae were imaged using epifluorescence Lumar V12 stereomicroscope 
and the number of myeloma cells homed in the CHT were manually 
counted. 

To evaluate macrophages interaction with myeloma cells, mfap4:to-
mato transgenic larvae were treated for 24 h with 100 μM FAC and 
subsequently injected with Vybriant DiO labeled MM cells. 

2.8. Larvae manipulation for inflammation assay and macrophage 
polarization visualization 

To evaluate the role of iron in guiding macrophage polarization, Tg 
(mpeg1:mCherry;tnfa:eGFP) double transgenic larvae, in which tnfaþ

macrophages (M1) are eGFP and mCherry double-positive [42], were 
used. Transgenic larvae (30 for each group) were treated with 100 μM 
FAC and/or 100 μM Deferoxamine (DFO) in a 6 wells plate for 24 h. 
Caudal fin amputation was performed on 3 dpf larvae as described 
previously [43]. The caudal fin was transected with a sterile scalpel, 
posterior to muscle and notochord under anesthesia with 0.016% Tri-
caine (ethyl 3-aminobenzoate, SigmaAldrich, France) in zebrafish 
water. Macrophages expressing TNFα (M1) are shown as yellow puncta 
due to the merged mCherry-eGFP fluorescence, while macrophages not 
expressing TNFα (M2) are shown as red puncta (mCherryþeGFP� ). 

2.9. Sample preparation and chromatographic conditions of the HPLC 
analysis of metabolites 

All ultrapure standards, used for the evaluation of cellular metabolic 
profile, tetrabutylammonium hydroxide and potassium di-hydrogen 
phosphate (KH2PO4) suitable for all buffer preparations, were pur-
chased by Sigma-Aldrich (St. Louis, MO, USA) and diluted in Ultrapure 
water (18.3 MΩ cm) (Milli-Q Synthesis A10, Millipore, Burlington, MA, 
USA). HPLC-grade methanol, far-UV acetonitrile and chloroform were 
supplied by J. T. Baker Inc. (Phillipsburgh, NJ, USA). 

Metabolic analysis was performed after deproteinization of cell 
samples (3 � 106 cells) according to a protocol suitable to obtain 
protein-free extracts for further HPLC analysis of acid labile and easily 
oxidizable compounds [18]. Cells were washed twice with PBS at pH 7.4 
and collected by centrifugation at 1860�g for 5 min at 4 �C. Cell pellets 
were deproteinized with the addition of 1 ml of ice-cold, nitro-
gen-saturated, 10 mM KH2PO4 in CH3CN, pH 7.4 (1:3, v/v). After 
vigorous mixing for 60 s, samples were centrifuged at 20690 g for 10 
min at 4 �C. The organic solvent was removed from the deproteinized 
supernatants using two washings with 5 ml of chloroform. The upper 
aqueous phase obtained by centrifugation at the same conditions, was 
then used for the HPLC analysis of low molecular weight metabolites. 
Simultaneous separation of 50 low molecular weight metabolites related 
to energy metabolism, oxidative/nitrosative stress, antioxidants, and 
including high energy phosphates (ATP, ADP, AMP, GTP, GDP, GMP, 
UTP, UDP, UMP, CTP, CDP, CMP, IMP), oxidized and reduced nicotinic 
coenzymes (NADþ, NADH, NADPþ, NADPH), were carried out using a 
Hypersil C-18, 250 � 4.6 mm, 5 μm particle size column, provided with 
its own guard column (Thermo Fisher Scientific, Rodano, Milan, Italy), 
following slight modifications of previously established ion pairing 
HPLC methods [19,20]. The HPLC apparatus was a SpectraSYSTEM 
P4000 pump (Thermo Fisher Scientific) interfaced to a highly-sensitive 
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UV6000LP diode array detector (Thermo Fisher Scientific), equipped 
with a 5 cm light path flow cell and set up between 200 and 300 nm 
wavelength. Assignments and calculations of the aforementioned com-
pounds in cell extracts, were performed by comparing retention times, 
absorption spectra, and area of the peaks (calculated at 260 nm wave-
length for all compounds but GSH, nitrite and nitrate that were calcu-
lated at 206 nm wavelength) of chromatographic runs of mixtures 
containing known concentrations of ultrapure standards. 

2.10. Statistical analysis 

Data are shown and expressed in the main text as mean value �
standard error of the mean (SEM) as absolute values or fold change (FC) 
over control. Data were tested for normality using Shapiro-Wilk 
normality test and subsequently assessed for homogeneity of variance. 

Data that does not meet the criteria of Shapiro-Wilk normality test were 
analyzed using Mann-Whitney t-test for comparison of n ¼ 2 groups. 
Comparisons of n > 2 groups were performed using ANOVA and 
Kruskal-Wallis multiple comparisons test. All data with normal fre-
quency distribution were analyzed by two-tailed unpaired Student’s t- 
test for comparison of n ¼ 2 groups, unless otherwise stated. Compari-
sons of n > 2 groups were performed using ANOVA and Sidak’s multiple 
comparisons test, unless otherwise stated. For all statistical tests, p 
values < 0.05 were considered statistically significant. 

3. Results 

3.1. Myeloma cell lines are able to internalize iron 

In order to elucidate the effects of iron in myeloma PCs, we exposed 

Fig. 1. Myeloma cell lines intake and accumulate iron. DMT-1 (A) and FPN-1 (B) mRNA levels in U266, OPM2 and NCI–H929 myeloma cell lines at 6 and 24 h 
after 400 μM FAC exposure; data are expressed as mean of FC over control; C) LIP evaluated in U266 cells; data are expressed as mean of ΔF � SEM; ΔF ¼MFICA-AM/ 

DF-MFICA-AM. **p-value <0.01 and ***p-value <0.001 versus control. D-F). Cellular ROS production evaluated in U266 (D), OPM2 (E) and NCI–H929 (F) cells after 0.5 
and 1 h FAC exposure; data are expressed as mean of dichlorofluorescein (DCF) fluorescence intensity (MFI) � SEM; G-I) GST (G), SOD2 (H) and HMOX1 (I) mRNA 
levels in U266 cell line after 0.5 and 24 h treatment with FAC; data are expressed as mean of FC over control. **p-value <0.01 and ***p-value <0.001 versus control. 
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human myeloma cell lines (HMCLs) to 400 μM ferric ammonium citrate 
(FAC). In our preliminary set of experiment and being 24 h the 
maximum exposure timing, we first excluded that the chosen dose had 
no cytotoxic effects in HMCLs by evaluating the percentage of apoptotic 
cells following FAC treatment (Supplementary Fig. 1). Next, we evalu-
ated mRNA levels of iron trafficking-related genes DMT-1 (divalent 
metals transporter 1) and FPN1 (ferroportin 1) observing a significant 
upregulation after 6 h FAC exposure both of DMT-1 (fold change (FC) 
over controls: 1.54 � 0.05, 2.94 � 0.06 and 1.54 � 0.09 respectively in 
U266, OPM2 and NCI–H929 cell lines; Fig. 1A) and FPN1 (FC over 
controls: 1.44 � 0.06 and 4.1 � 0.04 in U266 and OPM2 cells, 

respectively; Fig. 1B) as compared to untreated control cultures. 
NCI–H929 and U266 cells preserved significantly higher FPN1 mRNA 
levels also at 24 h post FAC treatment (FC over controls: 2.5 � 0.09 and 
1.95 � 0.05 respectively in U266 and NCI–H929 cells; Fig. 1B). To 
confirm the ability of myeloma cells to internalize and store iron, 
cytofluorimetric analysis of LIP formation was carried out in myeloma 
cells after 24 h of treatment with FAC. Our data showed a significant 
increase of LIP value (ΔF ¼ 0.29 � 0.09) in PCs treated with FAC 
compared to control (Fig. 1C). 

Fig. 2. Iron increases myeloma cell lines mitochondrial content. A-B) Mitochondrial membrane potential evaluated in HMCLs stained with DiOC2(3); data are 
shown as mean of MFI � SEM. C-E) TFAM (C), CYTB (D) and ND4 (E) mRNA levels in U266 cell line after 0.5, 3 and 24 h FAC exposure; data are expressed as mean of 
FC over control � SEM. F–H) Representative plots and quantification of mitochondrial mass analysis using MitoTracker probe in HMCLs 24 h after FAC treatment; 
data are shown as mean of MFI �SEM. *p-value < 0.05, **p-value < 0.01 and ***p-value < 0.001 versus control. 
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3.2. PCs respond to iron-induced oxidative stress by upregulating 
scavenger-related genes and increasing mitochondrial content 

Since iron is involved in free radical generating reactions, we then 
analyzed the cellular redox status of HMCLs during exposure to FAC. 
ROS levels increased about 2 folds after 0.5 h exposure to FAC and 
returned to normal levels within 1 h from treatment (Fig. 1D–F). Only 
NCI–H929 still showed significative high ROS levels after 1 h compared 
to control. Interestingly, myeloma cells reacted to the higher ROS pro-
duction inducing a concomitant activation of antioxidant-related genes 
such as glutathione S-transferase (GST; FC over control: 25.4 � 1.7), 
superoxide dismutase 2 (SOD2; FC over control: 2.45 � 0.2) and heme 
oxygenase 1 (HMOX-1; FC over control: 76.9 � 6.5) as soon as 0.5 h after 
starting FAC treatment (Fig. 1G–I). Consistently, the increased levels of 
ROS were associated to a transient depolarization of mitochondria at 6 h 
post-FAC exposure (Fig. 2A). Indeed, by using flow cytometry, we 
observed that DiOC2(3) staining intensity decreased in U266 (FAC: 51.0 
� 10.5 versus control: 135.6 � 6.2; MFI) and NCI–H929 cells (FAC 6 h: 
96.1 � 12.9 versus control: 166.53 � 20.9; MFI) and in both cases 
restored after 24 h treatment (Fig. 2B). Notably, OPM2 cell line did not 
show significant modifications of the mitochondrial membrane polari-
zation at both 6 h and 24 h post FAC exposure. 

Interestingly, qRT-PCR analysis showed that PCs responded to FAC- 
induced oxidative and mitochondrial stress by upregulating the mito-
chondrial transcription factor A (TFAM), a gene involved in mitochon-
drial biogenesis and energetic metabolism (FC over control at 0.5 h: 6.8 
� 0.24; Fig. 2C). This increase was coupled with a significant upregu-
lation of the mRNA levels of cytochrome b (CYTB; FC over control at 0.5 
h: 2.9 � 0.1; Fig. 2D) and NADH dehydrogenase subunit 4 (ND4; FC over 
control at 0.5 h: 4.4 � 0.4; Fig. 2E), both components of the mito-
chondrial respiratory chain. Such evidences were confirmed analyzing 
the mitochondrial mass by measuring MitoTracker staining using flow 
cytometry. After 24 h FAC treatment, HMCLs showed higher mito-
chondrial mass (Fig. 2F–H). To confirm the mitochondrial functionally 
[44] we performed HPLC assay for quantify the energetic metabolites 
after FAC treatment. We observed that FAC treatment induced an in-
crease of ATP, ATP/ADP ratio and sum of triphoshates nucleosides 
(Table 1). We observed an increase of energy charge potential (ECP) 
value after 24 h of the treatment with FAC. Moreover, iron was able to 
induce NADþ/NADH ratio in U266 cells (Table 1). 

3.3. Iron promotes bortezomib resistance in myeloma PCs 

To determine whether iron could affect BTZ-induced apoptosis in 
myeloma PCs, U266 cell line was used as iron-overloaded cell model by 
exposing PCs to 24 h FAC (U266/FAC cells). Following 24 h treatment 
with 15 nM BTZ, analysis of cell viability revealed that U266/FAC cells 
showed reduced percentage of apoptotic cells as compared to PCs not 
pretreated with FAC (U266) (U266/FAC þ BTZ: 19.05 � 0.5% versus 
U266 þ BTZ: 28.75 � 0.6%; % of apoptotic cells; Fig. 3A and B), thus 
supporting the hypothesis that iron mediates resistance to BTZ-induced 

cytotoxicity in myeloma cells. Taking into account that oxidative stress 
is an important mechanism of BTZ cytotoxicity, we next evaluated 
changes of ROS levels after BTZ exposure both in U266 and U266/FAC 
cells. Drug treatment caused a progressive increase of ROS levels up to 3 
h in U266 cells (from 194.0 � 14.0 to 294.9 � 6.4 and 199.0 � 21.0 to 
357.4 � 8.2, respectively at 1 and 3 h; MFI; Fig. 3C) while no changes of 
ROS levels were observed in U266/FAC cells (Fig. 3C). Consistently, we 
also observed a significant down-regulation of mRNA levels of CYTB (FC 
over control: 0.4 � 0.05, 0.22 � 0.1 and 0.48 � 0.07 respectively at 0.5, 
1 and 3 h, Fig. 3D) and ND4 (FC over control: 0.5 � 0.06, 0.56 � 0.04 
and 0.6 � 0.02 respectively at 0.5, 1 and 3 h, Fig. 3E) in U266 cells 
treated with the PI. In contrast, BTZ-treated U266/FAC cells did not 
show any significant variation in expression levels of the same energy 
metabolism-related genes (Fig. 3D and E). 

3.4. U266/FAC cells showed decreased sensitivity to bortezomib in vivo 

In order to further confirm in vivo that iron is able to induce BTZ 
resistance in PCs, U266 and U266/FAC cells were injected in zebrafish 
larvae of 2 days post fertilization (dpf) and their invasiveness analyzed 
following BTZ treatment of larvae by bath immersion. Stereological 
quantification of engrafted myeloma cells in the caudal hematopoietic 
tissue (CHT) revealed a significant reduction of U266 cells in BTZ- 
treated larvae after both 24 and 48 h compared to untreated zebrafish 
(respectively 8.75 � 1.6 versus 16.8 � 1.4 and 9.0 � 1.6 versus2.6 � 0.6; 
number of engrafted U266 cells per larva) (Fig. 4A). Importantly, BTZ- 
treated larvae injected with U266/FAC did not show significant reduc-
tion of engrafted PCs as compared to untreated control group (Fig. 4B). 

3.5. Iron treatment is able to promote M2-like polarization in human 
monocytes 

We also investigated the role of iron in myeloma tumor microenvi-
ronment focusing our attention on the effects of FAC exposure in human 
monocytes. Using U937 monocytic cell line as model, we found that FAC 
significantly up-regulated DMT1 and HMOX1 gene expression (Fig. 5A). 
Importantly, iron treatment did not affect U937 cell viability (Supple-
mentary Fig. 2). 

Subsequently, we analyzed the effect of FAC exposure on polariza-
tion balance of U937 cell lines. Compared to untreated cells, monocytes 
treated with FAC for 24 h increased surface expression of the classical 
M2 marker CD206 while decreased those of the M1 markers CD86 and 
HLA-DR, as evaluated by flow cytometry (Fig. 5B and C). To further 
confirm this evidence, mRNA levels of pro-inflammatory cytokines 
interleukin 6 (IL-6), C–C motif chemokine ligand 2 (CCL2) and tumor 
necrosis factor alfa (TNFα) and of the anti-inflammatory cytokine 
Transforming Growth Factor beta 1 (TGFB1) were analyzed. Consis-
tently, we observed a reduction of IL-6 (0.6 � 0.06, FC over control), 
CCL2 (0.24 � 0.06, FC over control) and TNFα (0.52 � 0.08, FC over 
control) transcript levels and a significant upregulation of those of 
TGFB1 (1.78 � 0.02, FC over control) in FAC-treated monocytes 
(Fig. 5D). In addition, iron treatment increased the mRNA levels of 
arginase 1 (ARG1), a M2 marker, after 1, 3 and 6 h FAC exposure 
(Fig. 5F). Immunostaining further confirmed ARG1 increased protein 
expression and NOS2, an M1 marker, downregulation (Fig. 5F). These 
evidences were further confirmed on healthy donor-derived primary 
monocytes (Mϕ). In addition, we also observed a significant reduction of 
HLA-DR expression associated to increased levels of CD206 in FAC- 
exposed Mϕ (Fig. 5G) further pointing to the ability of FAC to pro-
motes the M2 polarization of human macrophages. 

3.6. Iron promotes M2 macrophage polarization and their interaction 
with myeloma cells in vivo 

In order to fully elucidate the role of macrophages following FAC 
exposure, we used the Tg(mpeg1:mCherry;tnfa:eGFP) double transgenic 

Table 1 
Changes in the metabolic parameters related to mitochondrial function and 
energy metabolism in U266 cells after exposure to FAC.   

ATP ATP/ 
ADP 

ECP Sum of triphosphate 
nucleosides 

NADþ/ 
NADH 

Control 
U266 

4.19 �
0.15 

3.10 �
0.12 

0.83 �
0.03 

7.01 � 0.28 10.64 �
1.94 

U266 þ
FAC 

5.29 �
0.52* 

4.89 �
0.66* 

0.88 �
0.02* 

9.68 � 0.84* 22.55 �
4.67* 

Values are the means � standard deviations of five different experiments and are 
expressed as nmol/106 cells. 
ECP ¼ Energy Charge Potential calculated as ATP þ1/2ADP/ATP þADP þAMP. 
Sum of triphosphate nucleosides ¼ ATP þ GTP þ UTP þ CTP. 
*significantly different from controls, p < 0.05. 
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larvae, in which M1 macrophages are tnfaþ and mpeg1þ double- 
positive, while M2 macrophages are tnfa� and mpeg1þ [42]. Zebrafish 
larvae (2dpf) were treated with 100 μM FAC, 100 μM iron chelator 
deferoxamine (DFO) or their combination. After 24 h, caudal fin 
amputation was executed to trigger macrophages activation [45] and 
the recruitment of polarized macrophages was observed after 6 h. Data 

showed that FAC-treated larvae did not show increase of tnfa expression 
in recruited macrophages compared to control larvae (Fig. 6A). On the 
contrary, iron chelation induced by DFO treatment was able to signifi-
cantly increase tnfa expression (about 2-fold) in recruited macrophages 
compared to FAC-treated and untreated larvae, thus favoring the acti-
vation of pro-inflammatory M1 phenotype (Fig. 6B). Moreover, in larvae 

Fig. 3. Iron induces bortezomib resistance in myeloma PCs. A-B) Representative dot plots (A) and quantification (B) of the percentage of apoptotic cells after 24 
h treatment with15 nM BTZ on the viability in U266 and U266/FAC cells; data are expressed as mean % � SEM; **p-value < 0.01 between groups. C) Cellular ROS 
production evaluated in U266 cells after 0.5, 1 and 3 h post BTZ treatment; data are expressed as dichlorofluorescein (DCF) MFI � SEM. D) CYTB and ND4 mRNA 
levels in U266 cell line after 0.5, 1 and 3 h BTZ treatment; data are expressed as mean of FC over control �SEM. E) Cellular ROS production evaluated in U266/FAC 
cells after 0.5, 1 and 3 h BTZ treatment; data are expressed as mean of DCF MFI �SEM. F) CYTB and ND4 mRNA levels in U266/FAC cells after 0.5, 1 and 3 h BTZ 
exposure; data are expressed as mean of FC over control �SEM. **p-value < 0.01 and ***p-value < 0.001; ##p-value < 0.01 and ###p-value < 0.001versus control. 
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treated with DFO/FAC a significant reduction of M2 macrophage po-
larization was also observed compared to FAC-treated larvae (Fig. 6C). 

In order to fully dissect in vivo the role of iron in improving myeloma 
cell interaction with endogenous Mϕ favoring PC survival, we analyzed 
U266 and U266/FAC cells xenograft in mfap4:tomato transgenic zebra-
fish larvae. In this model, mfap4-driven fluorescent protein tomato (red) 
permits the visualization of membrane projections in migrating macro-
phages allowing the evaluation of their interactions with PCs (green). 
We observed that the larvae treated with FAC after xenotransplantation 
showed a significant increase of interaction between myeloma cells and 
endogenous Mϕ in the CHT 24 h post-engraftment respect to untreated 
larvae (Fig. 6D and E). 

3.7. FAC pre-treated monocytes favour bortezomib resistance of myeloma 
PCs 

As it has been demonstrated that tumor associated macrophages 
(TAMs) promote cancer resistance through releasing iron in tumor 
macroenvironment, we subsequently investigated the ability of mono-
cytes pre-treated for 24 h with FAC (Mϕ/FAC cells) to release iron, thus 
favouring BTZ resistance of myeloma PCs. U266 cells were co-cultured 
with Mϕ/FAC cells or not pre-treated monocytes (Mϕ) for 72 h and 
then collected, re-plated and treated with 15 nM BTZ for 24 h (Fig. 7A). 
As shown in Fig. 7B–C, U266 cells isolated from the co-culture with Mϕ/ 
FAC exhibited 12% apoptotic cells compared to 36% of PCs co-cultured 
with Mϕ. Interestingly, we also observed increased mitochondrial mass 
in U266 isolated from co-culture with Mϕ/FAC compared with un-
treated Mϕ (138.4 � 1.6 versus 118.6 � 1.3; MFI; Fig. 7D) confirmed by 
increased expression of TFAM (FC over controls: 3.5 � 0.4; Fig. 7E). 

4. Discussion 

Despite the continuous progress made in recent decades, the patho-
genesis of MM remains to be fully elucidated. One of the issues to be 
addressed is a detailed analysis of the role played by high concentration 
of intracellular iron in PCs, and the effects resulting from its dysregu-
lation [27]. The current study demonstrates that excess iron favours 
myeloma resistance to BTZ both after a direct uptake of iron by PCs and 
through iron-releasing monocytes. Iron trafficking in mammalian cells is 
controlled by complex mechanisms including both uptake from serum 
transferrin through the endocytic pathway by TFR and 
non-transferrin-bound iron DMT1 and iron export by FPN1. Herein we 
observed that exposure to FAC induces iron trafficking in HMCLs by 
upregulating DMT-1 and FPN1 genes, showing the ability of 
FAC-exposed MM cell lines to increase respectively the iron uptake and 
extrusion in order to maintain intracellular iron homeostasis. Iron is 
known to be involved in intracellular ROS-generating reactions which 
can change the cellular redox status [46]. As expected, FAC exposure 
triggered ROS production in HMCLs, associated to a subsequent upre-
gulation of scavenger-related genes (GST, SOD and HMOX1), a transient 
depolarization of mitochondria, upregulation of the genes involved in 
the mitochondrial respiratory chain (CYTB and ND4) and mitochondrial 
biogenesis (TFAM), with an increase of mitochondrial mass. These data 
suggest that FAC treatment induces ROS levels sufficient to stimulate a 
cellular adaptive response in myeloma PCs that avoid apoptosis through 
the activation of the cellular scavenging system and the enhancement of 
mitochondrial mass and activity. Therefore, our data further confirm 
previous evidences showing that cellular LIP is not a simply cellular 
source of pro-oxidant iron but it may also serve as a target of oxidative 
and nitrosative species [47]. These results are consistent with previous 
observations showing that FAC induced Nrf2 pathway activation which 

Fig. 4. Iron reduces bortezomib sensitivity of engrafted myeloma PCs in zebrafish larval model. A) Representative image and stereological quantification of 
engrafted U266 (A) and U266/FAC (B) cells in zebrafish larvae after 24 and 48hrs BTZ treatment; data are shown as scattered dot plots and mean � SD (each dot 
represents a larva); ***p-value <0.001 versus control, #p-value<0.05, ##p < 0.01, ###p-value<0.001 versus corresponding 24 h, Mann-Whitney t-test. 
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Fig. 5. Iron promotes immuno-suppressive phenotype in human monocytes. (A) TFRC, DMT-1 and HMOX-1 mRNA levels in U937 cell line after 6 h 100 μM 
FAC treatment; data are expressed as mean FC over control � SEM; B–C) Flow cytometric analysis of CD206, CD163, CD86 and HLA-DR in U937 cell line after FAC 
treatment. D) IL-6, CCL2, TNFα, TGFβ1 and mRNA levels in U937 cells after 24 h FAC exposure; data are expressed as mean of FC over control � SEM; E) ARG1 
mRNA levels after 1, 3 and 6 h FAC treatment; data are expressed as mean of FC over control � SEM; F) Immunofluorescence pictures of ARG1 (green) and NOS2 
(red) expression in control and U937 cells treated with FAC. Scale bar: 20 μm. Representative plots and quantifications of HLD-DR (H) and CD206 (G–H) MFI in 
human healthy donors-derived primary Mϕ after 24 h FAC exposure; data are shown as mean of MFI � SEM. *p-value < 0.05, **p-value < 0.01 and ***p-value <
0.001 versus control. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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may be responsible for upregulation of genes involved in chemoresistant 
phenotype [48]. To this regard, we have also previously showed that 
Nrf2 activation occurs following BTZ treatment in myeloma cells 
conferring chemoresistance via the HO-1 pathway [49]. Taken all 
together these observations along with the presented data might suggest 
that iron supplementation confers resistance via a direct effect of the 
Nrf2 axis. In addition, cellular iron content has been demonstrated to 
influence mitochondrial biogenesis [50]. TFR, which is expressed at 
increased levels in rapidly proliferating cells and malignant ones, 
including myeloma PCs, has also been reported to be involved in 

regulating mitochondrial function, supporting mitochondrial respira-
tion [51]. Depletion of cellular iron by using DFO decreases the 
expression of mitochondrial metabolism-associated genes in murine 
myoblast cells; on the contrary, up-regulation of PGC1α expression de-
creases the expression of FPN1 and induces up-regulation of TFR [50]. 
Consistently, MM patients who have a high mitochondrial metabolism 
also display low levels of FPN1 linked to a poor prognosis [50]. 

We have recently shown that BTZ-resistant MM cells show better 
mitochondrial fitness and more efficient oxidative respiration 
(OXPHOS) compared to the sensitive counterparts. In accordance with 

Fig. 6. Iron promotes M2 phenotype and PCs-macrophage interactions in zebrafish. A) Representative images of M1 and M2 macrophages in Tg (mpeg1: 
mCherry;tnfa: eGFP) double transgenic larvae after 6 h treatment with FAC, DFO or their combination. B–C) Quantification of M1 (mCherryþ/eGFPþ: yellow) and M2 
(mCherryþ/eGFP-: red) macrophages in damaged area per larva. **p < 0.01 and ***p < 0,001, ANOVA and Kruskal-Wallis multiple comparisons test. D) Repre-
sentative images of engrafted U266, U266/FAC cells and U266-injected larvae exposed to FAC (FAC-treated larvae) at 24 h. E) Engrafted U266 cells interacting with 
endogenous Mϕ per larva in the CHT 24 h post-injection. Data are shown as mean � SD. versus control (larvae injected with U266 cell line); *p-value < 0.05, **p- 
value < 0.01 and ***p-value < 0.001 versus control. Each dot represents a larva. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 

G. Camiolo et al.                                                                                                                                                                                                                                



Redox Biology 36 (2020) 101611

11

these findings, we studied whether iron-induced mitochondrial 
biogenesis could affect BTZ-induced apoptosis. U266/FAC cells showed 
reduced cytotoxic effects after BTZ treatment compared to BTZ-treated 
U266, demonstrating that iron is involved in myeloma PI-resistance. A 
mechanism of BTZ-induced cell death is ROS-driven caspase-dependent 
apoptosis [52]. Thus, to understand why the iron decreases BTZ efficacy, 
we first analyzed the dynamics of ROS in U266 and U266/FAC cells. BTZ 
treatment was able to increase ROS levels in U266 cell line followed by 
the downregulation of energy-metabolism related genes. On the con-
trary in U266/FAC cells, the amount of ROS remained almost constant 
and no significant changes in CYTB and ND4 gene expression were 
observed. To confirm whether iron can affect BTZ sensitivity in vivo, 
zebrafish larvae were injected with U266 or U266/FAC cells and sub-
sequently treated with the PI. After injection, MM cells can home or 
metastasize to the BM-like niche region, the CHT [53]. The 

quantification of engrafted PCs in the CHT revealed a significant 
reduction of the number of U266 cells in BTZ-treated larvae compared to 
untreated animals, while iron pre-treated MM cells did not show sig-
nificant changes of the total number of engrafted PCs. BTZ selectively 
induces apoptosis in myeloma PCs by inducing components of the 
proapoptotic/terminal unfolded protein response (UPR) and triggering 
endoplasmic reticulum (ER) stress [49]. The UPR is a signalling acti-
vated by the accumulation of unfolded protein within ER, which at-
tempts to reduce the protein load on the ER and increase its folding 
capacity. However, unresolved ER stress results in the activation of 
apoptosis with the transition of the UPR from a protective to an 
apoptotic response. There is increasing evidence for a complex interplay 
between the UPR and iron homeostasis: ER stress can modify the 
expression of iron-related genes and iron excess is associated with 
increased expression of ER chaperones [54–56], thus increasing ER 

Fig. 7. Iron-exposed monocytes reduce bortezomib sensitivity of myeloma PCs. A) Experimental paradigm of primary human monocytes (Mϕ) and U266 cells 
cocultures. Representative dot plots (B) and quantification (C) of apoptotic cells after BTZ treatment in U266 cells obtained from coculture with Mϕ (U266Mϕ) or from 
coculture with Mϕ/FAC (U266Mϕ/FAC). Data are shown as mean percentage �SEM; ***p-value < 0.001 and **p-value < 0.01 versus controls or between groups. D) 
Quantification of mitochondrial mass analysis using MitoTracker probe in U266Mϕ and U266Mϕ/FAC cells; data are shown as mean of MFI �SEM; E) TFAM mRNA 
levels U266Mϕ and U266Mϕ/FAC cells; data are expressed as mean of FC over control �SEM; *p-value < 0.05 and **p-value < 0.01 versus control. 
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stress response. These findings support our data demonstrating that iron 
excess promotes BTZ resistance. 

Bone marrow microenvironment plays a pivotal role in supporting 
tumor cell growth, disease progression and drug resistance of myeloma 
PCs. Macrophages are key components of the myeloid infiltrate in tu-
mors [57], including MM, where these myeloid cells have been reported 
to negatively impact disease course [25]. It has also been demonstrated 
that patients with active MM have a higher number of macrophages in 
the BM microenvironment, which support PCs proliferation and favours 
chemotherapy-induced apoptosis [58]. MM cells specifically recruit 
monocytes secreting chemo-attractive factors such as CXCL12 and 
blockage with anti-CXCR4 antibodies significantly abrogates monocyte 
recruitment [25]. As macrophages display different phenotype and 
function depending on environmental signals, it is conceivable that once 
recruited into the MM microenvironment, monocytes acquire an alter-
native M2 polarization promoting tumor growth, enhancing angiogen-
esis and immunosuppression [59]. A physiological function of 
macrophages is to maintain the iron balance and an increase of iron 
traffic by TAM can promote tumor progression and chemotherapy 
resistance [24]. Apoptotic tumor cells trigger macrophages towards an 
iron releasing phenotype [23] and combination of chemotherapy with 
iron chelator therapy could reduce drug resistance [60,61]. 

We showed that FAC-treatment promotes M2-like monocytes with 
CD206highCD86lowHLA-DRlow phenotype together with a down-
regulation of pro-inflammatory cytokines (IL-6, CCL2, TNFα mRNA) and 
increased expression of anti-inflammatory markers (ARG1 and TGFB1), 
thus suggesting the establishment of an iron-mediated immune sup-
pressive tumor microenvironment favoring MM cells growth and sur-
vival. These results were furtherly supported in vivo using Tg(mpeg1: 
mCherry;tnfa:eGFP) double transgenic larvae, in which FAC treatment 
did not induce the activation of pro-inflammatory M1-like monocyte 
phenotype after inflammation triggered by fin amputation. Iron chela-
tion induced by DFO treatment was able to revert the effect of FAC 
increasing tnfa expression in recruited macrophages and also reduced 
the total number of M2-like macrophages. 

In addition to the direct effect of iron on macrophage polarization, 
our results also indicate that FAC treatment increases the ability of 
myeloma PCs to recruit macrophages. Indeed, mfap4:tomato transgenic 
zebrafish larvae injected with MM cells and exposed to FAC showed a 
significant increase of interactions between PCs and endogenous Mϕ 
compared to untreated larvae. Moreover, FAC-exposed xenografted 
larvae showed a significantly higher number of invading PCs, suggesting 
a potential role of iron in favoring tumor metastasis and migration. 
Importantly, physical interactions between macrophages and MM cells 
have been shown to protect PCs from drug-induced apoptosis [62]. 
Therefore, as TAM can release iron, we finally co-cultured myeloma cells 
with monocytes pre-treated or not with FAC. As expected, U266 cells 
isolated from co-culture with Mϕ/FAC exhibited reduced BTZ-induced 
apoptosis compared with MM cells obtained from co-culture with un-
treated Mϕ, suggesting an iron release from FAC pre-treated monocytes 
to myeloma PCs. 

In summary, our results demonstrated that iron has profound im-
pacts both on PCs and tumor microenvironment. Indeed, iron traf-
ficking, by modifying energetic metabolism of cancer cells and 
impairing inflammatory status of macrophages, represents a critical 
regulator of myeloma cell-macrophage interactions, shaping the MM 
tumor niche and promoting BTZ-resistance. Further, it could be shown 
that iron chelation treatment in combination with BTZ improves the PI- 
cytotoxic effects and/or could overcome drug resistance. 
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