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Supplemental data 
Methods  
Cell culture  

Primary macrophages were isolated from murine bone marrow cells and cultured as previously described1 in 
Dulbecco's modified Eagle medium (DMEM, Sigma, Israel) supplemented with 30% L929-conditioned 
medium, 20% fetal bovine serum (FBS), 2mM L-glutamine, 100 units/mL Penicillin and 100 μg/mL 
Streptomycin (All from Biological Industries, Israel). After six days of proliferation and differentiation, cells 
were washed, detached with PBS containing 0.02% EDTA (Sigma), centrifuged and re-suspended in DMEM 
supplemented with 10% FBS, 2mM L-glutamine, 100 units/mL Penicillin and 100 μg/mL Streptomycin (All 
from Biological Industries). RAW264.7 macrophages were grown in DMEM supplemented with 10% heat-
inactivated FBS, 2mM L-glutamine, 100 units/mL Penicillin and 100 μg/mL Streptomycin. All cells were 
incubated in an atmosphere of 37ºC, 5% CO2 and 95% humidity. 

Animal studies 

For ferrozine iron assay and blood tests, 12 weeks old male mice were euthanized by injection of sodium 
pentobarbital and dipped in 70% ethanol for 5 min. The thoracic cavity was opened. The heard blood with or 
without anticoagulant (EDTA) was collected and centrifuged at 4000 x g for 10 min. The supernatant plasma 
or serum was collected. The plasma served for complete blood count (CBC) test while the serum served for 
serum iron and total iron-binding capacity (TIBC) test. Company names used: Beijing North Biotechnology 
Research Institute and Zhejiang DIAN Diagnostics Co., Ltd. (both in China). 

Mutant mice 

BLOC-1 is composed of proteins encoded by the pallid, muted, sandy (HPS7), cappuccino and reduced 
pigmentation (HPS8) HPS genes together with three additional novel subunits. BLOC-2 is composed of 
proteins encoded by the cocoa (HPS3), ruby-eye 2 (HPS5) and ruby-eye (HPS6) genes. BLOC-3 contains 
proteins encoded by the pale ear (HPS1) and light ear (HPS4) genes. BLOC1-/- mice (pa strain) tested in this 
research have a nonsense mutation in the pallid gene which causes a truncated Pallidin protein (undetectable 
by Western blot) and affects the stability of other subunits of the BLOC-1 complex.2,3 BLOC2-/- mice (ru 
strain) have an in-frame deletion mutation in the ruby-eye gene which disrupts the function of the Hps-6 
protein.4 BLOC3-/- mice (ep strain) have an in-frame insertion mutation in the pale ear gene and is associated 
with a large genomic alteration and defective Hps-1 protein function.5–7 Rab27A-/- (ash strain) mice have a 
splicing mutation in the RAB27A gene which results in protein-null mutation.8–10 All mice are viable and 
healthy and the most visually apparent effects are on pigmentation of the coat and eyes.11–14 

Immunofluorescence 

Immunofluorescence staining was performed as previously described.15,16 Briefly, macrophages were grown 
on sterile coverslips (13mm, Thermo Fisher Scientific, MS, U.S.A) in 24-well cell culture plate at 
approximately 300 x 105 cells/well and were treated with agents as indicated. Then, cells were washed, fixed 
with 4% PFA in PBS (Electron Microscopy Sciences, PA, U.S.A), permeabilized with 0.1% Triton X-100, 
blocked with 10% normal serum in 0.1% BSA (Biological Industries) and incubated with primary antibodies. 
Affinity purified rabbit anti-L-ferritin (a kind gift from Prof. A.M. Konijn, Hebrew University of Jerusalem, 
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Israel, 1:400), rat anti-GM-130 (BD Bioscience, 1:200), goat anti-EEA-1 (Santa Cruz, 1:200) and goat anti-
CatD (R&D Systems, 1:200) antibodies were incubated over-night (ON) in 0.1% BSA at room temperature 
(RT). Next, cells were washed, incubated with secondary antibodies (Alexa Fluor, ThermoFisher Scientific, 
MA, USA) for 1 h, washed and mounted with DAPI (Vector Laboratories, Inc. CA, U.S.A). Negative controls 
were done to exclude non-specific staining and channel leakage. 

Ferrozine iron assays  

Liver iron content was measured using a colorimetric ferrozine-based assay17 with some 
modifications. Briefly, 22 μl concentrated HCl (11.6 mol/L) was added to 100 μl cell lysate (~500 μg 
total protein). The mixed sample was heated at 95°C for 20 min, then centrifuged at 12,000 x g for 10 
min. Supernatant was transferred very gently into fresh tubes. Ascorbate was added to reduce the Fe 
(III) into Fe (II). After 2 min of incubation at RT, ferrozine and saturate ammonium acetate (NH4Ac) 
were sequentially added to each tube and the absorbance was measured at 570 nm (BioTek EL x 800, 
Shanghai, China) within 30 min. 

Subcellular fractionation 

Cells were lysed in ice-cold lysis buffer containing 1% Triton X-100, 20mM Tris, 37mM NaCl, 10% Glycerol, 
10 μg/mL leupeptin and a tablet of EDTA-free protease inhibitor cocktail (Roche Diagnostic, Mannheim, 
Germany)/10 mL lysis buffer. The lysates were incubated on ice, centrifuged at 10,000 x g for 10 min at 4oC 
and supernatants were collected. Differential detergent fractionation was performed as previously described18 
with minor modifications. Cell suspensions were pelleted and washed by centrifugation at 200 x g and 4°C. 
Next, cells were washed with Reduced H medium+ protease inhibitors (RHM+) buffer containing 210 mM 
mannitol, 70 mM sucrose, 4 mM HEPES pH 7.2, 1 mM AEBSF and one protease inhibitor tablet/10 mL 
buffer. Cell pellets were re-suspended in RHM+ buffer containing 0.2% digitonin and incubated on ice. Cell 
lysates were centrifuged at 700 x g and the supernatants were centrifuged at 16,000 x g. The final supernatants 
were considered as the cytosolic fraction. The pellets after the 700 x g centrifugation step were washed with 
RHM+ buffer at 16,000 x g, lysed with 1% Triton X-100 lysis buffer and centrifuged again. This was 
considered the membrane-bound vesicles fraction. Subcellular fractionation for lysosome-enriched fractions 
was performed as previously described.19   

Immunoblotting analysis 
Samples were separated by SDS-PAGE and transferred to nitrocellulose. Blots were incubated with antibodies 
diluted in blocking buffer for 1 hr. Anti-L-ferritin and H-ferritin (kind gifts from Prof. A.M. Konijn, 1:5,000) 
was incubated for 1 h in 3% BSA in TBS-T buffer at RT. Anti-LAMP1 (Abcam, Cambridge, UK, 1:5,000), 
anti-Tubulin (kind gift from Prop. Gera Neufeld, 1:1000), Anti-TSG101 (Abcam, 1:500), anti-TNFα (Santa 
Cruz Biotechnology, Inc. Dallas, Texas, U.S.A), anti-TfR1 (Invitrogen, CA, U.S.A) and anti-β-actin 
(Bioworld technology, Inc. MN, U.S.A) antibodies were used according to the manufacturer's 
recommendations. The membrane was washed with TBS-T buffer, incubated with horseradish peroxidase-
conjugated secondary antibodies (Abcam, 1:25,000) and detected with enhanced chemiluminescence kit 
(Thermo Fisher Scientific, MA, USA). 

Isolation of exosomes by ultracentrifugation 
Exosomes were isolated from cell culture medium as previously described.20 At least three confluent 10 cm2 
plates of cells were washed twice and incubated at 37ºC in 1:1 mixture of OptiMEM I medium (Gibco by Life 
Technologies, Thermo Fisher Scientific, MA, USA) and complete DMEM medium supplemented with 1mg\L 
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BSA, 20mM β-mercaptoethanol and 100μM FAC. After 24 h, medium was collected and placed on ice, and 
the cells were lysed in 1% Triton X-100 lysis buffer. The medium was then centrifuged for 10 min at 2,000 x g 
and 4oC to remove dead cells and for 30 min at 12,000 x g and 4oC to remove cell debris using Optima L-90K 
ultracentrifuge with fixed Type 70 Ti rotor (Beckman Coulter, Inc. CA, U.S.A). The supernatant was collected 
and centrifuged for 90 min at 100,000 x g and 4oC to sediment the exosomal fraction. The pellet was washed 
and centrifuged for additional 90 min at 100,000 x g and 4oC to remove soluble serum and contaminating 
secreted proteins. Additional washes were performed. Finally, the pellet containing the exosomes was re-
suspended in ice-cold PBS and the sample was resolved by SDS–PAGE and analyzed by immunoblotting. 
Alternatively, exosomal fractions were analyzed by TEM analysis. 

Transmission electron microscopy (TEM) analysis  

Ferritin cores were determined by TEM using a JEOL (JEM-2100) Electron Microscope operated at 200 KeV 
from the Centro Nacional de Microscopía Electrónica (CNME), Spain. Samples were diluted in water and a 
drop of the suspension was mounted on a carbon-coated copper grid, allowing the water to evaporate slowly at 
RT. Images were routinely taken at 40kx and 100kx magnifications using a Gatan Orius SC1000 (Model 832) 
CCD. Iron analysis was performed by Energy Dispersive Spectroscopy (EDS) (OXFORD INCA). Negative 
staining and cryo-TEM experiments were done at the Technion - IIT. For negative staining, samples were 
supplemented with 0.1% glutaraldehyde. A 400-mesh carbon-coated grid was placed on a 20 µl sample drop 
and blotted with a filter paper. The samples were chemically stained by placing the grid on a 20 µl drop of 1% 
uranyl acetate followed by blotting with a filter paper and air-drying. Talos F200C and Tecnai T12 G2 TEMs 
(FEI, Netherlands) were used for analysis. Images were recorded digitally on Ceta (FEI, Netherlands) or Gatan 
Ultrascan 1000 camera using the DigitalMicrograph software (Gatan, U.K.). Cryo-TEM samples were 
prepared under controlled relative humidity and temperature. A 5 µl drop was placed on a perforated carbon-
coated grid. The sample was thinned to ~100-150 nm thick film, quenched in liquid ethane to create a vitrified 
film and transferred to liquid nitrogen. The vitrified sample was examined in the Tecnai T12 G2 TEM at 
magnifications of up to 30K under low dose conditions and using imaging procedures as described.21 

ELISA 
Ferritin in murine sera was detected and quantified by sandwich ELISA as described.22 Briefly, a 96-well plate 
was coated with the goat anti-rat liver ferritin antibody (a kind gift from Prof. A.M. Konijn, 1:5,000) and 
incubated for 1 h at 37°C and ON at 4°C. Then, the plate was washed and mouse serum samples were diluted 
and added to the plate. The plate was incubated for 1 h and then washed. Next, the primary antibody rabbit 
anti-mouse liver ferritin (a kind gift from Prof. A.M. Konijn, 1:10,000) was added, the plate was incubated for 
1 h and then washed. The secondary antibody - goat anti-Rabbit IgG beta-galactosidase conjugated human 
absorbed (Southern Biotech, AL, U.S.A, 1:25,000) was added, the plate was incubated for 1 h and washed. 
Next, the substrate CPRG (Roche) was added and the plate was incubated for 1.5 h until a chromogenic signal 
was developed and read in a 96-well plate reader (HR801, Hua Ke Rui, China) at 595 nm. ELISA kits for CRP 
(Boster, CA, USA) and IL-6 (ExCell Biotech Co., Ltd, Shanghai, China) were according to the manufacturer's 
recommendations.  

Metabolic labeling and pulse-chase analysis  
Cells were starved for 30 min at 37oC in L-cysteine\L-methionine-free DMEM (Sigma) supplemented with 
10% dialyzed FCS, 0.01M HEPES, 2mM L-glutamine, 100 units\mL Penicillin and 100 μg\mL Streptomycin. 
Next, cells were pulse-labeled for 15 min in Figure 4A experiment and for 2 h in Figure 5H experiment, both 
at 37oC in L-cysteine\L-methionine-free DMEM supplemented with 3mCi \ 15 mL of EasyTag™ 
EXPRESS35S Protein Labeling Mix, [35S] (Perkin Elmer, MS, U.S.A). Total 35S incorporation was the same in 
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all samples. The medium was then removed and complete DMEM medium supplemented with 0.5 mg/mL L-
cysteine and 0.1 mg/mL L-methionine was added and incubated for the indicated times at 37°C. Cells were 
washed in ice-cold PBS. When mentioned, all steps, including starvation, pulse-chase labeling and washes, 
were done in the presence of 100 µM FAC and 5µg/mL brefeldin A (BFA) where indicated. Medium samples 
were collected at the indicated times and centrifuged. In Figure 5H, cells were not harvested at time 0 h. Cells 
were lysed in 1% Triton X-100 lysis buffer. For data in Figure 4A, all samples were immunoprecipitated with 
an anti murine L-ferritin antibody that is specific for the L-subunit, but pulls down the 24-mer. Thus, also H-
subunits that are assembled with L-subunits in the whole ferritin multimer. The immnoprecipitate was then 
separated on SDS-PAGE and the two subunits were separated. Therefore, due to the metabolic labeling we 
were able to visualize the H-ferritin subunit on the same gel as well, in accordance with results from our 
previous research23 in which these two subunits were visualized in a similar manner. In Figure 5H, we used an 
H-subunit specific antibody for the immunoprecipitation. There, in the Hela cells with the double deletion of 
human H- and L-subunit, that were transfected with murine H-subunit only, a single H-subunit band is visible, 
but in the control RAW264.7 cells, the H-specific antibody also pulled down the L-subunit in the 
heteropolymer. All gels were run at 50V ON and fixed in 40% (v/v) methanol and 10% (v/v) acetic acid 
solution, dried and placed in a Kodak screen for S35 according to manufactures instructions and exposed ON to 
a KODAK BioMax MS film. Radioactive bands were visualized by the Fluorescent image analyzer FLA-
7,000 (Typhoon). 

Computational tools 

Selection of sequences: Based on the availability of Uniprot database,24 ferritin sequences of representative 
eukaryotic species were selected for surveying signal peptide (SP) presence. The protein sequences of the 
available eukaryotic species were downloaded and filtered to avoid partial or irrelevant data. Among others, 
plant-ferritins (also found in the plastids25 and assumed to lack the SP) showed high inconsistency and thus 
were systematically filtered. To analyze only one single, longest, preferably reviewed sequence per organism, 
duplications due to multiplicity of variants or subunits, were also subject to filtration. SP search: 
Determination of the presence or absence of the SP sequence in the chosen ferritin sequences was conduct 
using SignalP 4.026 with the D-cutoff value of 0.45. Known information from the literature was used as 
negative control, while Uniprot annotations were used as positive control. Phylogenetic tree generation: A 
taxonomy-based phylogenetic tree was generated by phyloT27 and Dendroscope28 tools with only the analyzed 
organisms present. The organisms were tagged with (+) or (-) for the presence or absence of SP sequence 
according to the search results. Motif search: The ferritin sequences were divided into two groups: SP positive 
and SP negative. Motif search in SP negative group was conducted using MEME29 tool on sequences longer 
than 170 amino acids. The five most abundant motifs were provided to the FIMO29 tool for matches scan in 
the SP positive group. The objective was to identify those that are common in the SP negative group but non-
enriched in the SP positive group. Motif visualization: The motif was colored on the mouse H-ferritin crystal 
structure from the Protein Data Bank (PDB 3wnw) using the Chimera package.30 All Protein-protein 
interaction sites on ferritin surfaces were predicted by the Optimal Docking Area (ODA) method,31 on the 
same PDB. ODA methodology is able to predict residues involved in protein-protein interfaces from a single 
protein structure. This tool is used to analyze the optimal desolvation patch on a protein surface to predict 
potential binding interface sites.  

Targeted deletion of human ferritin H- and L-subunits in Hela cells by CRISPR/Cas9 

CRISPR/Cas9 was used to generate clonal FTH-FTL knockout HeLa cell line. High-quality gRNA sequences 
were previously used by Mancias and colleagues (Mancias et al., 2015) or designed using the crispr.mit.edu 
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resource, for FTH and L respectively. Both gRNAs were designed to uniquely target the FTH and FTL gene 
within the genome. The sequences of the gRNAs used were:  FTH1 (exon 1) – 
GACCATGGACAGGTAAACGT, FTL (exon 1) – GGGACTCACCAGAGAGAGGT. We used an all-in-one 
expression plasmid for simultaneous gRNA and Cas9 expression (Cong et al., 2013; Ran et al., 2013) under 
two different promoters: pX330-U6-Chimeric_BB-CBh-hSpCas9 vector (Plasmid #42230, Addgene) co-
transfected with 500 ng of empty pTK-Hyg vector (Clontech) harboring hygromycin resistance for the 
selection for FTH gRNA, while pSpCas9(BB)-2A-Puro (PX459) V2.0 vector (Plasmid #62988, Addgene, 
harbouring puromycin resistance) for FTL gRNA. Cells were transfected using Lipofectamine3000 according 
to the manufacturer’s instructions. After 48 hours the complete culture medium was supplemented with 300 
µg/mL of hygromycin (Sigma) and 1 µg/mL of puromycin (Thermo Scientific) for the selection of positive 
clones. We waited approximately 3 days and then the cells were seeded by limiting dilution plating to obtain 
1 cell/well on 96- well plates and cultured. Clonal colonies were screened for FTH-FTL protein expression by 
Western Blotting and targeting was confirmed by sequencing analysis. 

Site-directed mutagenesis of murine H-ferritin and cloning 

Amino acid substitution in FTH gene was generated by the PCR-mediated Overlap Extension method32 using 
mutagenic and flanking primers (Integrated DNA Technologies, Israel), as detailed in Table 1(Alanine codons 
are mark in red). PCR amplifications were performed with Q5 DNA polymerase (New England BioLabs, MA, 
USA), double-digest of amplicons and pmCherry-N1 vector (following the removal of mCherry) was executed 
by the restriction enzymes EcoR1 and Not1 (New England BioLabs) while the ligation reaction of inserts and 
vector was performed with T4 DNA ligase (New England BioLabs), according to manufacture instructions. 
The final constructs, with the specific site-directed mutation in FTH gene, were confirmed by sequencing. 

 

 Table 1: Mutagenic and flanking primers designed for PCR-mediated Overlap Extension 

 

 

 

 

 

 

 

 
  

 Mutagenic Primers (5'-3) Flanking Primers (5'-3') 
WT 

(EcoRI site) - FAAACGCGAATTCACCATG
ACCACCGCGTCTC 

WT 
(NotI site) - RACCGCGGCCGCTTAGCTC

TCATCACCGTGTCCCAG 

R79A FAGCGAGGTGGCGCAAT
CTTCCTGCA - 

R79A RTGCAGGAAGATTGCGC
CACCTCGCT - 

F81A FGTGGCCGAATCGCACT
GCAGGATATAAA - 

F81A RTTTATATCCTGCAGTG
CGATTCGGCCAC - 

Q83A FGCCGAATCTTCCTGGC
AGATATAAAGAAACC - 

Q83A RGGTTTCTTTATATCTGC
CAGGAAGTTCGGC - 
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Figures 

 
Figure S1. Ferritin co-localizes with NCOA4 - a cargo receptor mediating ferritin transport into the 
lysosome.33 Representative confocal images of murine macrophages transfected with GFP-NCOA4 (green) by 
Lipofectamine 2000 reagent (Invitrogen) and stained for ferritin (red). Scale bar: 5 µM. Image visualization 
was performed on a LSM 700 (Zeiss) laser scanning inverted confocal microscope with a Plan-Apochromat 
X63 /1.4 NA oil DIC objective. 
 

 

 
Figure S2. Energy dispersive X-ray spectra of ferritin standard, total cell lysate and membrane-bound 
vesicles-fractions confirming the presence of iron (peak at 6.4 keV) consistent with the electron-dense 
particles observed by TEM (Figure 2E) typical of ferritin cores. Note: The pronounced Cu signal comes from 
the grid used to mount the sample. 
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Figure S3. Normal levels of inflammatory markers were observed in mice with trafficking defects of the 
endo-lysosomal pathways. (A.) White blood cell count (WBC) was determined by a routine veterinary 
laboratory in a blind manner. Each bar represents mean±SD (n=4/5, * p<0.05, ** p<0.01, *** p<0.001). 
Statistical significance was evaluated by the unpaired t-test by the GraphPad software. (B.) TNFα 
measurements: Upper panel: Liver lysates were separated on SDS-PAGE (35 µg protein/lane) and analyzed by 
Western blot with anti TNFα and actin antibodies. Quantification of protein relative band intensity was 
evaluated from SDS-PAGE gels (n=4). Lower panel: TNFα measurements in blood were determined by a 
routine veterinary laboratory. (C.) CRP measurements: Upper panel: Liver CRP was determined by a 
commercial ELISA kit (Boster, Cat.# EKO977). Lower panel: CRP measurements in blood were determined 
by a routine veterinary laboratory. (D.) Liver IL-6 was determined by a commercial ELISA kit (eXcELL 
Biotech Co. Ltd, Cat.# EM004-48). Several evaluations are statistically significant but seems to have no 
biological significance. 

 
Figure S4: Five most conserved motifs in the ferritin sequences of organisms with SP negative ferritins. 
The ferritin sequences from organisms determined to lack a SP on ferritin were scanned for conserved motifs. 
The scan of the motifs was performed only on sequences longer that 170 amino acids to homogenize the 
sequences length. The percentage of SP negative and SP positive sequences having the motif is shown. The e-
value is compatible to the preliminary motif search in the SP negative group.   
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Figure S5: Subunit assembly to a 24-mer and iron content of ferritin with point mutations in the 
“secretion motif”. (A.) Decrease in binding affinity was predicted in silico, using a putative L82A mutation 
as positive control, as L82 is essential for subunit assembly.34 (B.) HeLa cells with targeted deletions of human 
ferritin H- and L-subunits (produced by CRISPR/Cas9) were transfected with plasmids coding for wild type 
(WT) murine H-ferritin or plasmids containing point mutations FTHR79A, FTHF81A or FTHQ83A in the putative 
secretion motif. After 48 hours cells were lysed and separated by native (non-denaturing) polyacrylamide gel 
electrophoresis (5% polyacrylamide, 60 µg/lane protein). Ferritin assembly was visualized by an anti murine 
H-ferritin antibody. Murine ferritin was absent in non-transfected cells (NT). WT, FTHF81A and FTHQ83A 
migrated similarly to a ferritin standard lane (standard not shown). FTHR79A migrated slightly faster. (C.) 
ferritin iron content was determined by Perls Prussian Blue with DAB enhancement staining (200 µg 
protein/lane). All mutant ferritins contained iron, only the FTHR79A contained slightly less iron than WT and 
the other two mutations. 

 

 
Figure S6. Free ferritin precipitation during the exosome isolation procedure. Standard ferritin was added 
exogenically to a control medium and purified in parallel to the exosome fractions. For negative staining, 
samples were re-suspended in 0.1% glutaraldehyde and a drop was mounted on an ion-coated copper grid 
supported by a carbon-coated film. The grid was stained with 1% uranyl acetate and observed by TEM. Scale 
bar: 100 nm. The procedure demonstrated, that non-vesicle bound free ferritin is precipitated by the exosome 
purification protocol. 
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