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Cancer cells deploy lipocalin-2 to collect limiting iron
in leptomeningeal metastasis
Yudan Chi1, Jan Remsik1, Vaidotas Kiseliovas2, Camille Derderian1, Ugur Sener3, Majdi Alghader1,
Fadi Saadeh1, Katie Nikishina1, Tejus Bale4, Christine Iacobuzio-Donahue1,4, Tiffany Thomas5,
Dana Pe’er2,6, Linas Mazutis2,6, Adrienne Boire1,3,7*

The tumor microenvironment plays a critical regulatory role in cancer progression, especially in central
nervous system metastases. Cancer cells within the cerebrospinal fluid (CSF)–filled leptomeninges face
substantial microenvironmental challenges, including inflammation and sparse micronutrients. To
investigate the mechanism by which cancer cells in these leptomeningeal metastases (LM) overcome
these constraints, we subjected CSF from five patients with LM to single-cell RNA sequencing. We found
that cancer cells, but not macrophages, within the CSF express the iron-binding protein lipocalin-2
(LCN2) and its receptor SCL22A17. These macrophages generate inflammatory cytokines that induce
cancer cell LCN2 expression but do not generate LCN2 themselves. In mouse models of LM, cancer cell
growth is supported by the LCN2/SLC22A17 system and is inhibited by iron chelation therapy. Thus,
cancer cells appear to survive in the CSF by outcompeting macrophages for iron.

S
pread of cancer cells into the cerebro-
spinal fluid (CSF)–filled leptomeninges
is known as leptomeningeal metastasis
(LM). This formofmetastasis has become
increasingly common (1) and is typically

fatal within months (2). Under normal phys-
iological conditions, the leptomeningeal space
is isolated from the systemic circulation by the
blood-CSF barrier. This anatomic compartment
is hypoxic and contains sparse amounts ofmeta-
bolic intermediates and micronutrients (3). In
the setting of LM, the normally acellular CSF
contains cancer cells as well as lymphocytes,
macrophages, andneutrophils. Cancer cellswith-
in this microenvironment must therefore cope
with oppressive metabolic constraints while
evading immune responses. To elucidate the
mechanisms by which cancer cells overcome
these constraints, we first applied single-cell
transcriptomic techniques toCSF collected from
cancer patients harboring LM and then under-
took functional studies inmousemodels of LM.

Cancer cells within human spinal fluid express
LCN2 and SLC22A17

Cancer cells in the CSF disseminate through-
out the central nervous system. Within this
compartment they are vastly outnumbered
by immune cells, primarily macrophages and
lymphocytes (Fig. 1A) (4). To explore cancer

and immune cell responses to the nutrition-
ally sparse CSF, we applied single-cell RNA
sequencing (scRNA-seq) to cellular material
collected from the CSF of five patientswith LM
(Fig. 1B and figs. S1 and S2). LMwas secondary
to breast cancer primaries in three patients
and to non–small cell lung cancer primaries in
two patients (table S1). After scRNA-seq, the
proportions of each cell type within the CSF
remained consistent with those identified by
clinical analysis (fig. S3, A and B).
We found that all CSF cells showed up-

regulated expression of iron transport genes,
consistentwith functional irondeficiencywith-
in this anatomic space (fig. S3C). Hepcidin, a
protein implicated in both inflammation and
iron deficiency (5), was detected at higher con-
centrations in the CSF of cancer patients har-
boring LM relative to those without LM (fig.
S3D). In contrast, CSF levels of the ubiquitous
iron transporter transferrinwere equivalent in
the two groups of patients (fig. S3E). We found
that whereas immune cells expressed canon-
ical iron transporter transcripts, cancer cells
expressed a diverse array of genes associated
with iron binding and transport (fig. S3C). Of
these, transcripts for a single iron-binding and
receptor pair were expressed exclusively within
the cancer cell population in all five patients:
lipocalin-2 (LCN2) and solute carrier family 22
member 17 (SLC22A17) (Fig. 1, C andD). Protein
expression corresponding to these single-cell
transcriptional datawas confirmed by enzyme-
linked immunosorbent assay (ELISA) and flow
cytometry of human CSF (fig. S3, F to H). Fi-
nally, in autopsy tissues, LCN2 and SLC22A17
protein expression was detected by immuno-
fluorescence in the cancer cell population but
not in the macrophage or monocyte popula-
tions (Fig. 1, E to H, and fig. S3, I to O).
LCN2, also known as neutrophil gelatinase-

associated lipocalin (NGAL), is a b-barrel se-

cretedprotein thatbindssiderophore-complexed
ferric ironwith high affinity (6–8). SLC22A17 is
a LCN2 transporter expressed in a various cell
types, including cancer cells (9). To investigate
the functional consequences of LCN2/SLC22A17
expression, we used three mouse models of
LM generated through iterative in vivo selec-
tion (table S2). Unselected parental cells are
nonspecifically metastatic; the LM subpop-
ulation of cells (LeptoM) readily enter into
and growwithin the leptomeningeal space (10).
The mouse lung adenocarcinoma (LLC-Par,
LLC-LeptoM), human lung adenocarcinoma
(PC9-Par, PC9-LeptoM), and human breast
adenocarcinoma (MDA231-Par, MDA231-
LeptoM) models all share key features of
human LM (11).
Flow cytometry of CSF from the immuno-

competent LLC-LeptoMmousemodel revealed
infiltrating cancer cells accompaniedby lympho-
cytes, macrophages, and neutrophils (Fig. 2A).
Concentrations of hepcidin and LCN2 were
elevated in the CSF of mice with LM (fig. S4,
A and B). LCN2 staining by immunohisto-
chemistry was specific to cancer cells within
the leptomeningeal space (fig. S4C). We also
foundhigher levels of LCN2mRNAandprotein
in LeptoM cells than in their parental (Par)
counterparts (fig. S2, D and E). Although pre-
vious studies have documented LCN2 expres-
sion in activated macrophages within other
anatomic sites (e.g., mammary fat pad) (11, 12),
we found that LCN2 was expressed by cancer
cells and not macrophages within the lepto-
meningeal space (fig. S4F). LCN2 binds pro-
ductively to three known receptors (SLC22A17,
LRP2, and MC4R) (13, 14). In both humans
andmouse models, SLC22A17 constituted the
major LCN2 receptor (Fig. 1, F and H, and
fig. S4, G to J).

LCN2 promotes cancer cell growth within the
leptomeningeal space in mice

Wenext investigated the functional relevance
of LCN2/SLC22A17 in the CSF. We found that
short hairpin RNA (shRNA)–mediated loss of
LCN2 expression in LeptoM cells inhibited
their growth within the leptomeninges in all
threemousemodels and conferred a survival
benefit to the animals (Fig. 2, B and C, and fig.
S5, A to G). In contrast, LCN2 knockdown did
not alter the growth of LeptoM cells within
iron-replete anatomic sites in vivo (fig. S5, H to
J). Knockdown of the LCN2 receptor SLC22A17
phenocopied these results (Fig. 2, D and E, and
fig. S5, K and L). Conversely, overexpression of
LCN2 in parental cells with no propensity for
growth in the leptomeninges promoted the
growth of these cells in the leptomeningeal
space and hastened the death of these ani-
mals (Fig. 2, F and G, and fig. S6). Together,
these results support a mechanistic role for
the LCN2/SLC22A17 axis in leptomeningeal
cancer cell growth.
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Fig. 1. Sparse CSF iron promotes LCN2 expression in cancer cells.
(A) Human LM from breast cancer (patient B). White plaques of LM were visualized
by magnetic resonance imaging (top right) and Giemsa-stained cytospin of CSF
(bottom right). Major cell populations are indicated; the cytospin area pictured is
274 mm × 258 mm. (B) Single-cell transcriptional map of cancer and immune cells
present in CSF of five patients, projected with uniform manifold approximation and
projection (UMAP). Each dot represents a cell, colored by PhenoGraph cluster;
major cell types are manually annotated according to fig. S1. Each individual
patient is projected in fig. S2. (C and D) LCN2 and SLC22A17 gene expression in
LM patients. Violin plots of LCN2 (C) and SLC22A17 (D) show imputed gene
expression in cells from individual patients. All cells are grouped into three

compartments: cancer cells (cancer patients A to E), lymphoid cells (CD4+ T cells,
CD8+ T cells, B cells, NK cells), and myeloid cells [monocyte 1, monocyte 2,
macrophage, conventional dendritic cells (cDCs), plasmacytoid dendritic cells
(pDCs)]. (E and F) LCN2 (E) and SLC22A17 (F) detection by immunofluorescent
staining of leptomeninges collected at autopsy from patients harboring LM.
Cytokeratin (white) indicates cancer cells. Macrophages are indicated by the
macrophage-specific proteins CD68 or ionized calcium-binding adaptor molecule
1 (IBA1) in green; LCN2 and SLC22A17 are shown in red. Images are representative
of three cancer patients. Scale bars, 50 mm. (G and H) LCN2 (G) and SLC22A17
(H) expression assessed by cytospin staining of cancer cells and macrophages in
CSF collected post mortem from patients in (E) and (F). Scale bars, 20 mm.
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Inflammatory cytokines induce LCN2
expression in cancer cells
We next explored the mechanism leading to
LCN2 expression in cancer cells within the LM.
Downstream of both STAT and NF-kB tran-
scriptional promoters, expression of LCN2 may
be induced by a variety of inflammatory stimuli
(15, 16). To assess the inflammatory state of cells
during LM, we queried the scRNA-seq dataset
and found high expression levels of transcripts
downstreamof JAK-STATandNF-kBpromoters
in themacrophage population (Fig. 3A and fig.
S7A). Consistent with this, inflammatory cyto-

kine (IL-6, IL-8, and IL-1b) concentrations were
significantly higher in the CSF of cancer pa-
tients with LM than in control patients without
LM (fig. S7B). This was also observed in mouse
models (fig. S7, C and D).We hypothesized that
macrophage-generated cytokines stimulate can-
cer cell LCN2 expression in the CSF.
To test this hypothesis,we coculturedLeptoM

cancer cells with supernatant collected from
macrophages freshly isolated from either the
CSF or spleen of mice harboring LLC-LeptoM
or LLC-Par tumor cells (Fig. 3B and fig. S7E).
We found that macrophages from the CSF of

mice harboring LM strongly induced LCN2
expression in LeptoM cancer cells (Fig. 3C).
Coculture of these CSF macrophages with
LeptoM cancer cells induced expression of
LCN2 in cancer cells but not in macrophages
(Fig. 3D). Outside the leptomeninges, LCN2
expression by macrophages/monocytes and
neutrophils is typically induced by inflam-
mation (17). In our models, although LCN2
expression was increased in extracranial
splenic monocytes and neutrophils after lipo-
polysaccharide (LPS) treatment, LCN2 expres-
sion remained unchanged in these cells in the
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Fig. 2. LCN2 supports cancer cell growth in
the leptomeninges. (A) Mouse model of LM.
Left: In vivo bioluminescence imaging (BLI)
of the LLC model at day 14 after intracardiac
dissemination. Center: Immunohistochemistry
for pan-cytokeratin. Scale bar, 1000 mm
for larger image, 50 mm for inset. Right:
t-distributed stochastic neighbor embedding
(tSNE) of multicolor flow cytometry of
CSF collected from syngeneic LLC mouse
model (day 14). Major cell types: orange,
cancer cells (CD45–); purple, neutrophils
(CD45+CD11b+Ly6G+); green, lymphocytes
(CD45+CD3+); blue, myeloid cells (CD45+CD11b+

excluding neutrophils); red, other leukocytes
(CD45+CD11b–Ly6G–CD3–). A representative
sample is shown; n = 5 mice. (B) Tumor
growth in mice injected with PC9-LeptoM
cells expressing either shCtl or shLCN2. Two
independent shRNAs (sh1 and sh2) were
used to target human LCN2. Left: Histogram
represents in vivo BLI imaging after inoculation
at day 28; n = 8 to 10 per group in each of
two independent experiments. Right: Represent-
ative BLI images. ***P < 0.001 (unpaired
t test). Data represent mean ± SEM. (C) Kaplan-
Meier survival curve of mice shown in (B).
P < 0.0001. (D) Tumor growth in mice injected
with PC9-LeptoM cells expressing either shCtl
or shSLC22A17. We used two independent
shRNAs (sh1 and sh2) to target human
SLC22A17. Left: Histogram represents in vivo
BLI imaging at day 28 after inoculation. n = 8
to 10 per group in each of two independent
experiments. Right: Representative BLI images.
*P < 0.05, ****P < 0.0001 (unpaired t test).
Data are means ± SEM. (E) Kaplan-Meier
survival curve of mice shown in (D). P < 0.0001.
(F) Tumor growth in mice injected with
PC9-Par cells expressing either green
fluorescent protein (GFP) or LCN2. Left:
Histogram represents in vivo BLI imaging
after inoculation at day 21. n = 8 to 10 per
group in each of two independent experiments.
Right: Representative BLI images. *P < 0.05
(unpaired t test). Data represent mean ± SEM.
(G) Kaplan-Meier survival curve of mice
shown in (F). P < 0.0001.
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CSF (figs. S3G, S4F, and S7F). Moreover, al-
though LCN2 may induce influx of neutrophils
to extracranial sites (18), we did not observe
LCN2-dependent changes in CSF leukocyte
composition (fig. S7G).
To identify the relevant cytokines in human

disease, we immune-depleted select inflam-
matory cytokines from LM-positive human
CSF (Fig. 3E). Whereas whole CSF from LM
patients strongly induced LCN2 expression in
cancer cells, immune depletion of IL-6 and/or
IL-8 or inhibited this biological effect in both
PC9 and MDA231 model systems (Fig. 3F and
fig. S8A). Conversely, addition of recombinant
IL-6, IL-8, and/or IL-1b to artificial CSF induced
expression of LCN2 from PC9,MDA231, or LLC
(fig. S8, B to D) LeptoM cells. Together, these
data indicate that macrophage-generated cyto-
kines induce expression of LCN2 in cancer cells
within the LM.
To gain more insight into the properties of

these proinflammatory leptomeningeal mac-
rophages, we examined the transcriptome of
the macrophage/monocyte population in our
scRNA-seq dataset. Consistent with the known
transcriptional heterogeneity of these cells (19),
we observed nonreciprocal expression of both M1
(proinflammatory) and M2 (anti-inflammatory)
polarization transcriptional gradients (fig. S8E).
Unexpectedly, this analysis revealed the hypoxia
transcriptional signature as a major feature of
this macrophage population.

LCN2 supports cancer cell growth in the
hypoxic leptomeninges in mice

Hypoxia signaling is intimately linked to iron
homeostasis (20). We found that freshly isolated
CSF cancer cells and immune cells from human
LM samples showed evidence of hypoxia-
induced transcriptional changes as well as
a correlation between hypoxia and iron meta-
bolic signatures (Fig. 4, A and B, and fig. S9A).
In mouse models, bulk RNA-seq of LeptoM
derivative cell lines with and without LCN2
knockdown revealed LCN2-dependent expres-
sion of the hypoxia transcriptional signature,
suggesting a role for LCN2 in hypoxia (Fig. 4C
and fig. S9, B and C).
The biological relevance of hypoxia signal-

ing in LM remains undetermined. In the
absence of disease, the CSF is hypoxic, with
partial pressure of O2 ranging from 65 to 130 ±
49 mmHg. However, in inflammatory injury
(21) or an impaired blood-CSF barrier (11), CSF
oxygenation is improved. To study hypoxia in
our LM mouse models, we generated a dual-
luciferase reporter system consisting of consti-
tutive firefly luciferase and nano-luciferase
downstream of hypoxia response elements.
The PC9-LeptoM and LLC-LeptoM models
demonstrated NLuc activation (an indication
of hypoxia) upon inoculation into the CSF, and
this activation remained stable over the disease
course (Fig. 4D). Despite this hypoxia, the

LeptoM cells continued to grow and expressed
hypoxia-inducible factors HIF-1a and HIF-2a
(Fig. 4, D and E, and fig. S9, D and E). In vitro,
LeptoMderivatives demonstrated robust growth
underhypoxic conditions in anLCN2-dependent
manner: Knockdown of LCN2 expressionwith
shRNA inhibited LeptoM growth and pro-
moted apoptosis in hypoxia (fig. S9, F to P),
and overexpression of LCN2 provided resistance
to hypoxic stress (fig. S9, Q and R). From these
experiments, we conclude that cancer cell LCN2
expression supports cancer cell growth within
hypoxic CSF in LM.

Cancer cells use LCN2 to collect sparse
extracellular iron in the CSF

In the absence of disease, CSF containsminimal
extracellular iron. To investigate the levels of

this micronutrient in LM, we assayed total iron
levels by mass spectroscopy in the CSF of can-
cer patients. We found that total iron concen-
tration and the proportion of iron bound to
LCN2was increased in the CSF of patients with
LM relative to patients without LM (fig. S10, A
and B). In addition, patient CSF LCN2 levels cor-
relatedwith iron concentration (table S3). Reflect-
ing the importanceof inflammatory signaling,CSF
iron levels also correlated with IL-6 and hepcidin.
Turning to ourmousemodels, we found that

LCN2 gene expression was up-regulated in
LeptoM cells relative to Par cells (figs. S4D and
S10C). In vivo, LCN2 knockdown by shRNA
was partially rescued through addition of iron-
loaded transferrin (Fig. 5, A andB, and fig. S10,
D to F), which suggests that iron transport
plays a key role in LCN2-dependent cancer cell
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Fig. 3. Cancer cells generate LCN2 in response to inflammatory cytokines. (A) Mean expression of canonical
proinflammatory cytokines from single-cell transcriptomics. Markov affinity-based graph imputation of cells
(MAGIC)–imputed cytokine expression was standardized to zero mean and unit of standard deviation. See the
proinflammatory cytokine dataset in table S5. (B) Schematic for cancer cell coculture with supernatant from
macrophages in LLC-LeptoM model. Conditioned media was collected from macrophages, freshly sorted from
CSF or spleen of C57Bl/6 mice harboring LLC-LeptoM cells or no cancer by fluorescence-activated cell sorting
(FACS), and added to cultures of Par cells or LeptoM cells for 14 days, exchanging fresh conditioned media every
3 days. (C) Evaluation of LCN2 levels by ELISA in conditioned media generated as in (B); n = 3 in each of two
independent experiments. **P < 0.01, ****P < 0.0001 (unpaired t test); NS, not significant. Data are means ±
SEM. (D) LCN2 mRNA detection by quantitative polymerase chain reaction in CSF-derived macrophages and
LLC-LeptoM cells after coculture at day 14; n = 3 in each of two independent experiments. ***P < 0.001 (unpaired
t test). Data are means ± SEM. RLU, relative luminescence unit. (E and F) CSF from patients harboring
LM was treated with neutralizing antibodies to IL-6, IL-8, or IFN-g and added to PC9-LeptoM cells for 12 hours.
LCN2 was quantified by ELISA in conditioned media 24 hours after removing CSF; n = 3 in each of two
independent experiments. ***P < 0.001, ****P < 0.0001 (unpaired t test). Data are means ± SEM.
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growth in the CSF. To investigate this further,
we examined iron uptake in these LeptoM cells
in vitro. Inhibition of either SLC22A17 or LCN2
expression in LeptoM cells by shRNA in vitro
inhibited iron accumulation and cell growth
(fig. S10, G to I). Intracellular iron accumulation
and cell growth were rescued by addition of
exogenous transferrin (fig. S10, G to I).
Activated macrophages cannot generate re-

active oxygen species unless iron concentra-
tions are sufficiently high (22). We hypothesized
thatmacrophageswithin theCSF, particularly in
LM, have lower iron stores than macrophages
circulating in the blood. To address this, we
studied the syngeneic LLC-LeptoM mouse
model (table S2). We collected macrophages
from either the CSF or the spleen in the setting
of LM or after challenge with LPS (Fig. 5F).We
found that the intracellular iron content of
CSF macrophages declined significantly in the
setting of LM when compared with LPS treat-
ment (Fig. 5C and fig. S10J). We also found

that shRNA-mediated knockdown of cancer
cell LCN2 expression increased macrophage
iron content (Fig. 5C and fig. S10K). Finally,
we found that the impairment of iron uptake
in the CSF has functional consequences for
these macrophages: Both respiratory burst and
phagocytosis were impaired in the setting of
LM in a LCN2-dependent fashion (Fig. 5, D and
E). Together, these observations are consistent
with a model in which inflammatory signals
promote cancer cell LCN2 production. This in
turn allows cancer cells to acquire the iron that
is present in limiting amounts in CSF, which
not only supports their owngrowth but inhibits
iron uptake and iron-dependent functional
activities of macrophages.

Analysis of iron chelation therapy for
LM in mice

Because iron is limiting in the CSF, we reasoned
that iron chelation might impair cancer cell
growth in the CSF and tested this hypothesis

in ourmousemodels (table S2). We inoculated
recipient mice with eitherMDA231-LeptoM or
PC9-LeptoM cells and treated them intra-
cisternally with vehicle, the iron chelator
deferoxamine (DFO), or the copper chelator
D-penicillamine (D-Pen) on day 0 or day 7 after
engraftment and every 3 days thereafter (fig.
S11, A and B). DFO treatment substantially
suppressed iron levels within the LeptoM cells
as well as their growth (Fig. 5F and fig. S11,
C to F). Notably, DFO treatment conferred a
survival benefit to theMDA231 and PC9mouse
models relative to vehicle control (Fig. 5G, fig.
S11, G andH, and table S4). As expected for this
chelator treatment, we found that iron concen-
tration in the CSF from DFO-treated mice was
decreased at day 28 relative to that in control
mice (fig. S11, I and J). The number of CSF
macrophages was slightly reduced by the D-Pen
or DFO treatment, whereas the numbers of
neutrophils, T cells, and monocytes were not
affected (fig. S11, K and L).
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populations from (A) alone. (C) Gene set enrichment (GSA) analysis of PC9
and LLC models by bulk RNA sequencing of LeptoM shCtl and shLCN2.
Numbers of significantly up-regulated (red) and down-regulated (blue) genes
in GSA analysis are indicated on the x axis; n = 2 per group. P < 0.05. See

also fig. S7B. (D) Leptomeningeal tumor growth in a dual-reporter in vivo
system. PC9-LeptoM cells express Firefly luciferase (Fluc) constitutively;
NanoLuc (Nluc) is induced downstream of the hypoxia response element.
Left: Fluc and Nluc are assayed by BLI at indicated time points. Solid circles
indicate Nluc; open circles indicate Fluc. Right: Representative BLI images at
day 0 and day 7. n = 8 to 10 per group in each of two independent experiments.
Data are means ± SEM. (E) Leptomeningeal tissue sections stained with
hematoxylin and eosin (HE) and immunohistochemistry for LCN2 and hypoxia-
inducible factors HIF-1a and HIF-2a in PC9-LeptoM model. Scale bars, 50 mm.
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Discussion
Circulating immune cells routinely encounter
nutritionally sparse environments as they
migrate from the circulation into the tissues.
Indeed, immune cells use a discrete set of
transcriptional programs tomake use of limited
resources, including iron and oxygen. In the
case of inflammatory macrophages, interferon-g

signaling promotes the generation of nitric
oxide (23), impairing oxidative phosphorylation
(24) and allowing for generation of reactive
oxygen species (25).
Cancer cells cope with challenging environ-

mental constraints differently from immune
cells. The genetic heterogeneity of cancer cells
provides these cells with a selective advantage

over other cell types. To study cellular compe-
tition for sparse nutrients at human scale, we
applied single-cell RNA-seq to patient-derived
samples of LM, a lethal complication of cancer.
In doing so, we uncovered a specific example
of how the dynamic transcriptional heteroge-
neity of cancer cells can confer a functional
selective advantage (26–28). We found that
cancer cells make use of LCN2/SLC22A17, a
high-affinity iron collection system that enables
them to effectively outcompete other cells in
the leptomeninges for sparse environmental
iron. The other major iron-utilizing cell in the
CSF, the macrophage, is rendered iron-deficient
by this process, resulting in impaired respiratory
burst and phagocytosis.
The leptomeninges pose unusual constraints

on both the infiltrating immune system and
cancer cells; we found that intercellular sig-
naling is substantially altered within the lepto-
meningeal space. Investigators studying other
experimental systems focused on extracranial
sites have observed macrophage LCN2 gener-
ation (29), which promotes cancer cellmigration
and invasion (13, 30). In LM, CSF macrophages
do not produce LCN2. Rather, the inflammatory
microenvironment promotes the generation of
LCN2 in cancer cells. As obligate partners for
cancer cell migration, invasion, and metastasis,
tumor-associated macrophages are well known
to alter the behavior of cancer cells (31). The
evolutionary dynamics that we have discovered
between malignant and nonmalignant cells
within the leptomeninges reveal both the robust
nature of cancer’s transcriptional plasticity
andmicroenvironmental vulnerabilities ripe
for therapeutic exploitation.
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***P < 0.001, ****P < 0.0001 (unpaired t test). Data are means ± SEM. (D and E) Phagocytosis (D) and
reactive oxygen species (ROS) generation (E) in CSF-derived macrophages by flow cytometric analysis
after LeptoM (LLC model), shLCN2 LPS, or vehicle (Ctl) treatment. Phagocytosis was detected by
fluorescein isothiocyanate (FITC)–labeled Escherichia coli; CellROX Green+ cells represent percent of live
cells with ROS. n = 12 to 15 (Ctl), n = 4 or 5 (LPS), n = 11 to 18 (LeptoM), n = 8 (shLCN2). *P < 0.05,
**P < 0.01, ****P < 0.0001 (unpaired t test). Data are means ± SEM (two independent experiments).
(F) Tumor growth in MDA231-LeptoM model after chelator treatment: deferoxamine (DFO) or
D-penicillamine (D-Pen) on day 0 (early) or day 7 (late); see also fig. S11. Left: Results from in vivo
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