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ARTICLE INFO ABSTRACT

Keywords: Solid tumors are characterized by hypoxic areas, which are prone for macrophage infiltration. Once infiltrated,
Extracellular vesicles macrophages polarize to tumor associated macrophages (TAM) to support tumor progression. Therefore, the
Iron crosstalk between TAMs and tumor cells is of current interest for the development of novel therapeutic strategies.
HIF-2 P . . o s . .

STATI These may comprise induction of an iron- and lipid peroxidation-dependent form of cell death, known as fer-
Hypoxia roptosis. To study the macrophage - tumor cell crosstalk we polarized primary human macrophages towards a

TAM-like phenotype, co-cultured them with HT1080 fibrosarcoma cells, and analyzed the tumor cell response to
ferroptosis induction. In TAMs the expression of ceruloplasmin mRNA increased, which was driven by hypoxia
inducible factor 2 and signal transducer and activator of transcription 1. Subsequently, ceruloplasmin mRNA was
transferred from TAMs to HT1080 cells via extracellular vesicles. In tumor cells, mRNA was translated into
protein to protect HT1080 cells from RSL3-induced ferroptosis. Mechanistically this was based on reduced iron
abundance and lipid peroxidation. Interestingly, in naive macrophages also hypoxia induced ceruloplasmin
under hypoxia and a co-culture of HT1080 cells with hypoxic macrophages recapitulated the protective effect
observed in TAM co-cultures. In conclusion, TAMs provoke tumor cells to release iron and thereby protect them
from lipid peroxidation/ferroptosis.

1. Introduction

Tumors are characterized by a unique microenvironment including
hypoxic regions, which attract various immune cells [1]. Among others,
monocytes invade tumors where they differentiate to tumor associated
macrophages (TAMs), which are known to promote tumor growth and
survival [2]. While the interaction of TAMs with other cells in the tumor
is extensively documented, the role of TAMs in affecting tumor cell
ferroptosis was rarely studied so far. Ferroptosis is a form of cell death,
characterized by increased free iron and lipid peroxidation [3,4]. Lipid
peroxidation occurs when ferrous iron (Fe(II)) and HyO, undergo Fenton
chemistry, resulting in hydroxyl radicals, which react with phospholipid
hydroperoxides to form phospholipid hydroperoxide radicals. These
radicals cause membrane damage and consequently cell death. Since
this reaction depends on iron- and lipid metabolism as well as

counteracting antioxidant systems, cellular sensitivity is subjected to
several regulatory rheostats. Ferritins store cellular iron as Fe(IID),
thereby limiting the labile iron pool and protecting macrophages from
ferroptosis [5]. Depending on their state of polarization macrophages
are master regulators of iron homeostasis. Inflammatory macrophages
sequester iron, while alternatively polarized macrophages provoke iron
release [6]. Various proteins tightly control iron storage (ferritins), up-
take (transferrin), and release (ferroportin). Another protein associated
with iron release and transport is ceruloplasmin (CP) [7]. CP can be
linked to the membrane by a glycosylphosphatidylinositol anchor or can
be secreted into the extracellular space, where it functions as a ferrox-
idase. The oxidation of Fe(II) to Fe(III) constitutes an imported step for
transferrin loading and finally iron transport [8]. It appears that CP
protects cells from ferroptosis by enhancing iron export [9]. Moreover,
iron metabolism is affected by the cellular microenvironment including
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hypoxia [10]. The response to hypoxia is dominated by signaling of
hypoxia inducible factors (HIF), adapting metabolism, i.e. increasing
glycolysis, decreasing mitochondrial respiration or affecting iron ho-
meostasis by decreasing iron import (transferrin) and increasing its
export (CP and ferroportin) [11]. Iron also acts as cofactor for prolyl
hydroxylases (PHD), which degrade HIF. Therefore, iron depletion
functionally inactivates PHDs and stabilizes HIF [12]. Hypoxia causes
multiple cellular adaptations and hypoxia, respectively HIFs, are shown
to either inhibit or facilitate ferroptosis, dependent on the cell type and
distinct microenvironments [13]. Most studies addressing ferroptosis,
iron metabolism, or hypoxia focus on a single cell, underestimating
cellular crosstalk, e.g. between tumor cells and macrophages. Irre-
spective of the exact model system, it appears of utmost importance to
understand the role of macrophages on tumor cell ferroptosis to develop
tailored treatment strategies. In the present study we demonstrate such
intercellular communication where TAMs express high levels of CP
mRNA, which is packed into extracellular vesicles (EVs) and transferred
to HT1080 fibrosarcoma cells, where the transcribed protein facilitates
iron export and in turn protects HT1080 cells from lipid peroxidation
and ferroptosis.

2. Material and methods
2.1. Isolation of primary human macrophages

Primary human macrophages were isolated from Buffy coats using
Leucosep tubes (Greiner bio-one, Frickenhausen, Germany) and Biocoll
Separating Solution (Biochrom, Berlin, Germany). Cells were washed
three times with PBS and were allowed to adhere to 6-well plates, 6 cm
dishes, or 48-well plates (Cell+, Sarstedt, Niimbrecht, Germany) for 1 h
at 37 °C. Non-adherent cells were removed and remaining monocytes
were incubated for at least 7 days with RPMI 1640 medium containing
3% human serum and penicillin/streptomycin. Macrophages were used
at a density of approximately 80%. Polarization to tumor associated
macrophages was performed by incubating naive macrophages for 5
days with UV-irradiated MCF-7 cells.

2.2. Cell culture HT1080

HT1080 fibrosarcoma cells were purchased from ATCC and cultured
in DMEM medium containing 10% fetal calf serum and penicillin/
streptomycin. Cells were seeded 24 h before the experiment to ensure
attachment. Co-cultures were performed by seeding and differentiating
macrophages on a 6 well plate. HT1080 cells were seeded into transwells
(0.4 pm, Sarstedt) and were incubated for 24 h. Afterwards transwells
with HT1080 cells were placed on top of macrophages and treated as
outlined in the experiments.

2.3. siRNA transfection

Primary human macrophages were incubated in RPMI without
human serum 16 h prior transfection. Cells were transfected with 50 nM
ON-TARGET plus siRNA against HIF-1a (L-004018-00-0010), HIF-2q (L-
004814-00-0020), CP (L-009303-00-0010), and STAT1 (L-003543-00-
0005) purchased from Horizon Discovery (Cambridge, UK) using
HiPerFect transfection reagent (Qiagen, Hilden, Germany).

2.4. CRISPRa

HT1080 cells were transduced with the CRISPRa lentiviral dCas9-
VPR hCMV (Horizon, CAS11914) and after blasticidin selection with 4
different guide RNAs for ceruloplasmin (Horizon, CRISPRmod CRISPRa
Human CP Lentiviral sgRNA, GSGH11890-EG1356). Control cells were
transduced with a non-targeting guide RNA (Horizon, CRISPRmod
CRISPRa lentiviral sgRNA non-targeting controls, GSGC11913).
Following transduction, cells were selected with puromycin.
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2.5. Treatments

Cells were treated with RSL3 and liproxstatin-1 (both from Cayman
Chemicals, Ann Arbor, USA) for indicated times and concentrations.
Hypoxic incubations were performed in a SciTive Workstation (Baker
Ruskinn, Leeds, UK) at 1% O, and 5% CO- for times indicated.

2.6. Western analysis

Cells were lysed in a buffer containing 4% SDS, 150 mM NacCl, and
100 mM Tris/HCl, pH 7.4, and sonicated. For Western analysis of su-
pernatants, cells were incubated in serum free medium for 24 h and
proteins were precipitated from the supernatants. Protein content was
determined by a protein assay kit (Bio-Rad, Munich, Germany) and 60
ng protein were loaded on a SDS gel. Gels were blotted using a Trans Blot
Turbo blotting system (Bio-Rad). Before blocking, membranes were
stained using the Revert™ 700 Total Protein Stain kit (Licor, Lincoln,
USA) according to manufacturer’s advice. Afterwards, membranes were
blocked in 5% milk in TBS-T for CP (D7Q5W) (989718, Cell Signaling,
Frankfurt, Germany) and 5% BSA for phospho-Statl (Ser727) (D3B7)
(88268, Cell Signaling) and Statl (9172, Cell Signaling). Fluorescence
signal was detected on an Odyssey scanner (Licor) and quantified with
Image Studio Digits 5.0 (Licor). For each lane the lane normalization
factor (LNF) was calculated (intensity of a complete lane divided by the
intensity of the lane with the maximal intensity) and used for normali-
zation of the signal. Complete pictures of total protein stains are shown
in Supplementary Fig. 4.

2.6.1. Real time PCR

RNA was isolated using peqGold (Peqlab, Erlangen, Germany) and
measured using a Nanodrop ND-1000 spectrophotometer (Peglab).
Reverse transcription was performed with the Maxima First Strand
cDNA Synthesis Kit for RT-PCR (Thermo Fisher Scientific, Waltham,
USA). RNA expression of IL-1, IL-8, IL-10, ALOX15, CP, FPN, FTH, FTL,
TfR, STEAP3, PHD2, and Glutl was analyzed using PowerUp SYBR
Green Master Mix (Applied Biosystems, Thermo Fisher Scientific) on a
QuantStudio 3 PCR Detection System (Applied Biosystems, Thermo
Fisher Scientific) and normalized to TBP or 18S. Primers are listed in
Table 1.

2.7. Iron determination

Iron amount of cell lysates was assessed using the iron assay kit
(ab83366, abcam, Berlin, Germany). Samples were prepared according
to manufacturer’s instructions and measured on a Tecan spark plate
reader (Tecan, Mannedorf, Switzerland).

2.8. Ceruloplasmin ELISA

Ceruloplasmin ELISA (G-HUFI00479.96, Assay Genie, Dublin,
Ireland) was performed from supernatants of control macrophages and
TAMs according to manufacturer’s instructions.

2.9. Vitality assay

To analyze viability, cells were stained with CellTiter Blue (Promega,
Walldorf, Germany) and incubated for 1 h under cell culture conditions.
Afterwards, fluorescence was measured on a Tecan spark plate reader
(Tecan).

2.10. Isolation of extracellular vesicles

Extracellular vesicles were isolated as reported in Ref. [14]. Briefly,
cells were cultured for 48 h in serum free medium. Cell debris was
removed by centrifugation and supernatants were concentrated using a
30 kDa molecular cut-off (Centriprep 30 k filters). Afterwards vesicles
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Table 1
List of primers.
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TARGET FORWARD (5-3) REVERSE (5-3)

ALOX15A TGGAAGGACGGGTTAATTCTGA GCGAAACCTCAAAGTCAACTCT
CP CTTTCCTGCTACCCTGTTTGATGC CTTGCAAACCGGCTTTCAGA
FTH TGTGGCGGAGCTGCTGGGTAA CGAGAGGTGGATACGGCTGCT
FTL AGCCTTCTTTGTGCGGTCGGGTAA ACGCCTTCCAGAGCCACATCAT
FPN TGAGCCTCCCAAACCGCTTCCATA GGGCAAAAAGACTACAACGACGACTT
Glutl CACACACCCCTGACACACC ACTCCCACTGCGACTCTGAC
IL-1B AGAAGTACCTGAGCTCGCCA CAGGTCCTGGAAGGAGCACT
IL-8 CAGGAATTGAATGGGTTTGC AGCAGACTAGGGTTGCCAGA
IL-10 AAGCCTGACCACGCTTTCTA TAGCAGTTAGGAAGCCCCAA
PHD2 GAAAGCCATGGTTGCTTGTT TTGGGTTCAATGTCAGCAAA
STEAP3 CTGCTGTTGCCACCAAAATGC TTGGCAAGGCTACTATCGCT
TBP GCATCACTGTTTCTTGGCGT CGCTGGAACTCGTCTCACTA
TfR GAGCGTCGGGATATCGGGT CAGGATGAAGGGAGGACACG
18s GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG

were isolated by size exclusion chromatography using Sepharose CL-2B
columns. RNA was isolated using the total exosome RNA and protein
isolation kit (Invitrogen, Thermo Fisher Scientific).

2.11. Imaging flow cytometry

Lipid peroxidation was analyzed by flow cytometric imaging (Amnis
ImageStreamX Mk 1II, Cytek, Amsterdam, Netherlands). 2 x 10° cells
were seeded and stained with 5 pM BODIPY C11 (Invitrogen, Thermo
Fisher Scientific), washed and resuspended in PBS containing 2% FCS.
Cell Staining of macrophages was performed using CellTracker Green
CMFDA dye (Invitrogen, Thermo Fisher Scientific). Macrophages were
stained with 0.5 pM CellTracker in PBS. Cells were then washed three
times and co-cultured with HT1080 cells. From each sample 100.000
cells, which were identified as single cells and in focus, were measured
and used for analyses. Pictures were obtained with 60x magnification.
Data were analyzed with IDEAS® Image Analysis Software.

2.12. Statistics

All experiments were performed at least three times. Each biological
replicate contains a control and was normalized accordingly. Statistics
were performed with GraphPad Prism 10.0.2. Data are expressed as
mean values + SEM. Statistically significant differences were calculated
after analysis of variance (ANOVA) and Bonferroni’s test or Students t-
test; p < 0.05 was considered significant.

3. Results and discussion
3.1. Ceruloplasmin expression in TAMs

To question the role of tumor associated macrophages (TAM) for
tumor cell ferroptosis, we polarized primary human macrophages with
MCE-7 cells for 5 days. The resulting TAM-phenotype was characterized
by analyzing mRNA expression of interleukin (IL)-1p, IL-8, IL-10, and
15-lipoxygenase (ALOX15A) (Fig. 1A-D). While IL-1p was not signifi-
cantly altered, IL-8 decreased, while IL-10 as well as ALOX15A signifi-
cantly increased compared to unstimulated macrophages. This
expression pattern is, in accordance with literature, indicative of an
alternatively activated, anti-inflammatory, TAM phenotype [15,16].
Since iron metabolism and ferroptosis are closely intertwined and
macrophages actively participate in regulating iron homeostasis, we
explored mRNAs of genes affecting iron storage or release in TAMs
compared to naive macrophages (Fig. 1E-J). While the mRNA of the iron
storage protein ferritin heavy chain (FTH) remained unchanged, ferritin
light chain (FTL) mRNA significantly increased. No changes were
detected for the iron exporter ferroportin (FPN), the iron import re-
ceptor transferrin (TfR), or STEAP3 metalloreductase (STEAP3). How-
ever, we noticed a particularly strong induction of ceruloplasmin (CP)

mRNA. A slight positive modulation of prolyl hydroxylase (PHD) 2 and a
significant increase of solute carrier family 2A1 (glucose transporter 1,
Glut1) mRNA pointed towards activation of HIF-mediated transcription.
CP is a ferroxidase, which either is released from cells or membrane
anchored [17]. The protein promotes iron export and transport and
apparently conveys anti-inflammatory properties [18]. Specifically,
macrophage-derived CP increased the survival of mice suffering from
inflammatory bowel disease [19]. This disease is also antagonized when
interfering with lipid peroxidation by liproxstatin, ferrostatin, or
vitamin E, suggesting underlying ferroptotic mechanisms [20]. There-
fore, we hypothesized that increased CP production by TAMs has an
anti-ferroptotic potential.

3.2. TAM:s reduce ferroptosis of HT1080 cells

To analyze the impact of TAMs on tumor cell ferroptosis, we polar-
ized macrophages to TAMs and subsequently co-cultured them with
HT1080 fibrosarcoma cells using a transwell system. As controls, we
either used naive macrophages in the transwell set up or HT1080 cells
alone (Fig. 2 A). In initial experiments incubation of HT1080 cells for 4 h
with 1 pM RSL3 substantially induced ferroptosis. This was completely
antagonized by 1 pM liproxstatin-1 which interferes with lipid peroxi-
dation and protects cells from ferroptosis (Fig. 2 B). In the following
experiments, naive macrophages or TAMs were co-cultured with
HT1080 cells for 24 h in a transwell setting, followed by treatment with
RSL3 for 4 h (Fig. 2C). Viability of HT1080 co-cultured with naive
macrophages was reduced to the same extent as in HT1080, while the
co-culture of HT1080 cells with TAMs significantly increased the
viability of the tumor cells. Liproxstatin-1 protected HT1080 cells,
indicating that cell death resulted from ferroptosis. Interestingly, the
protective effect of TAM co-culture increased with prolonged co-culture
times from 24 to 72 h (Fig. 2 D, Fig. S1 A). To decipher whether
increased CP expression in TAMs contributes to enhanced viability of the
co-cultured tumor cells, we reduced CP (siCP) expression in TAMs using
siRNA technology. Compared to a non-targeting control (NTC) CP
mRNA as well as protein were reduced in siCP treated TAMs (Suppl.
Fig. 1 B and C). Having validated the knockdown, NTC and siCP treated
TAMs were co-cultured with HT1080 cells in the transwell set-up (Fig. 2
E). Viability measurements showed no differences comparing HT1080
cells co-cultured with NTC- or siCP-treated TAMs. Thus, the knockdown
of CP in TAMs itself did not effect on viability of naive HT1080 cells.
Compared to DMSO controls, RSL3-treated samples showed reduced
viability, indicating effective induction of ferroptosis. Furthermore,
HT1080 cells, co-cultured with NTC-treated macrophages were less
viable after the addition of RSL3 compared to HT1080 cells co-cultured
with TAM, which underscores the initial effect that TAMs protect
HT1080 cells from ferroptosis (Fig. 2C). When HT1080 cells were co-
cultured with siCP treated TAMs, tumor cell viability was lower
compared to the same set up using NTC treated TAMs. Apparently, TAM-
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Fig. 1. Characterization of tumor associated macrophages Primary human macrophages (M®) were incubated for 5 days with apoptotic MCF-7 cells to obtain tumor
associated macrophages (TAM). RNA of (A) interleukin (IL)-14, (B) IL-8, (C) IL-10, (D) 15-lipoxygenase (ALOX15), (E) ferritin heavy chain (FTH), (F) ferritin light
chain (FTL), (G) ferroportin (FPN), (H) ceruloplasmin (CP), (I) transferrin receptor (TfR), (J) STEAP3 metalloreductase (STEAP3), (K) prolyl hydroxylase 2 (PHD2),
and (L) glucose transporter 1 (Glutl) were analyzed. Data were normalized to TATA box binding protein (TBP) and are expressed as mean values + SEM, *p < 0.05.
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Fig. 2. Tumor associated macrophages protect HT1080 cells from ferroptosis

(A) A co-culture system with tumor associated macrophages (TAM) was established. PBMCs were isolated and differentiated for 96 h to macrophages. Afterwards
they were incubated with UV irradiated MCF-7 cells for additional 96 h and subsequentially co-cultured with HT1080 cells in a transwell set up and then treated with
1 pM RSL3. (B) HT1080 cells were treated with 1 pM RSL3 and 1 pM liproxstatin-1 (Lip) for 4 h and vitality was measured. (C) HT1080 cells alone or in co-culture
with TAMs or naive macrophages (M®) were incubated for 24 h, treated with 1 pM RSL3 and 1 pM Lip for 4 h, and vitality was analyzed. Data were normalized to
M@ control. (D) HT1080 cells were co-cultured with TAMs, incubated for indicated time points, and then treated with 1 pM RSL3 for 4 h. Vitality was analyzed and
values were normalized to the corresponding DMSO control. (E) TAMs were generated and transfected with siRNA against ceruloplasmin (siCP) or a non-targeting
control (NTC). NTC transfected M® served as controls. After 48 h, transfected TAMs and M® were co-cultured with HT1080 cells for 24 h, which then were treated

with DMSO or RSL3 for 4 h. Vitality was measured and data were normalized to NTC TAMs. All data are expressed as mean values + SEM, *p < 0.05.

derived CP communicates tumor cell protection against ferroptosis.

3.3. CP protein expression and release from TAMs

CP is either released from cells or bound to membranes via a gly-
cosylphosphatidylinositol anchor [21]. Since TAMs protect HT1080
cells from ferroptosis without requiring cell-cell contact, we assumed
that TAMs secret CP. However, neither Western analysis nor ELISA
favored enhanced secretion as the supernatant of naive macrophages
and TAMs showed similar levels (Fig. 3 A and B). Albeit, Western
analysis of CP in cell lysates indicated a significantly reduced intracel-
lular protein abundance (Fig. 3C). Kinetics of CP expression during TAM
polarization revealed a decrease from 24 h onwards (Fig. 3D and E),
while CP mRNA started to increase after 24-48 h (Fig. 3 F). Reduced
protein expression of CP corroborates previous studies, which identified
CP as bona fide target of the IFN-y-activated inhibitor of translation
(GAIT) complex [22]. This complex is known to bind to distinct GAIT
elements within the 3'UTR of target mRNAs and blocks translation [23].
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Possibly, CP is stable in the supernatant and does not reflect the
intra-cellular decrease at the examined time point. Importantly, CP
mRNA increased during TAM polarization and we hypothesized that CP
mRNA protected tumor cells from ferroptosis.

3.4. CP mRNA regulation in TAMs

Next, we investigated molecular mechanisms to explain increased CP
mRNA expression in TAMs. The presence of hypoxia response elements
in the CP promotor is well established [24]. This together with the in-
duction of the putative HIF-target Glutl in TAMs (Fig. 1L), we ques-
tioned the potential role of HIF in this process. HIF is known to be
stabilized in TAMs [25,26]. Hereby a knockout of HIF-1a shifted TAM
polarization towards a M2 phenotype and attenuated their
pro-angiogenetic functions. To explore a role of HIF, we transfected
naive macrophages and TAMs with siRNA against HIF-1a (siHIF1) or
HIF-2a (siHIF2) (Suppl. Fig. 1 D and E). While the knockdown of HIF-1a
left CP expression unaltered, the knockdown of HIF-2u decreased the CP
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Fig. 3. Ceruloplasmin expression by tumor associated macrophagesTumor associated macrophages (TAM) were generated and (A) supernatants were analyzed for
ceruloplasmin (CP) by Western analyses and compared to naive macrophages (M®). Data were normalized to lane normalization factor (LNF). (B) Supernatants of
M® and TAMs were analyzed for CP by ELISA. (C) Cell lysates were analyzed for ceruloplasmin (CP) by Western analyses and compared to naive macrophages (M®).
Data were normalized to lane normalization factor (LNF). (D) Primary human macrophages were incubated with apoptotic MCF-7 cells for times indicated and CP
protein was measured by Western analyzes. (E) Quantification of (D). (F) Primary human macrophages were incubated with apoptotic MCF-7 cells for times indicated
and CP mRNA was measured and normalized to TATA box binding protein (TBP). All data are expressed as mean values + SEM, *p < 0.05.
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mRNA amount in TAMs (Fig. 4 A). Interestingly, HIF-2 appears to have a
pivotal function in human macrophages and was correlated to angio-
genesis in primary invasive breast carcinomas [27]. Studies in primary
human macrophages showed that HIF-2 acts by binding to enhancer
regions within target genes and thereby facilitates their expression [28,
29]. According to the literature, HIF-1a appears to be the major regu-
lator of CP in vitro and in vivo [30]. In contrast, our study suggests that
HIF-2 mediates CP expression in macrophages, which points to a cell
type-dependent role of HIF-isoforms in inducing CP expression. Never-
theless, HIF-1 was shown to enhance CP transcription and to reduce
sensitivity of HCC cells towards ferroptosis and radiotherapy [31]. This
study supports the protective role of CP and highlights that the isoform
of HIF, which promotes CP expression, can be cell type specific. TAMs
are also known to activate Janus kinase (JAK)/signal transducer and
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activator of transcription 1 (STAT1) [32]. Western analyses indeed
revealed that phosphorylated as well as total STAT1 increased in TAMs
compared to naive macrophages (Fig. 4B-D). Despite the fact that the
pSTAT1/STAT1 ratio was unaltered, more phosphorylated and thus,
active STAT1 characterized TAMs in our system. Knocking down STAT1,
significantly decreased CP mRNA, suggesting a regulatory function of
not only HIF-2 but also STAT1 (Fig. 4 E and G, Suppl Fig. 1F and G). To
elucidate additive effects of HIF-2 and STAT1, we approached a
knockdown of both transcription factors (Fig. 4 F). While a single
knockdown of either HIF-2a or STAT1 decreased CP mRNA to roughly
50%, the double knockdown lowered CP mRNA abundance further, i.e.
to roughly 30%. As the JAK-signaling cascade likely activates STAT1, we
inhibited JAK with XL.019, which reduced STAT1 phosphorylation,
thereby validating the potency of the inhibitor (Fig. 4H and I).
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Fig. 4. Ceruloplasmin is regulated by HIF-2 and STAT1 in tumor associated macrophages

(A) Control macrophages (M®) and tumor associated macrophages (TAM) were transfected with siRNA against hypoxia inducible factor (HIF)-1a (siHIF1), HIF-2a
(siHIF2), or a non-targeting control (NTC). Ceruloplasmin (CP) mRNA was measured and normalized to TATA box binding protein (TBP). (B) Signal transducer and
activator of transcription 1 (STAT1) and phosphorylated STAT1 (p-STAT1, Ser727) was analyzed in M® and TAMs by Western analyzes. (C) Ratio of pSTAT1 to
STAT1. (D) p-STAT1 was quantified and normalized to the lane normalization factor (LNF). (E) M® and TAMs were transfected with siRNA against STAT1 (siSTAT1)
or NTC. CP mRNA was measured and normalized to TBP. M® and TAMs were transfected with siRNA against HIF-2« (siHIF2), STAT1 (siSTAT1) or NTC. CP mRNA
was measured and normalized to TBP. (G) CP is regulated by HIF-2 and STAT1. (H) M® and TAMs were treated with indicated concentrations of XL019 and incubated
for 24 h. Afterwards, STAT1 and p-STAT1 protein was analyzed by Western analysis. (I) Quantification of (H). p-STAT was normalized to total STAT1. (J) M® and
TAMs were treated with indicated concentrations of XL019, incubated for 24 h and CP mRNA was measured. Data were normalized to TBP. All data are expressed as

mean values + SEM, *p < 0.05.
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Measuring CP mRNA expression in TAMs with JAK being inhibited
lowered CP abundance compared to the control, while no effect of the
JAK inhibitor was apparent in naive macrophages. Besides regulation of
CP by HIF-2, HIF-2 was also shown to be regulated by CP in lung cancer.
Enhanced CP expression increased Fe(Il), reduced PHD activity, and
finally stabilized HIF-2a [33]. As PHDs are not specific for only one HIF
isoform, this mechanism was also observed for HIF-1a in epithelial cells
[34]. Our results point to HIF-2 and STAT1 as regulators of CP tran-
scription in TAMs.

3.5. TAM-derived CP mRNA is transferred to HT1080 cells and
translated into protein

Next, we asked how TAM-derived CP might antagonize ferroptosis in
HT1080 cells. To exclude endogenous expression of CP mRNA in
HT1080 cells, we measured CP mRNA abundance and detected CT
values of around 35, indicating that CP is expressed in tumor cells at
very low level, being virtually absent (Suppl. Fig. 2). We then used the
transwell set-up to co-culture HT1080 cells with naive macrophages or
TAMs for 24 h and analyzed CP mRNA (Fig. 5 A). HT1080 tumor cells co-
cultured with TAMs contained significantly more CP mRNA compared to
those in the transwell set-up with naive macrophages. To support the
idea of mRNA, transfer from TAMs to tumor cells, we used siRNA to
reduce CP mRNA in TAMs and co-cultured these cells with HT1080
(Fig. 5 B). A knockdown of CP in TAMs significantly lowered CP mRNA
abundance in tumor cells compared to NTC controls. Following that, we
analyzed if CP mRNA was translated into protein (Fig. 5C and D), again
using naive macrophages and TAMs in the transwell set-up with
HT1080 cells. As seen before (Fig. 4 A), TAMs express less CP protein
compared to naive macrophages. Protein expression in HT1080 cells
was significantly higher when co-cultured with TAMs compared to
control macrophages, while HT1080 cells alone did not express CP
protein at all. We suggest that CP mRNA is transferred from TAMs to
HT1080 cells, which then translate CP mRNA into protein.

3.6. TAMs deliver CP mRNA to HT1080 cells via extracellular vesicles

To search for potential CP mRNA transport mechanisms from TAMs
to tumor cells, we stained TAMs with CellTracker Green CMFDA, as
validated by flow cytometric imaging (Fig. 5 E). The dye stains extra-
and intracellular membranes. TAMs showed a dominant intracellular
staining, likely including the ER, which is important for vesicle pro-
duction. After washing TAMs and replacing media, we seeded HT1080
cells into transwells and co-cultured them with CMFDA-stained TAMs
for 24 h (Fig. 5 F). HT1080 cells remained unstained when co-cultured
with unlabeled TAMs, but became CMFDA positive upon their co-
culture with labelled TAMs. Apparently, the dye was transferred from
TAMs to HT1080 cells, which opens up the possibility for the transfer of
proteins and/or mRNA between these cells. With these observations in
mind, we hypothesize that TAMs release CP mRNA, which is taken up by
HT1080 cells. We analyzed CP mRNA abundance in extracellular vesi-
cles (EV), following EV isolation by size exclusion chromatography as
described by Baer et al. [14]. CP mRNA amount in EV from TAMs was
significantly higher compared to EV from control macrophages (Fig. 5
G). While the transport of the membrane bound form of CP in vesicles
was reported [35], the transfer of CP mRNA from TAMs to tumor cells
including its translation has so far not been described. We propose the
transfer of EVs packed with CP mRNA generated by TAMs to HT1080
cells, which subsequently translate mRNA to CP protein.

3.7. TAM:s decrease iron and lipid peroxidation of HT1080 cells

Since CP facilitates iron export, we measured iron in HT1080 cells
alone or in the transwell set-up with macrophages/TAMs (Fig. 5H and I)
[36]. HT1080 cells alone or in co-culture with macrophages showed the
same iron content, while TAMs significantly reduced total iron as well as
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reactive Fe?" in co-cultured tumor cells. We anticipate that reduced
intracellular iron in HT1080 results from enhanced export due to higher
CP protein expression. CP facilitates iron export, which may explain
viability data shown in Fig. 2 E, considering that Fe?" in the labile iron
pool executes Fenton reaction and promotes ferroptosis [37]. Marques
and co-workers showed that various cell types express
glycosylphosphatidylinositol-anchored CP in lipid rafts within the
membrane in close proximity to ferroportin [38], supporting a role of CP
in iron export. Moreover, CP was also shown to facilitate iron transport
by transferrin [39]. Protective capabilities of CP were proposed by a
study showing that CP supplementation prevented ferroptosis upon
ischemic stroke by elevating iron export and thus, reducing the labile
iron pool in mice brain [37]. Systemically, mutations in the CP gene
increased serum and brain lipid peroxidation [40,41]. These data sug-
gest an antioxidative function of CP by preventing iron mediated
oxidative stress [42]. To substantiate this idea, we analyzed lipid per-
oxidation, another hallmark of ferroptosis (Fig. 5 J and K). HT1080 cells,
co-cultured in the transwell set-up with TAMs and treated with RSL3,
showed less lipid peroxidation compared to their co-culture with naive
macrophages. RSL3 induced lipid peroxidation was quantified with
BODIPY C11 via imaging flow cytometry and supported our assumption
that CP delivered by TAMs protects HT1080 cells from ferroptosis.

3.8. Overexpression of CP in HT1080 cells

To reassure the anti-ferroptotic function of CP we expressed CP in
HT1080 cells using CRISPRa technology. First cells were transduced to
stably express dCas9 VPR, an inactive Cas9, which was fused to the
transcriptional activator VP64, transcription factor p65, and the repli-
cation and transcription activator (Rta). Cells were then transduced with
vectors containing 4 guide RNAs, which facilitate translocation of the
dCas9 VPR to the promotor of CP (sgCP), to enhance its endogenous
transcription. First, we validated expression of CP at mRNA and protein
level. CP mRNA was elevated in sgCP031, 032 and 033 transduced cells,
while sgCP034 showed no induction (Fig. 6 A). This pattern was re-
flected at protein level (Fig. 6 B and C). While sgCP031 and 032 evoked
low CP expression, sgCP033 significantly enhanced it. As CP was not
expressed with sg034 the clone was excluded from further analyses. We
went on to analyze viability of NTC, sgCP031, 032, and 033 transfected
cells (Fig. 6D-G). Viability of NTC cells decreased significantly when
treated with RSL3. Although viability of sgCP031 and 032 also
decreased, viability was higher compared to NTC and correlated with CP
protein expression. Viability of sgCP033 cells, showing the highest CP
expression, was not reduced by RSL3, underscoring a protective effect of
CP expression. To explore a combinatory effect of all three sgRNAs we
analyzed mean data of all experiments (every dot represents one of the
three sgRNAs) and compared RSL3-treated NTC vs. sgRNA cells
(Fig. 6H). Analyzing data in this way indicated that sgCP-treated cells
were significantly less sensitive towards ferroptosis, underscoring the
protective impact of CP against ferroptosis (Fig. 6 I). These results
corroborate literature data that ferroptosis antagonizes function of CP
when being overexpressed in hepatocellular carcinoma cell lines [9]. A
crucial role of CP also became apparent when its overexpression reduced
migration, invasion, and survival of nasopharyngeal carcinoma cells
[43].

3.9. Hypoxic macrophages protect tumor cells from ferroptosis

Our data suggest that HIF-2 regulates CP in TAMs. As macrophages
invade hypoxic regions of tumors, we asked whether the lack of oxygen
in macrophages causes CP expression in sufficient amounts to protect
tumor cells from ferroptosis. The relevance of CP in the cancer context
became obvious in invasive breast carcinoma, which is correlated with
infiltration of immune cells, among others also macrophages [44].
Interestingly, CP expression is discussed as a prognostic marker [45,46],
with low CP abundance correlating with a favorable patient prognosis.
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Fig. 5. Ceruloplasmin is transferred from TAMs to HT1080 cells

(A) HT1080 cells were incubated with naive macrophages (M®) and tumor associated macrophages (TAM) in a transwell system and mRNA was isolated from
HT1080 cells. Ceruloplasmin (CP) mRNA was measured and normalized to TATA box binding protein (TBP). (B) TAMs were transfected with siRNA against CP (siCP)
or a non-targeting control (NTC) and co-cultured with HT1080 cells. mRNA was isolated from HT1080 cells and analyzed for CP, which was normalized to TBP. (C)
M® and TAMs as well as HT1080 cells, either alone or co-cultured with M® respectively TAMs, were analyzed for CP protein expression by Western analyzes. (D)
Blots from (C) were quantified and data were normalized to lane normalization factor (LNF). CP expression in HT1080 cells alone could not be quantified (n.q.). (E)
TAMs were generated and stained with Cell Tracker CMFDA dye. Cells were measured by FACS-imaging. Mean fluorescence intensity (MFI) was compared between
unstained and stained TAMs. Each dot in the graph represents the mean of 100.000 single cells. Pictures of three representative cells are shown. Numbers included in
the picture indicate the event count of a flow cytometer. (F) HT1080 cells were co-cultured with unstained and Cell Tracker CMFDA stained TAMs for 24 h and
measured by FACS imaging. Mean fluorescence intensity (MFI) was compared between HT1080 cells co-cultured with unstained and stained TAMs. The graph was
composed as described for (E). (G) Extracellular vesicles (EV) were isolated from M® and TAM supernatants and analyzed for CP mRNA content. CP mRNA was
normalized to 18s RNA (18s). (H and I) Iron was measured in HT1080 cells, which were co-cultured with M® or TAMs and in HT1080 cells alone. (H) shows Fe(II)
and (1) total iron. (J) HT1080 cells were co-cultured with M® and TAMs and treated with RSL3 for 4 h. Afterwards, HT1080 cells were stained with BODIPY C11 and
analyzed by FACS imaging. Pictures of two representative cells are shown. The numbers indicate the event count of a flow cytometer. (K) MFI was compared between
RSL3 treated HT1080 cells after co-culture with M® and TAMs. The graph was composed as described for (E). All data are expressed as mean values + SEM, *p
< 0.05.
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Fig. 6. Overexpression of ceruloplasmin in HT1080 cellsHT1080 cells were stably transduced with a vector expressing dCas9 VPR. After selection dCas9 VPR
expressing cells they were transduced with control guide RNA (NTC) and 4 guide RNAs (sg) targeting the ceruloplasmin (CP) promotor region (sgCP 031, 032, 033,
034). (A) CP mRNA was analyzed and normalized to TATA box binding protein (TBP). (B) CP protein was measured by Western analyzes and (C) quantified. Data
were normalized to the lane normalization factor. (D-G) NTC, sgCP031, 032, 033, and 034 transduced HT1080 cells were treated with RSL3 and liproxstatin-1 (Lip)
and vitality was measured. (H) CP overexpressing and NTC HT1080 cells were stimulated with RSL3. Each dot represents the mean of n = 5 for one single guide RNA.
Data were normalized to RSL3 treated NTC. (I) Proposed mechanism for CP-mediated protection against ferroptosis.
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To explore the link between hypoxia and CP expression we incubated
naive macrophages for 24 h under hypoxia (1% O) followed by CP
mRNA analysis (Fig. 7 A). Hypoxia significantly increased CP mRNA
abundance in naive macrophages. In contrast, protein expression was
not significantly altered by hypoxia (Suppl. Fig. 3 A and B) but protein
secretion increased (Fig. 7 B). To test whether HIF-1 or HIF-2 mediates
CP expression under hypoxia, we used siRNA for both and noticed a
significant decrease in CP expression only in HIF-2a knockdown cells
(Fig. 7C). Having established that hypoxia provokes a CP mRNA
increased in naive macrophages, we postulated that these cells should
protect HT1080 cells from ferroptosis. Using the established transwell
co-culture system under hypoxia, RSL3 reduced viability of HT1080
(Fig. 7 D). As reported previously, hypoxia protected HT1080 cells from
ferroptosis [5]. Co-culture of HT1080 cells with hypoxic macrophages
antagonized ferroptosis as observed for co-cultures with TAMs.
Conclusively, a physiological stimulus such as hypoxia, which modu-
lates inter-cellular communication, suffices to induce CP, which in turn
protects tumor cells from apoptosis. Indeed, hypoxia was shown to
protect from ferroptosis in various cell types. Hypoxia via HIF-1
increased the expression of SLC7A11 in glioblastoma cells, which sup-
pressed the induction of ferroptosis by sulfasalazine [47]. In hepato-
cellular carcinoma cells HIF-1 suppressed methyltransferase 14, which
blocked SLC7A11 expression [48]. These data were supported by a study
in HSC-T6 cells, which were protected from ferroptosis by a
HIF-1/SLC7A11 axis upon sorafinib-treatment [49]. These studies show
that hypoxia appears to protect cells by intra-cellular signaling cascades
involving SLC7A11. Our data extend these findings by showing that the
secretome of hypoxic macrophages protect tumor cells from ferroptosis.
These data indicate that macrophages, which reside in hypoxic areas of a
tumor, may protect surrounding tumor cells from ferroptosis.

4. Conclusion

Our study aimed at understanding the impact of macrophages on
tumor cell ferroptosis (Fig. 8). Therefore, we established a transwell co-
culture set-up using primary human macrophages and HT1080. Mac-
rophages, polarized towards a TAM phenotype, efficiently protected
HT1080 from RSL3 induced ferroptosis compared to naive macro-
phages. Mechanistically, TAM-derived CP mRNA was transferred to
HT1080 cells and there translated into protein. As a result, iron content
and lipid peroxidation after RSL3 treatment of HT1080 cells were
reduced. In hypoxic macrophages, the TAM phenotype with regard to CP
formation and function was phenocopied. In conclusion, macrophages
polarized to tumor-associated macrophages in the tumor microenvi-
ronment and/or macrophages in a hypoxic environment counteract the
ability of tumor cells to undergo ferroptosis. This study highlights the
role of CP in the cross-talk of macrophages with tumor cells and adds to
the multitude of pathways determining ferroptosis.
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