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Iron that is stored in macrophages as ferritin can be made bioavailable by degrading

ferritin in the lysosome and releasing iron back into the cytosol. Iron stored in ferritin is

found as Fe31 and must be reduced to Fe21 before it can be exported from the lysosome.

Here we report that the lysosomal reductase Cyb561a3 (LcytB) and the endosomal reductase

six-transmembrane epithelial antigen of prostate 3 (Steap3) act as lysosomal ferrireductases

in the mouse macrophage cell line RAW264.7 converting Fe31 to Fe21 for iron recycling. We

determined that when lysosomes were loaded with horse cationic ferritin, reductions or loss

of LcytB or Steap3 using CRISPR/Cas9-mediated knockout technology resulted in decreased

lysosomal iron export. Loss of both reductases was additive in decreasing lysosomal iron

export. Decreased reductase activity resulted in increased transcripts for iron acquisition

proteins DMT1 and transferrin receptor 1 (Tfrc1) suggesting that cells were iron limited. We

show that transcript expression of LcytB and Steap3 is decreased in macrophages exposed to

Escherichia coli pathogen UTI89, which supports a role for these reductases in regulating

iron availability for pathogens. We further show that loss of LcytB and Steap3 in

macrophages infected with UTI89 led to increased proliferation of intracellular UTI89

suggesting that the endolysosomal system is retaining Fe31 that can be used for proliferation

of intravesicular pathogens. Together, our findings reveal an important role for both LcytB

and Steap3 in macrophage iron recycling and suggest that limiting iron recycling by

decreasing expression of endolysosomal reductases is an innate immune response to protect

against pathogen proliferation and sepsis.

Introduction

Iron plays an essential role in enzymatic reactions that drive heme, iron-sulfur cluster, lipid, and DNA synthe-
sis.1,2 The majority of total body iron (3-4 g) can be found as hemoglobin in red blood cells (2-3 g). Red
blood cells have a life span of �100 to 120 days necessitating a mechanism for iron recycling from senes-
cent red cells.3 Macrophages play a central role in iron recycling from senescent or damaged red cells by
delivering about 20 to 30 mg of iron back into the bloodstream daily for further rounds of utilization.4,5

Macrophages in the liver and spleen engulf most of the aged red cells, and the resulting phagosome fuses
with the lysosome where the red cell is degraded. As the red blood cell is degraded, heme released into
the lysosomal lumen is then transported out of the lysosome by HRG1.6,7 Cytosolic heme is catabolized
by heme oxygenase-1 releasing Fe21 into the cytosol that can then be exported out of macrophages
through ferroportin (Fpn) or stored in cytosolic ferritin.8,9 Under iron-limited conditions, ferritin in the
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Key Points

� Lysosomal reductase
activity is necessary
for iron release and
recycling.

� Loss of lysosomal
reductases increases
the proliferation of
intracellular
pathogens.
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macrophages can be engulfed in an autophagosome through recruit-
ment of the cargo receptor NCOA4,10-12 which then fuses with the
lysosome.13 In the lysosome, ferritin is broken down, and Fe31 is
released into the lysosomal lumen where it can be stored or trans-
ported back into the cytosol through divalent metal transport 1
(DMT1), Natural resistance–associated macrophage protein 1
(NRAMP1) or transient receptor potential mucolipin 1 (TRPML1).14,15

Because iron transporters identified to date accept Fe21 only as a
substrate, there must be a mechanism to convert lysosomal Fe31 to
Fe21 before it can be exported to the cytosol. To date, a mammalian
lysosomal ferrireductase has not been described for macrophage
iron recycling. One candidate that is predicted to be a macrophage
lysosomal ferrireductase is Cyb561a3 (referred to here as LcytB),
which has been localized to lysosomes in the RAW264.7 mouse
macrophage cell line, although its function as a reductase for iron
was not demonstrated.16 LcytB is a member of the cytochrome
b561 (Cyt b561) family, which is a group of intrinsic membrane pro-
teins involved in ascorbate-mediated transmembrane electron trans-
port.17 An example of a Cyt b561 reductase is Dcytb, which acts in
iron absorption in the gut converting Fe31 to Fe21 for iron import at
the apical surface of the gut epithelium.18 Saccharomyces cerevisiae
also expresses plasma membrane ferrireductases Fre1 and Fre2, and
the absence of both results in poor growth on iron-limited media.19

The poor growth of Dfre1Dfre2 yeast can be partially complemented
by overexpression of mammalian LcytB, but this complementation
requires plasma membrane localization of LcytB,20 whereas LcytB is
localized to lysosomes in macrophages.16 A recent article showed
that transcripts for the gene encoding LcytB (Cyb561a3) were dra-
matically increased when lysosomal acidification was blocked and
that this increase was a result of cellular iron limitation.21 This sug-
gests that LcytB is important in iron release from lysosomes, although
this has not been directly shown.

The six-transmembrane epithelial antigen of prostate 3 (Steap3) is an
endosome-localized ferrireductase that works with DMT1 to export
iron out of the endosome.22 Previous studies have shown that
Steap3 partner transporter DMT1 translocates to the lysosome upon
ferritin loading,14 which suggests that Steap3 may also translocate to
the lysosome of macrophages depending upon iron status and reduc-
tase need. Here we report that both LcytB and Steap3 are important
in lysosomal iron release from macrophages. We generated deletions
in LcytB, Steap3, and in both in RAW264.7 mouse macrophages.
We show that preloading the lysosome with iron-laden horse spleen
cationic ferritin (CF) (which is broken down in the lysosome) and iron
is then released to the cytosol, which results in increased endoge-
nous mouse cytosolic ferritin levels; the absence of LcytB or Steap3
decreases the release of lysosomal iron. We also show that the
absence of both reductases is additive in iron release from lyso-
somes. We determined that Steap3 shows increased colocalization
with the lysosomal marker Lamp2 when cells are fed CF. Finally, we
show that loss of these reductases in RAW264.7 cells increases the
proliferation of Escherichia coli pathogen UTI89, which can live in the
lysosome, confirming that more iron is bioavailable for the survival and
proliferation of vacuolar pathogens.

Materials and methods

Cell culture

The murine macrophage cell line RAW264.7 was cultured in Dul-
becco’s modified Eagle medium (DMEM; Mediatech) containing 0.2

mM L-alanyl-L-glutamine dipeptide (Gibco), 0.1 mM sodium pyruvate
(Sigma), 10% fetal bovine serum, and penicillin-streptomycin
(Sigma) at 37�C under 5% CO2. For ascorbate experiments, cells
were incubated with 0.3 M ascorbate for 48 hours after CF loading.
C57BL/6 bone marrow–derived macrophages were isolated and
grown as previously described.23

Bone marrow–derived macrophages and RNA

interference

C57BL/6 bone marrow–derived macrophages were isolated and
grown as previously described.23 Small interfering RNA (siRNA)
pools matching selected regions of LcytB complementary DNA
(cDNA) sequences and a random sequence pool were purchased
from Thermo Fisher Scientific. Transfections were performed on
bone marrow–derived macrophages plated at 50% confluence
using electroporation (Amaxa Neon) with siRNA pools at a final con-
centration of 100 nm according to manufacturer’s directions. Cells
were transfected twice (time 0 and time 24 hours) and then grown
for an additional 48 to 72 hours before harvesting for quantitative
reverse transcriptase polymerase chain reaction (qRT-PCR) or ferri-
tin measurements.

CRISPR/Cas9 generation and complementation

of mutations

LcytB and/or Steap3 mutants were generated by using a lentiviral
CRISPR/Cas9 system. CRISPR constructs were generated under
the guidance of Crystal Davey, PhD, Core Director, Mutation Gener-
ation Detection Core. The LcytB-CRISPR constructs were targeted
to the sequence on exon 3 or exon 4 of the mouse cyb561a3,
whereas the Steap3-CRISPR constructs were targeted to a
sequence on exon 1 of the mouse Steap3. Reductase mutants
were identified by high-resolution melting analysis, and changes in
Cyb561a3 or Steap3 messenger RNA (mRNA) were confirmed by
qRT-PCR. For LcytB complementation, the pCMV3-GFPSpark-
human cyb561a3 plasmid (Sino Biological) was transfected into
LcytB mutants using the Neon electroporation transfection system
(Thermo Fisher Scientific) according to the manufacturer’s protocol
for macrophages. The transfected cells with green fluorescent
protein (GFP) were selected for analysis by flow cytometry (BD
FACSAria) and kept in hygromycin 200 mg/mL for 2 weeks. For
Steap3 complementation, the pCDNA6-Steap3-Myc-His construct
(a generous gift from Mark Fleming, MD, Harvard University)22 was
transfected into Steap3 mutants using the same transfection system
as described above. The transfected cells were selected in 10 to
20 mg/mL blasticidin. All selected LcytB or Steap3 overexpression
cell lines were then placed in antibiotic-free media to confirm stable
expression before complementation analysis and to ensure that any
observed effects were not the result of the presence of antibiotics.

qRT-PCR

Total RNA was harvested using the RNeasy Mini Kit (QIAGEN)
according to the manufacturer’s protocol. A High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems) and 2 mg RNA
were used to make cDNA. Power SYBR Green Master Mix (Applied
Biosystems) was used on a Mastercycler Realplex2 system (Eppen-
dorf). Actin was used as a control housekeeping gene. The DDCt
method was used to compare the variation of transcripts among
samples. Specificity and efficiency were checked before using
this method. Primers for mouse genes included Actin forward
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59-GACGGCCAAGTCATCACTATTG-39, Actin reverse 59-CCA-
CAGGATTCCATACCCAAGA-39, LcytB forward 59- CGAGAATC
GCACACCTCTACTC-39, LcytB reverse 59-TTTCAGGAGGCTTC
GCAGCCAC-39, Steap2 forward 59-GAGCAACGCTTTGAACTG-
GAGAG-39, Steap2 reverse 59-GGCAAGAACGAAGTTTGGTGGT
G-39, Steap3 forward 59- TCTTCAGCACCGCCAGTCTAAC-39,
Steap3 reverse 59- CTGGCTGATCACTGCAGATGAG-39, Steap4
forward 59-GGGAATCACTTCCTTGCCATCAG-39, Steap4 reverse
59-TCCGCCATACACCAAAGTGTGG-39, DMT1 forward 59-TTGC
AGCGAGACTTGGAGTGGT-39, DMT1 reverse 59-GCTGAGCCA
ATGACTTCCTGCA-39, transferrin receptor 1 (Tfrc1) forward 59-
GAAGTCCAGTGTGGGAACAGGT-39, Tfrc1 reverse 5'-CAAC-
CACTCAGTGGCACCAACA-3', Fpn forward 59- CCATAG
TCTCTGTCAGCCTGCT-39, Fpn reverse 59-CTTGCAGCAACTGT
GTCACCGT-39,

Membrane isolation and western blot

Cells were harvested, washed twice in phosphate-buffered saline
(PBS), and then resuspended in 2 mL buffer (0.25 M sucrose, 10 mM
Trizma base, and 0.5 mM tetrasodium EDTA [pH 7.4]). Cells were
homogenized using a ball-bearing homogenizer with a 0.2561-inch
diameter ball. The homogenates were centrifuged at 400g at 4�C for
5 minutes, and the supernatant was centrifuged at 14000g at 4�C for
30 minutes. The pellet was solubilized in lysis buffer (1% Triton, 150
mM NaCl, 0.5 mM tetrasodium EDTA, and 10 mM Trizma base
[pH7.4]) containing 23 protease inhibitors (Roche) and incubated for
30 minutes on ice; the lysate was centrifuged at 14000g at 4�C for
30 minutes. The membrane lysates with 13 Laemmli buffer were
boiled at 100�C for 10 minutes, run on a 4% to 20% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) Tris-glycine
gel (Bio-Rad) at 100V for 60 to 90 minutes in buffer (25 mM Tris,
192 mM glycine, 0.1% SDS), and transferred to nitrocellulose mem-
branes (GE Healthcare Life Sciences) at 100V for 1 hour in Western
transfer buffer (25 mM Tris, 192 mM glycine, 20% v/v methanol).
Membranes were blocked at 37�C for 30 minutes in TBST (150 mM
NaCl, 3 mM KCl, 28 mM Tris, 0.1% Tween 20) with 10% milk and
washed extensively. Membranes were probed with primary antibodies
Steap3 (rabbit, 1:400; Abcam, ab104654), 6XHIS (rabbit, 1:1000;
Abcam, ab9108), VDAC1 (rabbit, 1:1000; Abcam, ab154856), or
Lamp2 (rat, 1:250; Developmental Hybridoma, GL2A7) overnight at
4�C in TBST 10% milk. Membranes were washed extensively and
incubated in a 1:5000 dilution of peroxidase-conjugated goat anti-
rabbit or donkey anti-rat antibodies at 37�C for 60 minutes. Western
blots were developed using Western Lightning reagent (Perkin-Elmer).
Blots were quantified using Fiji ImageJ software.

Measurement of cytosolic ferritin

RAW264.7 cells (2.5 3105) were seeded in 4 mL DMEM and
grown for 48 hours. At 48 hours, cells were incubated with or with-
out 80 mg horse spleen CF (Sigma) for 60 minutes and then
washed with cold Hanks balanced salt solution (HBSS). Four mL
fresh DMEM media was added, and cells were grown for an addi-
tional 48 hours as described.24 Cells were washed with cold
HBSS, lysed in lysis buffer, and incubated on ice for 30 minutes;
lysates were centrifuged at 14000g at 4�C for 30 minutes. A bicin-
choninic acid (BCA) assay (Thermo Fisher Scientific) was used for
protein determination, and ferritin levels were measured by using a
mouse ferritin enzyme-linked immunosorbent assay (ELISA; Immu-
nology Consultants Laboratory) according to the manufacturer’s

instructions. All experiments were repeated a minimum of 3 times
with 4 biological replicates per cell type. Ferritin levels were also
assessed in wild-type (WT), mutant LcytB #2, LcytB #2 expressing
WT LcytB, or reductase mutant LcytBY66A expressed by lentiviral
transduction25 (a generous gift from Ben Gewurz, MD) using the
mouse ferritin ELISA assay.

Immunofluorescence microscopy

RAW264.7 cells were plated on glass coverslips, incubated with or
without CF as described above, fixed in 3.7% formaldehyde/PBS at
room temperature for 20 minutes, permeabilized in 0.1% saponin/
PBS/1% bovine serum albumin, and incubated with rat anti-mouse
LAMP2 (1:200) and rabbit anti-Steap3 (1:100) at 4�C overnight.
Then cells were extensively washed and incubated in secondary
antibody Alexa488-conjugated goat anti-rat immunoglobulin G (IgG)
(1:750) or Alexa594-conjugated goat anti-rabbit IgG (1:750) at
room temperature for 1 hour. Coverslips were mounted onto glass
slides and images were captured using a Zeiss 700 Confocal
Microscope (z series, 0.6-micron step) with a 360 oil immersion
lens with a 31.4 aperture. Images were processed as .tiff files in
Adobe Photoshop, and colocalization was assessed with the assis-
tance of staff from the University of Utah Cell Imaging Core. For
other colocalization studies, RAW264.7 cells with or without the
pCMV3-GFPSpark-human Cyb561a3 plasmid (LcytB-GFP) were
processed as above and incubated with anti-Steap3 (1:100) and
rat anti-Tfrc1 (1:100), rabbit anti-Steap3 (1:100) and mouse anti-
GFP (1:500), or rabbit anti-GFP (1:500) and rat anti-mouse LAMP2
(1:200) antibodies. Secondary antibodies used for these samples
included Alexa594-conjugated goat anti-rabbit IgG (1:750) for
Steap3, Alexa594-conjugated goat anti-rat IgG (1:750) for LAMP2,
Alexa488-conjugated goat anti-mouse IgG (1:750) for Tfrc1 and
GFP, and Alexa488-conjugated goat anti-rabbit IgG (1:750) for
GFP.

E. coli invasion and proliferation assays

Invasion and cell association assays were performed as previously
described by Eto et al.26 Briefly, within 24 hours of seeding into
24-well plates, confluent monolayers of host cells were infected
with UTI89 at a multiplicity of infection of 5 to 10 bacteria per host
cell. Plates were spun at 600g for 5 minutes to expedite and syn-
chronize bacterial contact with the host cell monolayers before incu-
bation at 37�C in the presence of 10 mg/mL gentamycin, which
prevents replication but does not kill bacteria. Cells were washed
extensively at 4�C and the amount of macrophage-associated bac-
teria was determined. Cells were then incubated for 30 minutes (T0)
or with an additional overnight incubation (TO/N) in medium contain-
ing the host membrane-impermeable bactericidal agent gentamicin
(100 mg/mL) (Sigma-Aldrich). Host cells were then washed 3 times
with PBS21 (PBS supplemented with Mg21/Ca21) and lysed in 1
mL of PBS21 containing 0.3% Triton X-100. Bacterial titers from
the lysates were determined by serial dilution and plating on Luria-
Bertani (LB) agar plates. The experiment was repeated 5 times with
2 biological replicates per cell type.

Statistical analyses

All experiments were performed a minimum of 3 times unless other-
wise stated. Statistical tests were performed using Prism8 software.
Student t test analysis was used for comparison between 2 groups.
P values # .05 were considered statistically significant. Outlier
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analyses were performed on all graphs using either Grubbs or
ROUT tests (Q 5 1.0) as recommended by Prism software. Identi-
fied outliers were removed from the plots and before the statistical
analyses.

Results

Loss of LcytB resulted in reduced lysosomal

iron export

Iron released from ferritin that is degraded in the lysosome is Fe31

must be converted to Fe21 to be exported, because all identified
mammalian iron transporters transport divalent metals. This conver-
sion requires the presence of a reductase on the lysosome. Previous
studies have suggested that LcytB might be that reductase. To deter-
mine whether LcytB is the macrophage lysosomal reductase respon-
sible for the conversion of Fe31 to Fe21 and subsequent lysosomal
iron export, we used the mouse macrophage cell line RAW264.7
and CRISPR/Cas9 targeted mutagenesis of Cyb561a3, which enco-
des LcytB. We targeted either exon 3 or exon 4 of Cyb561a3, here-
inafter referred to as LcytB. We identified 2 clones, LcytB #1 and
LcytB #2, that have significantly reduced levels of LcytB transcripts
(Figure 1A). Unfortunately, commercially available LcytB antibodies
did not work for assessing LcytB protein levels in mouse samples.
Both LcytB #1 and LcytB #2 showed a slower growth rate com-
pared with WT cells (supplemental Figure 1A).These results suggest
that LcytB may be important in regulating bioavailability of iron for
proliferation. One measure of cellular iron status is cytosolic ferritin
levels. To determine whether loss of LcytB affected cellular iron lev-
els, we measured endogenous ferritin levels. When the cells were
maintained under normal growth conditions, clones LcytB #1 and
LcytB #2 had significantly lower endogenous ferritin compared with
WT cells (Figure 1B, –CF). These results suggested that LcytB con-
tributes to maintaining endogenous ferritin levels in macrophages. To
determine whether the loss of LcytB affected iron release and recy-
cling from lysosomes, we took advantage of a previously established
method to load lysosomes with CF and measure iron release from
lysosomes.24 This method uses horse spleen CF, which is taken up
by fluid-phase endocytosis and delivered to the lysosome where it is
degraded, and ferritin iron is either stored in the lysosome or trans-
ported into the cytosol (Figure 1C). The released iron is then either
exported out of the cell through ferroportin or is incorporated into

newly synthesized cytosolic ferritin for storage. Importantly, the
horse spleen CF is not recognized by antibodies against mouse
ferritin that are part of the ELISA assays used to measure cellular
mouse ferritin.24 Using CF allows us to distinguish between
steady-state endogenous cytosolic ferritin and increases in ferri-
tin synthesis upon lysosomal iron release. Indeed, loading with
CF increased endogenous cytosolic ferritin levels in WT cells
approximately twofold, whereas LcytB mutants showed a 50% to
70% reduction in cytosolic ferritin compared with CF-fed WT
cells (Figure 1B, 1CF). We confirmed that reductions in endoge-
nous ferritin in LcytB-mutant cells were not a consequence of
decreased fluid-phase endocytosis, which is required for CF
uptake. Cells were incubated with fluorescently labeled
Alexa594-dextran (10 000 molecular weight), and total fluores-
cence was determined using flow cytometry at the indicated time
points. No differences were seen in the rate or amount of dextran
taken up in WT vs LcytB-mutant cells (supplemental Figure 1B).
This supports the notion that reductions in LcytB affect iron
export out of lysosomes but not fluid-phase endocytosis.

To confirm that the changes in endogenous ferritin were a result
of the loss of LcytB and not because of some other compensa-
tory mutation in our CRISPR/Cas9 clones, we transfected LcytB-
mutant cells with a plasmid containing a GFP-tagged human
LcytB whose expression was driven by a cytomegalovirus (CMV)
promoter. Previous studies have shown that overexpressed LcytB
localizes with Lamp2 and Lysotracker-positive compartments
reflecting late endosomes and lysosomes.16 We confirmed
expression using immunofluorescence microscopy and showed
that LcytB-GFP colocalizes with Lamp2, but not with endosomal
reductase Steap3 (Figure 1D). We note that not all LcytB-GFP
localizes with Lamp2. We speculate that this is because of over-
expression and that LcytB-GFP may still be in the synthesis/
secretory pathway enroute to lysosomal localization. LcytB-GFP1

cells were sorted by flow cytometry, maintained in hygromycin to
establish stable cell lines, and expanded in the absence of
hygromycin for further use in ferritin assays. LcytB-mutant cells
overexpressing LcytB-GFP showed increased levels of endoge-
nous ferritin both with and without CF loading (Figure 1B, pLcytB
(plasmid expressing WT human LcytB-GFP)), providing strong
evidence that the reduction in endogenous ferritin levels seen in
our mutant cell lines was the result of loss of LcytB and was not

Figure 1. CRISPR/Cas9-mediated mutation of LcytB in RAW264.7 macrophages results in decreased iron release from lysosomes. (A) qRT-PCR analysis was

performed on WT and mutants LcytB #1 and LcytB #2 generated by using LcytB and Actin (control) primers. Data were normalized to the WT level of 1.0 (n 5 3 biological

replicates). (B) WT, mutants LcytB #1 and LcytB #2, and mutants LcytB #1 and LcytB #2 expressing WT human LcytB-GFP were grown in tissue culture medium

supplemented with or without 20 mg/mL horse CF for 1 hour, washed extensively, and grown for an additional 48 hours in growth medium. Cells were then lysed, and

endogenous mouse ferritin levels were measured. Data were normalized to a WT cytosolic ferritin level of 1.0 (–CF) (n $ 6 biological replicates). pLcytB represents the

plasmid for WT human LcytB-GFP. (C) A model of CF uptake, lysosomal breakdown, iron release, and endogenous ferritin iron storage. The macrophage takes up horse

spleen CF by endocytosis and delivers it to the lysosome (black arrows). CF is degraded in the lysosome, and Fe31 is converted to Fe21 by an unknown reductase (blue

oval). Iron is exported out of the lysosome into the cytosol by divalent metal transporters DMT1, NRAMP1, or TRPML1. Cytosolic iron can be exported out through ferroportin

or incorporated into newly synthesized cytosolic ferritin (gray arrows) for storage. Upon increased iron demand, cytosolic ferritin is engulfed by autophagy (white arrows), the

autophagosome fuses with the lysosome, Fe31 released from degraded ferritin is reduced, and Fe21 is exported from the lysosome. (D) WT or WT cells that overexpress

pCMVLcytB-GFP were fixed and stained for Steap3 and Tfrc1, Steap3 and GFP, or Lamp2 and GFP, and images were captured. Representative confocal images are shown

with single channels and merged (red/green) images are indicated (n 5 3 biological replicates). (E) WT, mutant LcytB #2, mutant LcytB #2 expressing WT human LcytB,

and LcytB reductase mutant Y66AF25 were lysed, and endogenous mouse ferritin levels were determined as in panel B (n 5 5 biological replicates). (F) WT and mutants

LcytB #1 and LcytB #2 were incubated with CF (as in panel B) and were grown in the presence or absence of 0.3 M ascorbate (asc) for 48 hours; endogenous ferritin

levels were determined as in panel B. Data were normalized to the WT cytosolic ferritin level of 1.0 (–CF) (n $ 6 biological replicates). More information on procedures is

provided in “Materials and methods.” Error bars represent standard error of the mean (SEM). **P , .01; ***P , .001; ****P , .0001. ns, not significant.
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generated, and qRT-PCR was performed for Steap2, Steap3, Steap4, and Actin. Data were normalized to a Steap3 level of 1.0 (ratio Steap3:Actin; n 5 3 biological replicates).

(B) RNA was isolated from WT, Steap3 #2, and Steap3 #13 cells, cDNA was generated, and qRT-PCR was performed for Steap3 and Actin. Data were normalized to a WT level

of 1.0 (n 5 3 biological replicates). (C) Membranes were isolated from biological replicates of WT, Steap3 #2, and Steap3 #13 cells, and western blot analysis was performed
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a result of off-target CRISPR/Cas9-generated mutations. We
also determined that, although WT LcytB improves endogenous
ferritin levels in the mutant LcytB #2 cell line, the Y66A-mutant
LcytB reductase does not (Figure 1E).

Previous studies using overexpression in yeast have shown that
LcytB is a reductase, and reductase activity was increased when
yeast were provided exogenous ascorbate.20 Earlier studies also
showed that addition of ascorbate to fibroblasts increased

Figure 2. (continued) expressing WT human Steap3-His were grown in tissue culture medium supplemented with or without 20 mg/mL horse CF for 1 hour, washed

extensively, and grown for an additional 48 hours in growth medium. Cells were then lysed, and endogenous mouse ferritin levels were measured. Data were normalized to a

WT cytosolic ferritin level of 1.0 (–CF) (n $ 6 biological replicates). (F) Membranes were isolated from cells as in panel E, and Steap3-His levels were determined by

western blot. Voltage-dependent anion channel (VDAC) levels were used as a membrane loading control. A representative blot with 2 biological replicates of complemented

cells is shown. More information on procedures is provided in “Materials and methods.” Error bars represent SEM. *P , .05; **P , .01; ***P , .001; ****P , .0001.
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lysosomal iron export, which suggests that ascorbate was limiting
for reductase activity.24 Ascorbate dependence has not been
shown in macrophages. Surprisingly, the addition of ascorbate to
WT RAW264.7 macrophages did not significantly affect ferritin lev-
els in cells fed CF (Figure 1F). This result suggests that LcytB in
macrophages is not an ascorbate-dependent reductase or that in
the context of the lysosome, there is another electron donor that is
available for reduction of Fe31. We anticipated that loss of LcytB
would prevent any ascorbate-dependent increases in cytosolic ferri-
tin in CF-fed cells; however, our LcytB mutants showed increased
cytosolic ferritin levels upon the addition of ascorbate. One possible
explanation for this result is that ascorbate directly reduces Fe31,
making it available for transport into cells and out of lysosomes.

To determine whether loss of LcytB affects primary macrophage
iron release from lysosomes, we knocked down LcytB in primary
C57BL/6 bone marrow–derived macrophages using siRNA. How-
ever, we were able to reduce LcytB transcripts only by about 25%
to 30%, which unfortunately did not result in changes in endoge-
nous ferritin levels (supplemental Figure 1C). We tried using lentivi-
ral CRISPR/Cas9 technology in bone marrow-derived macrophages
as it has been previously described,27 but we were unable to suc-
cessfully transduce these primary cells in contrast to successfully
transducing RAW264.7 cells.

Loss of Steap3 resulted in reduced export of

lysosomal iron

Loss of LcytB decreased the ability to export iron from the lysosome
as measured by reductions in endogenous ferritin synthesis. The
decrease that resulted from LcytB loss, however, was not complete,
because cells still showed increased cytosolic ferritin upon CF lyso-
some loading. This suggests that either there is some functional
LcytB present on the lysosome or that there is another reductase
that contributes to iron recycling from the lysosome. Our qRT-PCR
results show that LcytB expression is dramatically reduced (.90%)
in our mutant cells (Figure 1A), which makes this possibility less
likely. We focused on the possibility of the presence of another lyso-
somal reductase. Steap3 is a reductase that is present in the endo-
cytic pathway22 and is expressed by macrophages.28 Steap32/2

mice show abnormal iron homeostasis with increased anemia. How-
ever, the latter phenotype was attributed to endosomal iron export in
red cell precursors.29 We confirmed that Steap3 is expressed in the
RAW264.7 macrophage cell line, whereas the homologous reduc-
tases Steap2 and Steap4 showed low levels of expression (Figure
2A). To determine whether Steap3 is important in iron recycling
from the macrophage lysosome, we used CRISPR/Cas9 targeted
mutagenesis to create Steap3-mutant RAW264.7 cells. We suc-
cessfully mutated Steap3 and identified 2 clones, Steap3 #2 and
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Steap3 #13, with significantly reduced Steap3 transcript levels (Fig-
ure 2B). Western blot analysis confirmed the presence of Steap3
protein in WT RAW264.7 cells and dramatically reduced Steap3
levels in selected Steap3 mutants (Steap3 #2 and Steap3 #13;
Figure 2C-D). Steap3 mutants did not show any growth defect and
may have a slight growth advantage compared with WT cells (sup-
plemental Figure 2). Steap3 mutants also did not show any defect
in endocytosis (supplemental Figure 1B), but they had less endoge-
nous cytosolic ferritin compared with control RAW264.7 cells
grown under normal cell culturing conditions (Figure 2E, –CF).
Steap3 has previously been localized to endosomes and functions
with DMT1 to reduce transferrin-delivered Fe31 to Fe21 for export
from the endosome to the cytosol.30 DMT1 has been shown to
translocate from the endosome to the lysosome to export ferritin-
released iron from the lysosome in hepatocytes when iron is limited
by chelation treatment.14 To determine whether Steap3 also func-
tions as a lysosomal reductase, we incubated Steap3 mutants and
WT RAW264.7 cells with CF and measured endogenous ferritin
level changes. When WT cells were incubated with CF, endoge-
nous ferritin level increased as expected; however, the levels were
significantly decreased in the Steap3 mutants (Figure 2E, 1CF).
Complementation analysis confirmed that the change in iron release

from lysosomes was the result of reduced levels of Steap3,
because overexpressing mouse Steap3-His expressed under a
CMV promoter22 in Steap3 mutant cells increased ferritin levels
closer to those of WT cells. We confirmed Steap3-His expression
(Figure 2F, WT1, Steap3 #21, Steap3 #131) and noted that
Steap3-His expression was higher in the Steap3 mutants (Steap3
#2 and Steap3 #13) compared with WT cells harboring the
Steap3-His plasmid (WT1). This limited our ability to assess
whether overexpression of Steap3 improves the export of lysosomal
iron. We speculate that there may be more selective pressure to
keep Steap3 in the mutant cell lines to control cellular iron levels.
Our complementation results confirmed that the changes in ferritin
levels in Steap3 mutants were a result of the loss of Steap3 and
not an off-target effect of the CRISPR/Cas9-driven mutagenesis.

Loss of LcytB and Steap3 is additive in reducing the

export of lysosomal iron

Loss of either LcytB or Steap3 reduced lysosome iron recycling by
about 50%. We wondered whether these effects were additive. To
answer this question, we mutated Steap3 in LcytB #2 using the
same CRISPR/Cas9 strategy that was used to generate single
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Steap3 mutations and selected 2 double knockdown (DKD) clones,
DKD #1 and DKD #2, as determined by qRT-PCR (Figure 3A).
We confirmed that the DKD clones showed significant reductions
in Steap3 protein (Figure 3B-C). Loss of both LcytB and Steap3
resulted in a significant growth defect compared with WT cells
(supplemental Figure 3), suggesting that the cells are limited for
iron. We examined whether the loss of both LcytB and Steap3
affected iron release from CF breakdown in lysosomes compared
with loss of LcytB or Steap3 alone. DKD clones contained signifi-
cantly less cytosolic ferritin compared with LcytB or Steap3 mutants
under normal cell culture conditions or when fed with CF (Figure
3D). Together, our results support that both LcytB and Steap3 func-
tion as reductases that are important in the release of iron from lyso-
somes. Because Steap3 has predominantly been ascribed to act in
release of iron from endosomes,31 we wondered whether Steap3
could translocate to the lysosome. To test this hypothesis, we exam-
ined Steap3 localization in cells fed CF. If Steap3 is working in the
endosome, we would expect to see no change in Steap3 localiza-
tion upon CF lysosome loading. Conversely, if Steap3 localized to
the lysosome upon lysosome iron loading, we would expect to see

increased colocalization with the lysosomal marker Lamp2. Loading
macrophages with CF resulted in increased colocalization of Steap3
with Lamp2 (Figure 3E); however, not all cells showed increased
Steap3 colocalized upon CF loading (Figure 3F). Our data show
that, similar to results reported for DMT1,14 some Steap3 localizes
to the lysosome, thus permitting iron reduction and transport into
the cytosol.

Loss of LcytB or Steap3 alters total levels of

cellular metals

To determine whether the loss of LcytB or Steap3 affects iron lev-
els, we used inductively coupled plasma mass spectrometry (ICP-
MS) with whole-cell lysates. We determined that loss of Steap3,
but not LcytB, reduced levels of whole-cell iron (Fe) (Figure 4A).
We suggest that whole-cell Fe levels are reduced in the Steap3-
mutant cells because RAW264.7 cells are highly dependent upon
Tf(Fe)2/Tfrc1/Steap3–mediated cellular iron uptake. We speculate
that whole-cell iron levels are not altered by loss of LcytB because
the iron becomes sequestered within the lysosome. Loss of Steap3
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Figure 6. Loss of LcytB and Steap3 alters iron acquisition transcripts. (A) WT cells were incubated with or without CF or grown in the presence or absence of DFO

for 48 hours. qRT-PCR was performed for LcytB, Steap3, DMT1, Tfrc1, and Actin. Data are the ratio of Actin levels and are normalized to WT cells grown without CF or

DFO as 1.0 (n 5 4 or more biological replicates). (B) WT, LcytB-mutant, Steap3-mutant, and DKD cells were grown as in panel A and transcript levels for DMT1, Tfrc1,

Fpn1, and Actin were measured using qRT-PCR. Data are the ratio of Actin levels and are normalized to WT cells under similar growth conditions (1.0) (n 5 4 or more

biological replicates). More information on procedures is provided in “Materials and methods.” Error bars represent SEM. *P , .05; **P , .01; ***P , .001; ****P , .0001.
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also reduced total cellular copper (Cu) levels (Figure 4B), whereas
loss of LcytB reduced manganese (Mn) levels (Figure 4C). No
changes in the amounts of zinc (Zn) were observed (Figure 4D).
We do not know the reasons for these specific Cu and Mn changes
in Steap3 and LcytB mutants. Interestingly, the loss of both reduc-
tases resulted in recovery of WT whole-cell levels of Fe, Cu, and
Mn. We speculate that this may be a result of upregulation of
plasma membrane metal transporters in response to loss of both
reductases as a means to meet cellular demands for these metals.

Loss of lysosomal reductases affects the expression

of other ferrireductases

Macrophages express several reductases that can reduce multiva-
lent metals. We examined whether the loss of LcytB or Steap3
affected the expression other ferrireductases. We anticipated that
some reductases may be upregulated in response to loss of LcytB
or Steap3. Surprisingly, loss of LcytB decreased expression of

Steap3 (Figure 5A). Similarly, loss of Steap3 decreased LcytB tran-
script levels. We determined that RAW264.7 cells express low lev-
els of Steap2 and Steap4 (Figure 2A) compared with LcytB and
Steap3 levels, and these transcripts were unchanged by loss of
either LcytB or Steap3 (Figure 5B). However, both Steap2 and
Steap4 expression were increased upon loss of both LcytB and
Steap3. These results suggest that the expression of the endolyso-
somal localized reductases LcytB and Steap3 are tightly coordi-
nated. When those reductases are absent, macrophages increase
the expression of other reductases to increase bioavailable iron,
either through acquisition of external iron or release of iron from the
endolysosomal system.

Loss of LcytB or Steap3 alters iron acquisition

gene expression

We hypothesized that LcytB levels might be affected by cellu-
lar iron levels, which we modified by either loading cells with
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Figure 7. Loss of lysosomal reductases affects intracellular vesicular bacterial growth. (A) RNA was isolated from WT cells infected with UTI89 cells washed and

incubated for 30 minutes followed by washing with 10 mg/mL gentamicin (T0), and qRT-PCR was performed using LcytB, Steap3, and Actin primers. Data were normalized
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lysosomal iron or by growing cells under iron limitation using
the iron chelator desferoxamine (DFO). qRT-PCR analysis
showed that LcytB transcripts were increased when the lyso-
some was loaded with iron (CF loading) and decreased when
cells were limited for iron by growth in DFO (Figure 6A).
Steap3 transcripts were unaffected by CF or DFO. Similar to
Steap3, DMT1 transcripts were unaffected. To ensure that
the iron limitation and CF-loading growth conditions were
changing cellular iron status, we measured transferrin recep-
tor 1 (Tfrc1) transcripts. It is known that under iron-limited
conditions, iron regulatory proteins 1 and 2 (IRP1 and IRP2)
bind to the 39 untranslated regions of Tfrc1 mRNA, which
contain iron regulatory elements to stabilize the mRNA.32 As
expected, CF-loading resulted in decreased Tfrc1 transcripts,
whereas iron limitation (DFO) dramatically increased Tfrc1
transcripts. That DMT1 expression was unchanged upon
altered cellular iron levels in RAW264.7 macrophages con-
firms observations previously reported for the mouse macro-
phage cell line J774.33 We wondered whether expression of
these iron acquisition genes, DMT1 and Tfrc1, was affected
in our LcytB- and Steap3-mutant RAW264.7 cells. In
response to loss of the reductase LcytB, DMT1 transcripts
levels were increased; however, no changes in DMT1 tran-
scripts were seen when Steap3 was absent (Figure 6B). The
absence of both LcytB and Steap3 significantly increased
DMT1 expression beyond that seen in the absence of LcytB
alone. Furthermore, Tfrc1 transcripts were also upregulated in
the absence of reductases LcytB and Steap3, but the loss of
both was not additive for Tfrc1. Transcripts for the exporter
ferroportin Fpn1 were significantly decreased in the individual
LcytB #2 and Steap3 #2 mutants but, intriguingly, this effect
was negated in the absence of both reductases. We do not
have an explanation for this observation at this time. Our
results indicate that loss of LcytB or Steap3 results in limited
bioavailable iron, which is sensed by the RAW264.7 macro-
phages and results in the upregulation of iron acquisition
genes.

Transcript levels of Steap3 and LcytB are altered

upon exposure to pathogens

Macrophages are the major iron recycling cells in mammals, and
when iron is abundant, macrophages also store iron in the cytosolic
protein ferritin. In iron-limited conditions, macrophages recycle iron
from stored intracellular ferritin.4,34 Macrophages are a key cell type
in innate immunity, providing nutrients to tissues near sites of infec-
tion and limiting nutrient availability to opportunistic pathogens.35,36

Previous studies determined that Steap3 transcripts were
decreased when bone marrow–derived macrophages were exposed
to the lipopolysaccharide present on many pathogens.28 This finding
suggests that macrophages respond to the presence of extracellular
pathogens by signaling through MyD88 to limit iron release from the
lysosome. To test whether LcytB expression is also altered by expo-
sure to pathogens, we used the pathogenic E. coli strain UTI89.37

We incubated WT RAW264.7 cells with or without UTI89 and
examined LcytB and Steap3 transcript levels. Both LcytB and
Steap3 transcripts were decreased by .50% upon exposure to
UTI89 (Figure 7A). These results suggest that macrophages have
an innate immune response to bacterial exposure to limit intracellular

iron release by reducing expression of reductases involved in iron
release from lysosomes.

Loss of LcytB or Steap3 improves proliferation of

intracellular pathogen UTI89

Exposure to pathogens can cause cellular iron retention and
sequestration in macrophages as a way to limit iron availability for
extracellular pathogens.38 Under these conditions, intracellular (or
facultative intracellular) pathogens such as E. coli, Salmonella typhi-
murium, Mycobacterium tuberculosis, Chlamydia psittaci, and
Legionella pneumophila are known to thrive.23,37,39,40 Organisms
that live intracellularly in macrophages have evolved mechanisms to
evade immune recognition and still have access to essential host
intracellular iron. We questioned whether reductions in LcytB and/or
Steap3 affected the ability of pathogens to establish an intracellular
niche. We infected WT RAW264.7, LcytB #2, Steap3 #2, and
DKD #2 cells with the pathogenic E. coli strain UTI89, which can
reside in a vesicular compartment in macrophages,26,41 and we
assessed invasion and proliferation. We did not observe any differ-
ences in bacterial adhesion that resulted from the loss of LcytB or
Steap3 (Figure 7B). At T0, 30 minutes after inoculation, loss of
LcytB or Steap3 led to increased intracellular titers of UTI89,
although this was statistically significant only for the LcytB mutant
(Figure 7C). Loss of both LcytB and Steap3 did not have an addi-
tive effect. In overnight assays (TO/N), the LcytB #2 and Steap3 #2
both showed significantly increased numbers of bacteria compared
with WT cells. In these longer assays, loss of both LcytB and
Steap3 had an additive effect, resulting in markedly higher intra-
cellular bacterial titers than those observed in the WT macrophages
(Figure 7D). Together, these results indicate important roles for the
LcytB and Steap3 reductases in limiting bacterial survival within
macrophages. It is important to note that E. coli strains such as
UTI89 can take up Fe31 by siderophore secretion and by ex-
pressing bacterial reductases.42,43 Thus, Fe31 retained in the endo-
lysosomal system may be used by bacteria for proliferation. Our
results support that limiting endosome and lysosome ferrireductase
activity may provide a growth advantage to pathogens that survive
in the endocytic pathway by retaining iron within endolysosomal
membranes.

Discussion

Macrophages are key to iron recycling from red cells and iron
release from stored ferritin. When iron demand is high, macro-
phages engulf ferritin through autophagy, ferritin is degraded in the
lysosome, and iron is released as Fe31 into the lysosomal lumen. All
known mammalian iron transporters are Fe21 transporters, including
those present on the lysosome. Thus, iron export requires a lysoso-
mal reductase to convert Fe31 to Fe21 that can then be exported to
the cytosol for Fe21 export back to plasma. Here, we provide evi-
dence that the lysosomal protein LcytB, a predicted ferrireductase,
is important in iron release from lysosomal-degraded ferritin in mac-
rophages. Loss of LcytB, using CRISPR/Cas9 mutagenesis,
reduced lysosomal iron export by about 50% in RAW264.7 macro-
phages. That there was still some iron export from the lysosome
suggested that there was another reductase that could act in the
absence of LcytB. We confirmed that reduction in Steap3
decreased ferritin-released lysosomal iron export by approximately
50%, and the effects were additive in reducing iron export from
the lysosome. Previous studies have reported that LcytB is the
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predominant lysosomal reductase in Burkitt B cells, but that other
B-cell lymphomas rely on Steap3.25 This observation, together with
results reported here, suggests that LcytB dependence may vary
between cell types. We observed that Steap3 contributed to iron
release from lysosomal localized ferritin and demonstrated that, simi-
lar to reports for DMT1,14 some Steap3 localized to the lysosome.
In CF-loaded cells, only a small portion of Steap3 was found colo-
calized with Lamp2. One explanation for the small amount of coloc-
alization is that Steap3 may be working at both the endosome and
lysosome when lysosomal iron levels were increased. This possibility
could occur through fusion of endosomes and lysosomes during
cargo delivery (for review, see Luzio et al44) where “kiss and run”
between lysosomes and endosomes would provide rapid additional
reductase activity to reduce iron and permit transport out of the
endocytic pathway under high iron demand. In either case, we pro-
vide evidence that both LcytB and Steap3 contribute to lysosomal
iron export.

Our LcytB/Steap3 DKD cells still showed a small increase in the
level of cytosolic ferritin after CF loading. Remaining iron export from
the lysosome can be explained either by remaining LcytB or Steap3
activity or by the existence of another reductase that can function in
the absence of LcytB and Steap3. It is also possible that there are
reducing equivalents present in the lysosome that can convert Fe31

to Fe21, as suggested by La et al.14 We observed that Steap2 and
Steap4 expression levels were increased in response to the loss of
both LcytB and Steap3. Both Steap2 and Steap4 have been local-
ized to the endocytic pathway,45 and we predict that they can con-
tribute the endolysosomal iron export under limited LcytB and
Steap3 reductase activities. To determine whether Steap2 and
Steap4 contribute to lysosomal iron recycling will require the gener-
ation of quadruple-mutant cells lines, which is beyond the scope of
this study.

LcytB is predicted to be an ascorbate-dependent reductase in
which ascorbate provides the electron to reduce Fe31 to Fe21.16 In
our studies, incubation of RAW264.7 mouse macrophages with
ascorbate did not alter intracellular ferritin levels upon CF loading,
which is different from that observed in fibroblasts.24 In addition, we
were surprised to find that our LcytB mutants grown in the pres-
ence of ascorbate showed an increase in intracellular ferritin levels
upon CF loading. Our results suggest that ascorbate is altering cel-
lular iron homeostasis independent of LcytB-mediated lysosomal
iron reduction. The addition of ascorbate to growth medium is com-
plicated to interpret because (1) ascorbate may reduce media Fe31

to Fe21 that can then be transported through plasma membrane
DMT1 into the cytosol resulting in increased cellular ferritin levels,
(2) ascorbic acid has been reported to inhibit lysosomal autophagy
of ferritin,46 (3) ascorbate has been speculated to stabilize ferritin or
increase ferritin synthesis,47,48 and (4) increasing ascorbate levels
have been suggested to provide electron donors in the cytosol that
can reduce ferritin iron from Fe31 to Fe21, allowing iron release
directly into the cytosol.49 In all of these cases, one might expect to
see changes in macrophage ferritin levels independent of LcytB sta-
tus. Future studies are required to tease out the consequences of
altering cellular ascorbate levels and how ascorbate affects iron
homeostasis in macrophages.

One prediction of loss of either LcytB or Steap3 is that whole-cell
iron levels will change. Interestingly, we observed that loss of LcytB
did not affect iron levels, whereas loss of Steap3 reduced amounts

of whole-cell iron by about 50%. We suggest that there were no
changes in whole iron in LcytB-mutant cells because the iron
becomes sequestered within the lysosome. The changes observed
in Steap3-mutant cells may mean that RAW264.7 macrophages are
highly dependent upon Steap3 for iron acquisition via Tfrc1-Tf(Fe)2
uptake and Steap3-mediated endosomal reduction of Fe31 to Fe21

before export out of the endosome through DMT1. It was surprising
to find that Mn and Cu levels were reduced upon loss of LcytB and
Steap3, respectively. It has been shown that Steap3 can act as a
Cu reductase31 and that Fe and Cu metabolism are tightly regu-
lated.50 Thus, Steap3 loss may reflect a decrease in Cu uptake
through the Cu transporters Ctr1 and Ctr2.51-54 We speculate that
the change in Mn levels in LcytB-mutant cells may reflect competi-
tion for metal transport through DMT1 or other metal transporters
(such as NRAMP1 or TRPML1), which are known to transport sev-
eral different divalent metals.55-58 Why Mn is specifically reduced in
the absence of LcytB remains to be determined. Perhaps our most
intriguing finding was that loss of both LcytB and Steap3 restores
normal levels of these metals within the whole cells. We observed
that DMT1 transcripts were upregulated about twofold by loss of
both LcytB and Steap3 compared with loss of LcytB alone,
whereas Tfrc1 expression was not significantly altered in the
absence of both LcytB and Steap3 in comparison with the single
reductase deletions. These observations suggest that elevated
DMT1 levels may allow for increased cellular Fe, Mn, and Cu uptake
needed for cellular functions and survival. Further analysis of the
uptake of these metals and their subcellular localization may provide
additional insight into how LcytB and Steap3 impact the use and
storage of metals by macrophages.

It is known that macrophages retain iron to sequester it away from
extracellular pathogens.38 Some pathogens have taken advantage
of this to survive and acquire iron inside of macrophages. We found
that UTI89, a uropathogenic E. coli strain, which can reside within a
vesicular compartment in macrophages,26,37,41 persisted and prolif-
erated better in our mutant lines LcytB #2, Steap3 #2, and DKD
#2 RAW264.7 macrophages. These observations support the
hypothesis that there is more endolysosomal iron available for patho-
gen proliferation in the absence of LcytB. We and others have
observed that Steap3 and LcytB expression is reduced in response
to pathogen exposure.28,59 This suggests that these reductases
may be part of the innate immune response in macrophages that
limits nutrient bioavailability during infection. We speculate that
these reductases may also contribute to macrophage-mediated iron
delivery to the surrounding tissue environment. Future studies are
focused on determining the contribution of LcytB to both innate
immune regulation and macrophage function.

In conclusion, our studies have identified the reductases LcytB and
Steap3 as important players in the conversion of Fe31 to Fe21

within the lysosome, allowing for Fe21 export back to the macro-
phage cytosol. Steap3 mutations have been identified in humans
and result in microcytic anemia,60 and the Steap3 knockout mouse
shows retention of iron in macrophages and anemia, although the
levels are reduced by only approximately 60%.30 These observa-
tions suggested that a reductase other than Steap3 is important for
iron recycling and iron homeostasis. Here, we provide evidence that
lysosomal LcytB acts as an additional macrophage reductase impor-
tant in ferritin iron recycling. No known mutations in LcytB have
been reported in humans, and future studies regarding the role of
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LcytB in iron homeostasis in macrophages as well as other cell
types are merited.
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