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Supplemental Methods 

Iron oxide nanoparticles 

The majority of experiments were performed with the ultrasmall superparamagnetic iron oxide (USPIO) 

nanoparticle compound Ferumoxytol (Feraheme®, AMAG Pharmaceuticals Inc., Cambridge, MA, USA). 

Ferumoxytol is an FDA-approved iron supplement for intravenous treatment of iron deficiency in patients 

with impaired renal function 1-5. Ferumoxytol consists of iron oxide nanoparticles with an iron oxide core 

and a carboxymethyldextran coating. Ferumoxytol has a mean hydrodynamic diameter of 30 nm, an r1 

relaxivity of 15 s-1mM-1 and an r2 relaxivity of 89 s-1mM-1 at 1.5T and 37°C, 40 Hz 6. In order to validate 

findings with an alternate iron oxide nanoparticle compound, additional experiments were performed with 

Ferumoxtran-10 (Sinerem®, Guerbet, Paris, France), a USPIO compound previously investigated in phase 

I-III clinical trials for detection of lymph node metastases 7,8, which has recently received approval from 

regulatory authorities for clinical use in patients in the Netherlands 9. Ferumotran-10 consists of iron 

oxide nanoparticles with an iron oxide core and a dextran coating. Ferumoxtran-10 has a hydrodynamic 

diameter of 15-40 nm, an r1 relaxivity of 22.7 s-1mM-1 and an r2 relaxivity of 53 s-1mM-1 at 0.47 T and 

37 °C, 20 Hz 8. Control experiment was performed with iron-free dextran (FD10S; Sigma-Aldrich, St. 

Louis, MO).  

Transwell Assays 

To evaluate, if ferumoxytol nanoparticles have direct chemotactic effects on macrophages, MMTV-PyMT 

cancer cells and RAW264.7 macrophage cells were co-cultured in dual-chamber transwell systems with 3 

μm-sized microporous membranes (Corning, New York, NY, USA), which permits cell translocation 

between chambers (the 3 μm-sized microporous membrane is recommended by Corning in order to study 

macrophage migration). Macrophages were pre-labeled with a lipophilic carbocyanine dye, DiD (C67 

H103 CIN2 O3 S; 1,19 -dioctadecyl- 3,3,39 ,39  tetramethylindodicarbocyanine, Vybrant® DiD cell-

labeling solution, ThermoFisher). Briefly, 1 x 106 macrophages were incubated with 5 microliter of DiD 

dye/mL whole media at 37°C for 20 minutes. The cells were then washed three times with PBS (pH 7.4) 

by sedimentation (5 minutes, 400 rcf, 25u C). After washing, macrophages were plated onto transwell 
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inserts, MMTV-PyMT cancer cells were seeded into the bottom wells of transwell plates and co-cultures 

were incubated for 6 hours with ferumoxytol at a concentration of 2.73 mg/mL, which is equivalent to the 

ferumoxytol dose applied for in vivo studies (see below) 10. All transwell assays were performed with 

Dulbecco's Modified Eagle's Medium (DMEM), supplemented with 10% fetal bovine serum (FBS) and 

1% penicillin/streptomycin. Cells were incubated for 6 hours at 37 °C in a humidified atmosphere with 

5% CO2. Subsequently, the bottom chambers were isolated and cells were stained by 4',6-diamidino-2-

phenylindole (DAPI, Invitrogen). DiD positive macrophages that had migrated to the bottom chamber of 

transwell systems were counted under a Zeiss fluorescence microscope (Zeiss, Oberkochen, Germany), 

using DAPI and DiD channels and 40x magnification. Control groups were set up without either cancer 

cells, ferumoxytol or both in the co-culture system. The same volume of phosphate buffered saline (PBS, 

Gibco, USA) was added instead of ferumoxytol.  

To determine M1- and M2-associated gene expression in vitro, macrophages from the upper chamber 

(transwell system with 0.4 μm-sized microporous membranes and 12 h incubation time) were harvested, 

followed by RNA extraction with the RNeasy mini/micro kit (Qiagen, Valencia, CA, USA) according to 

the manufacturer’s protocol. Cell culture supernatants were also collected and either used directly or 

stored in -80°C until analyzed. 1 μg of total RNA was reverse-transcribed into complementary DNAs 

with an iScript complementary cDNA synthesis kit (Bio-Rad, Hercules, CA, USA) containing a mixture 

of oligo (dT) and random primers. Real-time PCR was performed with primers described previously 11-15 

on an ABI PRISM 7900HT Sequence Detection System (Applied Biosystems, Foster City, CA, USA), 

using a DyNAmo HS SYBR Green qPCR kit (New England BioLabs, Finnzymes, Finland). Cycling 

conditions were the following: initial denaturation at 95 °C for 10 min, followed by 40 cycles at 95 °C for 

15 s and 60 °C for 1 min. mRNA expression levels were determined by the comparative Ct method 16. To 

further confirm the production of the M1 marker TNFα and suppression of the M2 marker IL-10, samples 

were assayed using mouse TNF and IL-10 ELISA kits (Biolegend, San Diego, CA) following the 

manufacturer’s instructions.  

http://dx.doi.org/10.1038/nnano.2016.168


© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

4 NATURE NANOTECHNOLOGY | www.nature.com/naturenanotechnology

SUPPLEMENTARY INFORMATION DOI: 10.1038/NNANO.2016.168

4 
 

To evaluate production of reactive oxygen species (ROS) by cells in the transwell system, RAW264.7 

macrophages were co-cultured with MMTV-PyMT cancer cells in transwell plates with 0.4 μm pore-size 

(12-well, Corning), which allowed free diffusion of molecules between the two chambers but not cell 

translocation. Since RAW264.7 macrophages are isolated from the BALB/c mouse, which is derived from 

a different strain than the MMTV-PyMT tumour (FVB/N), we confirmed our results using autologous 

bone marrow-derived macrophages isolated from FVB/N mice, as described previously 17. Briefly, mice 

were euthanized, bilateral femurs and tibias were explanted, bone marrow cavities were flushed with 

DMEM supplemented with 10% FBS and 5 ng/mL macrophage colony-stimulating factors (M-CSF, 

PeproTech, Rocky Hill, NJ, USA), bone marrow cells were pipetted into single-cell suspension and 

incubated at 37°C for 2 h before plating. 0.7 x106 cells were seeded to one insert of a 6-well transwell 

plate. 5 days later, cancer cells were seeded to the bottom chamber of the transwell plate (0.4 μm, 

Corning), with or without addition of ferumoxytol at a concentration of 2.73 mg/mL, followed by caspase 

activity detection on the next day. Active caspase-3 detection in cancer cells was performed by 

immunocytochemistry. Cells were blocked in PBS containing 1.5% Bovine Serum Albumin (BSA, Sigma 

Aldrich, St Louis, MO, USA) and 3% Normal Goat Serum (Cell Signaling Technology Inc, Beverly, MA, 

USA) for 1 h. Cells were then stained against Human/Mouse Active Caspase-3 Antibody (R&D System, 

Minneapolis, MN, USA) at 1:100 dilutions in PBS supplemented with 0.5% BSA. Counterstains of 

intracellular actins and nuclei were performed by incubating the cell samples for 1 h with Rhodamine-

Phalloidin (Invitrogen, Eugene, OR, USA) at 1:200 dilutions in 0.5% BSA containing PBS solution and 

fixed with a DAPI mounting solution (Invitrogen).  

Culture media was retrieved from co-cultures described above and ROS levels were measured using two 

different ROS indicators: The hydroxyl radical was measured by incubating co-culture media with 3’-(p-

hydroxyphenyl) fluorescein (HPF; ThermoFisher Scientific, Waltham, MA Cat# H36004) at a 

concentration of 10 mM for 30 min at 37°C and measuring HPF fluorescence at an emission wavelength 

of 515 nm (excitation wavelength 490 nm). In addition, hydrogen peroxide in co-culture media was 

measured by incubating co-culture media with a hydrogen peroxide colorimetric detection kit for 30 min 
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at 25°C (Enzo Life Science, Farmingdale, NY; Cat# ADI907015) and measuring the resultant absorbance 

at 550 nm. Control groups included cancer cells, ferumoxytol, macrophages or any combination in a co-

culture system. To understand the effect of caspase expression on ROS production, control experiments 

were performed after administration of Z-DEVD-FMK (caspase-3 inhibitor, 100 µM, R&D Systems, Inc, 

USA). Cancer cells were first pretreated for 1 h with Z-DEVD-FMK and then the residual Z-DEVD-FMK 

was washed three times with cold PBS before cancer cells were co-cultured with macrophages in the 

transwell system. 

 

Small animal MRI  

We implanted 2.3 x 106 MMTV-PyMT-derived cancer cells into the bilateral mammary fat pads of female 

FVB/N mice, with or without addition of ferumoxytol (2.73 mg Fe/mL). All mice underwent magnetic 

resonance (MR) imaging under isofluorane anesthesia (n=7 mice, experimental group 1), using a 7 Tesla 

animal MR scanner (General Electric-Varian “microSigna 7.0”), a 45 mm Millipede radiofrequency coil 

(Varian Inc., Palo Alto, CA, USA) and a T2*-weighted 2D fast gradient echo (FGRE) pulse sequence 

with a flip angle of 20°, a repetition time of 70 ms, multiple echo times of 1.5-12.6 ms (8 echoes with 

echo spacing of 1.6 ms), a matrix of 128x128 pixels, a field of view of 4.5x2.7 cm, one excitation and a 

slice thickness of 0.6 mm. T2* relaxation time maps were generated from multi-echo FGRE images by 

fitting the relaxation equation M(TE)2_= M20 exp(–2TE/T2*) to the image data, using a custom research 

software (Cinetool,GE Global Research Center). T2* relaxation times, which are proportional to local 

iron concentrations, were measured on T2* relaxation time maps and compared between iron-co-injected 

and control implantation sites, using a t-test. 

Tumour model of liver and lung metastases  

Liver tumours were induced in NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ mice by intravenous injection of 1×104 

or 2×104 small cell lung cancer cells7,18 (SCLC, KP1-GFP-Luc). KP1-GFP-Luc cells were grown in RPMI 

media containing 10% Fetal bovine growth serum (Fisher Scientific) at 5% CO2 and 37◦C. Cells were 

washed with PBS before use, diluted in 0.5 ml of saline and injected via the tail vein. The tumour cells are 
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small enough that many can pass the pulmonary capillary bed, thereby leading to liver and pulmonary 

metastases18. 

Tissue dissociation and flow cytometry 

Mice were euthanized with Ketamine (100mg/kg) and Xylazine (10 mg/kg) intraperitoneally followed by 

transcardial perfusion with ice-cold PBS. All tumour, liver and lung samples were divided in two pieces, 

weighted and processed for both flow cytometry and histopathology. Tumour, liver and lung samples 

were taken into ice-cold PBS, minced with a razor blade, washed and incubated for 30 min at 37 °C in 

DMEM (Invitrogen) with 2.0 mg/mL Collagenase A (Roche, Basel, Switzerland) and 50 units/mL DNase 

I (Roche, Basel, Switzerland). Single cell suspensions were prepared by filtering through 70-µm nylon 

strainers (BD Biosciences). Cells were washed, and in the case of liver samples, ACK-lysis (Gibco Life 

Technologies, Carlsbad, CA, USA) was performed. Thereafter, cells were incubated for 15 min on ice 

with Fc Receptor Binding Inhibitor (eBioscience, USA) diluted 1/10 in PBS containing Zombie-Aqua 

fixable viability stain (BioLegend, San Diego, CA, USA) to exclude dead cells. Cells were then incubated 

for 30 min in PBS containing 1.0 mM EDTA and 5% FCS along with manufacturers’ suggested dilutions 

of fluorescently labeled primary monoclonal antibodies. The following antibodies were used for analysis 

of liver and lung macrophages: anti-CD11b-PerCP-Cy5.5, anti-Ly6G-PE anti-F4/80-Alexa Fluor 700, 

anti-CD80-Alexa Fluor 647, CD206 PE-Cy7, Anti-CD45-Pacific Blue, Zombie-Aqua fixable viability 

stain (all BioLegend, San Diego, CA, USA) stain was added to exclude dead cells. The antibodies were 

used for analysis of breast tumour macrophages are listed in Supplementary Table 1. Acquisition was 

performed on an LSRII Fortessa flow cytometer (BD-Biosciences, New Jersey, USA). Data analysis was 

performed using FlowJo Version 9.6.4 (Tree Star). Live singlets were gated using FSC-W/FSC-H 

(Supplementary Figure 5a). Liver macrophages were identified as CD45+Ly6C-CD11c-CD11b+ cells 

(Supplementary Figure 5b). Liver tissue-resident macrophages were defined as F4/80high CD11blow, 

whereas infiltrating macrophages were CD11bhigh F4/80low. Lung macrophage/dendritic cell subsets were 

identified as described in Fig. 4b.  
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Histology  

Tumour samples were embedded in Tissue-Tek OCT compound, snap frozen in liquid nitrogen and cut 

into 8 µm thick frozen sections using a cryostat. Sections were fixed in ice-cold acetone for 10 min at -

20°C followed by two 5 min washes in phosphate buffered saline (PBS) and 1 hour blocking in 1% 

bovine serum albumin (BSA)-PBS. Antibodies against CD206 (2 µg/mL, PE-conjugated, monoclonal rat 

anti-mouse IgG2a κ; BioLegend, San Diego, CA), CD80 (4 µg/mL, Alexa Fluor 488-conjugated 

Armenian Hamster anti-mouse IgG, BioLegend, San Diego, CA), CD11b (4 µg/mL, FITC-conjugated rat 

anti-mouse IgG2b κ, BD), and the corresponding isotype controls were diluted in 1% BSA-PBS to the 

indicated concentrations and then applied to the sections followed by overnight incubation at 4°C in the 

dark. Sections were washed three times with PBS for 5 min and mounted with ProLong Glod with DAPI 

(Life Technologies, Pleasanton, CA), imaged with 40X magnification with an Axio Zeiss microscope 

(Axio Observer 3.1; Zeiss, Oberkochen, Germany) and the resultant digital images were analyzed using 

the ImageJ (National Institute of Health). Cell nuclei, CD80 and CD206 positive cells were counted by 

ImageJ based on the method described by Papadopulos and co-workers 19.Student's t-test was used to 

determine differences between early and last stage tumour groups, considering p < 0.05 as statistically 

significant. 

Prussian blue stain was used as part of the Accustain Iron Stain Kit (Sigma-Aldrich, St. Louis, MO, USA) 

to qualitatively assess the iron uptake of liver samples of hepatic metastasis. Liver tissues were embedded 

in Tissue-Tek OCT compound, snap frozen in liquid nitrogen and sectioned into 8 μm thick slices using a 

cryostat. The slides were then fixed in a neutral buffered formalin solution, incubated for 15 minutes in a 

1:1 solution of Potassium Ferrocyanide and Hydrochloric Acid and then incubated with 3,3’-

Diaminobenzidine (DAB) for 3 minutes. The slides were rinsed once and then stained with a 1:50 dilution 

of Fast Nuclear Red solution in deionized water. After the final rinse, the sample was dehydrated using 

serial concentrations of ethanol, mounted and imaged for the presence or absence of positive blue iron 

staining. 
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Supplemental Figure Legends 

Supplementary Figure 1. Low dose ferumoxytol was not cytotoxic.  

Caspase 3/7 activity of different cell types after co-incubation with ferumoxytol for 24 hours at different 

iron concentrations. Up to a concentration of 3 mg/mL, which is equivalent to the applied concentration 

for in vivo experiments (2.73 mg/mL), ferumoxytol did not reveal cytotoxic effects on cancer cells. 

Further increase of ferumoxytol concentrations ranging from 3 to 30 mg/mL induced a dose-dependent 

cytotoxicity on all indicated cell lines. Data are displayed as the means of 3 independent experiments per 

experimental group plus standard deviation. * Indicates statistical significance (p < 0.05, Student’s t-test,) 

in comparison with control cells treated with PBS.  

 

Supplementary Figure 2. Ferumoxytol increased macrophage migration.  

a, Diagram shows macrophage-cancer cell co-culture set up in transwell plates (3 μm-sized microporous 

membrane allows for migration of macrophages). DiD-labeled macrophages were seeded onto the insert 

and cancer cells were seeded onto the bottom chamber. 2.73 mg/mL Ferumoxytol was added to the 

culture medium. Macrophage migration was analyzed 6 hours later after counterstaining cells in the lower 

chamber with DAPI. b, Representative images were taken by a Leica fluorescence microscope at a 

magnification of 10 x (Scale bar = 150 µm) and show increased migration of red fluorescent macrophages 

to bottom chambers that contained cancer cells and ferumoxytol compared to cancer cells or ferumoxytol 

alone. c, Corresponding quantitative data show significantly increased macrophage migration to cancer 

cell – ferumoxytol co-cultures. Macrophage counts were averaged from 15-20 fields of view using a 

fluorescence microscope at 40X. Data were collected from at least 3 independent experiments in 

triplicate. * Indicates statistical significance (p < 0.05, Student’s t-test, Error bars represent the mean ± 

standard deviations) between macrophages stimulated by both ferumoxytol and cancer cells, compared 

with cells incubated with ferumoxytol or cancer cells individually. 
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Supplementary Figure 3. Ferumoxytol can inhibit tumour growth  

To evaluate whether ferumoxytol treatment could completely suppress tumour growth, we implanted 

decreasing numbers of 2.3, 1, 0.1 and 0.01 x 106 MMTV PyMT cancer cells into the bilateral mammary 

fat pad, with or without ferumoxytol. a, Representative whole body fluorescence imaging at 21 days post-

inoculation show overall suppressed tumour growth in the presence of ferumoxytol and maximum tumour 

suppression for the lowest cancer cell load. b, Corresponding tumour volumes were significantly lower 

for ferumoxytol co-implanted tumours compared to untreated controls (P< 0.05, ANOVA, Data displayed 

as the mean of seven tumours per group ± standard deviations). Maximum tumour growth inhibition was 

noted for 0.01 x 106 co-implanted cells. c, Representative immunofluorescence stains at day 21 after 

implantation of 0.01 x 106 MMTV PyMT cancer cells into the bilateral mammary fat pad, with or without 

ferumoxytol. Ferumoxytol co-implanted tumours contain increased CD80+ M1 populations (green) and 

decreased CD206+ M2 populations (red) compared to cancer cells only. (Scale bar = 100 µm) d, The 

number of positive cells in 10 high power fields on each stain were counted and quantified for 7 sections 

per tumour. Ferumoxytol co-implanted tumours showed significantly increased CD80+ M1 populations 

compared to controls. Data represent the mean of 7 tumours per group ± standard deviations. (P< 0.05) 

indicates a statistically significant difference (Student’s t-test) from cancer cell injected control. 

 

Supplementary Figure 4. α-CSF1 monoclonal antibody treatment inhibits ferumoxytol effects on 

tumour growth 

Mice were co-implanted with MMTV-PyMT tumours, with and without ferumoxytol, and treated with 

anti-colony stimulating factor monoclonal antibody (α-CSF1 mAb), which depletes TAMs, and/or IgG.  

a, Serial tumour volume measurements up to day 21 after tumour cell inoculation. b, 

Immunofluorescence stains for CD11b, (red) and DAPI (blue) of tumour sections obtained at 21 days post 

implantation of cancer cells with and without ferumoxytol and/or α-CSF1 mAb treatment. (Scale bar = 50 

µm). c, The number of CD11b positive cells in 10 high power fields were counted and quantified for 7 

immunofluorescence images (7 biological replicates per group) for each stain respectively. * and ** 
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Indicate significant difference (p < 0.05, Student’s t-test, Error bars represent the mean ± standard 

deviations) compared to non α-CSF1 monoclonal antibody treated controls. 

 

Supplementary Figure 5. Gating tree for liver macrophage assessment.  

a, Flow cytometry gating tree to assess hepatic macrophage subsets used for polarization analysis. b, 

Tumour load assessment in control and ferumoxytol treated mice (n=7 per group). Tumour cells are 

GFP+CD45-. Cf. graphical representation in Fig. 6d. 
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Supplementary Figure 2. 
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Supplementary Figure 3. 
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Supplementary Figure 4. 
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Supplementary Figure 5. 
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Supplementary Table 1. Antibodies used for flow cytometry 
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