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A B S T R A C T

Background: Based on reports on elevated cholesterol levels in cancer cells, strategies to lower cholesterol
synthesis have been suggested as an antitumour strategy. However, cholesterol depletion has also been
shown to induce tumour-promoting actions in tumour-associated macrophages (TAMs).
Methods: We performed lipidomic and transcriptomic analyses of human lung cancer material. To assess
whether the TAM phenotype is shaped by secreted factors produced by tumour cells, primary human mono-
cyte-derived macrophages were polarized towards a TAM-like phenotype using tumour cell-conditioned
medium.
Findings: Lipidomic analysis of lung adenocarcinoma (n=29) and adjacent non-tumour tissues (n=22)
revealed a significant accumulation of free cholesterol and cholesteryl esters within the tumour tissue. In
contrast, cholesterol levels were reduced in TAMs isolated from lung adenocarcinoma tissues when com-
pared with alveolar macrophages (AMs) obtained from adjacent non-tumour tissues. Bulk-RNA-Seq revealed
that genes involved in cholesterol biosynthesis and metabolism were downregulated in TAMs, while choles-
terol efflux transporters were upregulated. In vitro polarized TAM-like macrophages showed an attenuated
lipogenic gene expression signature and exhibited lower cholesterol levels compared with non-polarized
macrophages. A genome-wide comparison by bulk RNA-Seq confirmed a high similarity of ex vivo TAMs and
in vitro TAM-like macrophages. Modulation of intracellular cholesterol levels by either starving, cholesterol
depletion, or efflux transporter inhibition indicated that cholesterol distinctly shapes macrophage gene
expression.
Interpretation: Our data show an opposite dysregulation of cholesterol homeostasis in tumour tissue vs.
TAMs. Polarization of in vitro differentiated macrophages by tumour cell-conditioned medium recapitulates
key features of ex vivo TAMs.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Lung cancer is the leading cause of cancer-related mortality
worldwide. Its predominant type, non-small cell lung cancer (NSCLC),
accounts for approximately 85% of all lung cancers and can be further
classified into several subtypes based on histological characteristics.
The most common subtypes are adenocarcinoma (40%), squamous-
cell carcinoma (30%), and large-cell carcinoma (15%) [1,2].

Cancer research used to focus on the cancer cell itself. In recent
years, however, the tumour microenvironment (TME) and its essen-
tial function in supporting malignancy have received increasing
attention, especially in the context of immunotherapy. Among the
diverse cell types of the TME, macrophages are the most abundant
non�tumour cell type in most cancer types. These tumour-associated
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Research in context

Evidence before this study

Lung cancer is the leading cause of cancer-related mortality
worldwide. Its predominant type, non-small cell lung cancer
(NSCLC), accounts for approximately 85% of all lung cancers.
Cholesterol plays a vital role for tumour growth since cancer
cell proliferation heavily relies on its availability. Thus, strate-
gies to either lower cholesterol synthesis or inhibit cholesterol
uptake havex been suggested as potential antitumour thera-
pies, but clinical data do not support improved survival.
Immune cells present at the tumour site, including macro-
phages, have received increasing attention over the last years,
and the phenotype of macrophages has been suggested to influ-
ence both tumour progression and survival. The cholesterol
content of macrophages affects their phenotype. However, cho-
lesterol homeostasis in macrophages from human lung cancer
tissue had not been studied so far.

Added value of this study

We show that macrophages within tumours were depleted of
cholesterol, although the lung tumours themselves were choles-
terol-rich. In line with this finding, tumour-associated macro-
phages showed a decreased expression of genes involved in
either cholesterol biosynthesis or uptake, whereas cholesterol
efflux transporters were upregulated. These effects were also
observed when polarizing macrophages differentiated from
human blood monocytes with tumour cell-conditioned medium,
implicating that this in vitro model recapitulates central attrib-
utes of macrophages that were directly obtained from tumour
material. Furthermore, our data suggest that modulation of cho-
lesterol levels in tumour-associated macrophages by efflux inhi-
bition may help to reprogram these cells in order to inhibit their
tumour-promoting properties.

Implications of all the available evidence

Our work identifies cholesterol depletion as a key feature of
tumour-associated macrophages and urges new efforts to eluci-
date the interplay between lipid metabolism and the pheno-
type of macrophages within tumours. As described in this
study, TAM-like macrophages recapitulate much of the in vivo
polarization of tumour-promoting macrophages and can serve
as a model for mechanistic and therapeutic approaches.
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macrophages (TAMs) are discussed as a promising target for novel
therapeutic approaches [3,4]. In NSCLC, a correlation between TAM
density or phenotype and clinical outcomes has been described
[3,5,6]. Cell culture models mimicking human TAMs to test therapeu-
tic strategies are lacking, though.

Macrophages maintain tissue homeostasis by engulfing apoptotic
or senescent cells, debris, and foreign material, orchestrate the
immune response to pathogens by generating and resolving the
inflammatory reaction, contribute to tissue development and repair,
and have distinct metabolic functions. This broad spectrum of macro-
phage functions is only possible due to their high plasticity, which
allows them to adopt diverse phenotypes in response to equally
diverse microenvironmental conditions. Therefore, macrophages har-
bour a broad transcriptional repertoire with their extremes termed
M1 or M2 macrophages. In an inflammatory environment, microbial
stimuli, such as lipopolysaccharide (LPS), either alone or in concert
with Th1-related cytokines like interferon-g (IFNg), induce classically
activated M1 macrophages. After an acute inflammatory phase,
macrophages undergo an M1 to M2 phenotype switch caused by
exogenous and endogenous stimuli, gradually acquiring an anti-
inflammatory phenotype and initiating a resolution phase associated
with the inhibition of inflammation, scavenging of debris, angiogene-
sis, and tissue repair. IL4 and IL10 are regarded as typical inducers of
an M2 phenotype [7,8].

In cancer, a high prevalence of TAMs with an M2-like polarization
within the tumour stroma correlates with a poor prognosis. M2-like
TAMs exert several tumour-promoting functions, including stimula-
tion of angiogenesis, matrix remodelling, promotion of cancer cell
proliferation, invasion, extravasation and metastasis, and immuno-
suppression [9�12]. In the early stages of NSCLC, the density of
tumour-preventing M1-TAMs in tumour islets is associated with
extended survival [13�15].

Cholesterol plays a vital role within the tumour since cancer cell
proliferation heavily relies on its availability [16]. Thus, strategies to
either lower cholesterol synthesis or inhibit cholesterol uptake have
been suggested as potential antitumour therapies [16,17]. While
some observational evidence suggested positive effects upon respec-
tive interventions for some tumour entities, randomized control trials
could not support survival benefits for lung cancer [18]. Why choles-
terol reduction was not effective in the treatment of lung cancer
remains elusive.

One might speculate that such approaches support a tumour-pro-
moting macrophage phenotype: A recent study reported that ovarian
cancer cells induced membrane-cholesterol efflux and depletion of
lipid rafts from murine macrophages. Increased cholesterol efflux pro-
moted IL4-mediated reprogramming, whereas IFNg-induced gene
expression was inhibited [19]. Moreover, depletion of the cholesterol
efflux transporter ATP-binding cassette transporter G1 (ABCG1) inhib-
ited tumour growth through the accumulation of cholesterol within
macrophages in a mouse model of bladder cancer [20].

Cholesterol homeostasis in primary human TAMs has not been
studied so far. Thus, the aim of the current study was to test the
hypothesis that cholesterol levels are inversely regulated in cancer
tissue and TAMs by lipidomic and transcriptomic analyses of human
lung cancer material.

2. Methods

2.1. Materials

Cell culture medium RPMI 1640, FCS, penicillin, streptomycin, glu-
tamine, trypsin-EDTA, and Accutase� were purchased from Sigma-
Aldrich (Darmstadt, Germany). TE buffer and water molecular biology
grade for RNA analysis were from AppliChem (Darmstadt, Germany).
ATR-101 (#SML2802) and Methyl-b-cyclodextrin (#C4555) were
from Sigma-Aldrich. Other chemicals were purchased from either
Sigma-Aldrich (Darmstadt, Germany), Carl Roth (Karlsruhe, Ger-
many), or VWR (Radnor, USA) unless stated otherwise.

2.2. Human lung tumour and normal lung tissue

Human lung tumour tissue and the autogenic non-tumour tissue
was obtained from patients undergoing potentially curative resec-
tions (V€olklingen Heart Center, Germany). The use of human material
was reviewed and approved by the local ethics committee (State
Medical Board of Registration, Saarland, Germany; permission no.
213/06). The informed consent of all participating subjects was
obtained. The age, sex, and tumour stage of all donors are listed in
Supplemental Table 1.

2.3. Lipidomic analysis of lung tumour and normal lung tissues

For lipidomic analyses, 22 normal lung tissues and 29 tumour tis-
sues from adenocarcinoma patients undergoing lung resection were
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analyzed (for patient data, see supplemental table 1). 25 � 30 mg tis-
sue were placed into a 1:1 mixture of water and methanol (20 ml/mg
tissue) in 2 ml tubes filled with 2.8 mm ceramic beads (Precellys
Ceramic Kit 2.8 mm, #10479394, Peqlab Biotechnologie, Erlangen,
Germany). The samples were homogenized using a Precellys 24 (Peq-
lab) with the following program: 4£ 30 s at 6,000 rpm with 45 s
breaks in between.

Lipid extraction was performed according to the method
described by Bligh and Dyer [21] in the presence of non-naturally
occurring lipid species as internal standards. The following lipid spe-
cies were added as internal standards: PC 14:0/14:0, PC 22:0/22:0, PE
14:0/14:0, PE 20:0/20:0 (di-phytanoyl), PS 14:0/14:0, PS 20:0/20:0
(di-phytanoyl), PI 17:0/17:0, LPC 13:0, LPC 19:0, LPE 13:0, Cer d18:1/
14:0, Cer d18:1/17:0, D7-FC, CE 17:0, CE 22:0, TG 17:0/17:0/17:0, TG
19:0/19:0/19:0, DG 14:0/14:0 and DG 20:0/20:0. The batch contained
murine liver and brain pools as well as cell homogenates as internal
quality control samples. Solvent and internal blanks were used to
evaluate carry-over and background signals.

Tissue homogenates containing a wet weight of 2 mg, correspond-
ing to 40 ml of the homogenate, were extracted. The chloroform
phase was recovered by a pipetting robot (Tecan Genesis RSP 150,
Tecan, M€annedorf, Switzerland) and vacuum dried. The residues
were dissolved in either 7.5 mM ammonium acetate in methanol/
chloroform (3:1, v/v) (for low mass resolution tandem mass spec-
trometry) or chloroform/methanol/2-propanol (1:2:4 v/v/v) with
7.5 mM ammonium formate (for high resolution mass spectrometry).

The analysis of lipids was performed by direct flow injection anal-
ysis (FIA) using a triple quadrupole mass spectrometer (FIA-MS/MS;
QQQ triple quadrupole; Micromass Quattro Ultima, Waters, Elstree,
UK) and a hybrid quadrupole-Orbitrap mass spectrometer (FIA-
FTMS; high mass resolution; QExactive Orbitrap, ThermoFisher Scien-
tific, Waltham, MA, USA).

FIA-MS/MS (QQQ) was performed in positive ion mode using the
analytical setup and strategy described previously [22,23]. A frag-
ment ion of m/z 184 was used for phosphatidylcholine (PC), sphingo-
myelin (SM), [22] and lysophosphatidylcholine (LPC) [24]. The
following neutral losses were applied: Phosphatidylethanolamine
(PE) 141, phosphatidylserine (PS) 185, phosphatidylglycerol (PG) 189
and phosphatidylinositol (PI) 277 [25]. PE-based plasmalogens (PE P)
were analyzed according to the principles described by Zemski-Berry
[26]. Sphingosine-based ceramides (Cer) and hexosylceramides
(HexCer) were analyzed using a fragment ion of m/z 264 [27]. Quanti-
fication for QQQ was achieved by calibration lines generated by addi-
tion of naturally occurring lipid species to pooled lung homogenate.
Calibration lines were generated for the following naturally occurring
species: PC 34:1, 36:2, 38:4, 40:0 and PC O-16:0/20:4; SM d18:1/16:0,
18:1, 18:0; LPC 16:0, 18:1, 18:0; PE 34:1, 36:2, 38:4, 40:6, and PE P-
16:0/20:4; PS 34:1, 36:2, 38:4, 40:6; Cer d18:1/16:0, 18:0, 20:0, 24:1,
24:0; FC, CE 16:0,18:2,18:1,18:0.

The Fourier Transform Mass Spectrometry (FIA-FTMS) setup was
previously described [28]. Triacylglycerol (TG), diacylglycerol (DG),
and cholesteryl ester (CE) were recorded in positive ion mode FTMS
in m/z range 500 � 1,000 for 1 min and a target resolution of 140,000
(at 200 m/z). CE was corrected for their species-specific response
[29]. PC and PC ether (PC O) were measured in negative ion mode in
m/z range 520 - 960. Multiplexed acquisition (MSX) was applied for
the [M+NH4]+ of free cholesterol (FC) and the internal standard (D7-
FC). Data processing details were described in H€oring et al. [28] using
the ALEX software [30], which includes peak assignment and inten-
sity picking. The extracted data were exported to Microsoft Excel
2016 and further processed by self-programmed Macros.

FIA-FTMS quantification was performed by multiplication of the
spiked IS amount with the analyte-to-IS ratio.

Lipid species were annotated according to the proposal for short-
hand notation of lipid structures that are derived from mass spec-
trometry.[31] For QQQ, glycerophospholipid species annotation was
based on the assumption of even-numbered carbon chains only. SM
species annotation is based on the assumption that a sphingoid base
with two hydroxyl groups is present.

For PE, PE P, PS, PI, PG, LPC, LPE, SM, Cer, and HexCer, QQQ data
were analyzed. For PC, PC O, DG, TG, FC, and CE, FTMS data were
used. FTMS permits differentiation of isobaric PC/PC O and direct
analysis of FC [28].

Data for all lipids were used as input for hierarchical clustering
and PCA plots. These analyses were performed with functions of the
R package. Hierarchical clustering was performed with the hclust
function. The heat map was drawn using the heatmap.2 function and
PCA was done using the prcomp function. Data are available in the
Mendeley repository (doi:10.17632/d57xrfymgm.1).

2.4. Human tumour-associated macrophages (TAMs) and alveolar
macrophages (AMs)

TAMs and AMs were isolated from human lung tumour tissue or
the autogenic non-tumour lung tissue obtained from patients under-
going lung resection as previously described [32]. In brief, TAMs were
isolated after the tumour tissue had been enzymatically digested
using the human tumour dissociation kit (#130-095-929, Miltenyi
Biotec, Bergisch Gladbach, Germany) and the gentleMACS Octo Disso-
ciator (Miltenyi Biotec) according to the manufacturer's instructions.
Cells were washed, resuspended in RPMI 1640 medium without sup-
plements, and incubated for 30 minutes in a T175 flask. Adherent
cells were thoroughly washed with PBS to remove non-adherent cells
and further cultivated in AM/TAM medium (RPMI 1640, 5% FCS,
100 U/ml penicillin G, 100 mg/ml streptomycin, 2 mM glutamine).
TAMs were detached with accutase and seeded at a density of
5£ 105 cells per well into a 12-well plate.

AM isolation was performed according to a previously described
method [33,34] with minor modifications. After visible bronchi were
removed, the lung tissue was chopped and washed with 100�200 ml
PBS. The washing buffer was collected, and AMs were obtained by
centrifugation. The remaining erythrocytes were lysed by quickly
resuspending the pellet in autoclaved water, immediately followed
by washing with PBS. The cell pellet was mock-digested and seeded
as described for TAMs. AM and TAM purity was > 95%, as assessed by
CD68 staining [32].

2.5. Human monocyte-derived macrophages (MDMs)

Buffy coats were obtained from healthy adult blood donors (Blood
Donation Center, Klinikum Saarbr€ucken, Germany). The use of human
material for the isolation of primary cells was approved by the local
ethics committee (permission no. 173/18).

Monocytes were isolated and polarized as previously described
[35,36]. In brief, peripheral blood mononuclear cells (PBMCs) were
isolated from buffy coats by density gradient centrifugation using
Lymphocyte Separation Medium 1077 (#C-44010, PromoCell, Heidel-
berg, Germany) and LeucoSEP tubes (#227290, Greiner Bio-One,
Kremsm€unster, Austria). Monocytes were purified by magnetic cell
sorting using anti-CD14 microbeads (#130-050-201, Miltenyi Biotec)
and LS Columns (#130-042-401, Miltenyi Biotec) according to the
manufacturer's instructions, except that only 10% of the recom-
mended bead amount was used [35]. Monocyte purity was > 95% as
assessed by CD14 expression (data not shown).

Monocytes were seeded into a 12-well plate at a density of
5£ 105 cells/well or into a 24-well plate at a density of 2.5£ 105

cells/well, and differentiated into macrophages in MDM medium, i.e.,
standard growth medium (RPMI 1640 with 10% FCS, 100 U/ml peni-
cillin G, 100 mg/ml streptomycin, 2 mM glutamine) supplemented
with 20 ng/ml macrophage-colony stimulating factor (M-CSF, Milte-
nyi Biotec, #130-096-492) for six days. After differentiation, MDMs
were polarized for another 24 hours. To this end, MDM medium was



4 J. Hoppst€adter et al. / EBioMedicine 72 (2021) 103578
supplemented with 20 ng/ml IFNg (Miltenyi Biotec, #130-096-484)
and 100 ng/ml LPS (Ultrapure LPS from Escherichia coli K12 #tlrl-
peklps, Invivogen, San Diego, CA, USA) for M1 polarization; either
20 ng/ml IL4 (Miltenyi Biotec, #130-093-921) or IL10 (Miltenyi Bio-
tec, #130-093-948) for M2 polarization; or left without further sup-
plementation for M0 macrophages. TAM-like macrophages were
generated by cultivation in tumour cell-conditioned medium (TCM)
supplemented with 20 ng/ml M-CSF. TCM was generated by seeding
0.5-1£ 106 A549 lung adenocarcinoma cells into a T75 culture flask
and grown until confluency for three days. Subsequently, the super-
natant was discarded, and standard growth medium was added to
the cells. After 48 hours, the medium was sterile filtered (0.22 mm)
and used immediately for macrophage polarization.

MDM Samples from one female (donor 1) and two male donors
(donor 2 and 3) were used for RNA sequencing. For ATR-101 treat-
ment, cell viability was assessed by MTT assay as previously
described [36] to ensure that only non-toxic concentrations were
used (data not shown).
2.6. RNA isolation

Total RNA from TAMs/AMs and polarized MDMs for RNA-Seq was
extracted using the Direct-zolTM RNA MiniPrep Kit (#2050, Zymo
Research, Irvine, CA, USA) according to the manufacturer's instruc-
tions. Prior to RNA isolation, cells were lysed with QIAzol Lysis
Reagent (#79306, Qiagen, Hilden, Germany). Residual genomic DNA
was removed by treatment with Ambion DNase I (#AM2222, Ther-
moFisher Scientific, Waltham, MA, USA).

For RT-qPCR, the High Pure RNA Isolation Kit (#11828665001,
Roche Diagnostics International, Rotkreuz, Switzerland) was used
according to the supplier's recommendations.
2.7. RNA sequencing

For transcriptome analysis of TAMs/AMs and MDM subsets, high
throughput sequencing of cDNA using next-generation sequencing
(NGS) was performed.

Libraries were prepared from 250 ng total RNA for MDM and
500 ng for TAM/AM samples with an RNA integrity (RIN) > 9, accord-
ing to Agilent2100 Bioanalyzer and Agilent RNA 6000 Pico Kit
(#5067-1513, Agilent Technologies, Santa Clara, CA, USA). Poly(A)
enrichment was performed on the input total RNA using the
NEBNext� Poly(A) mRNA Magnetic Isolation Module (#E7490, New
England Biolabs, Ipswich, USA) according to the manufacturer's
instructions. The cDNA library preparation was conducted with the
NEBNext� UltraTM Directional RNA Library Prep Kit for Illumina�

(#E7420, New England Biolabs) as recommended by the supplier. In
brief, first- and second-strand cDNA synthesis were performed, fol-
lowed by adapter ligation and PCR amplification of the final library
(10 PCR cycles for AM/TAM samples and 12 cycles for MDM samples).
PCR cleanup was performed using Agencourt AM-Pure� XP beads (#
A63881, Beckmann Coulter, Krefeld, Germany). RNA libraries were
sequenced for 2£ 55 bp on an Illumina HiSeq2500 Sequencer using a
V3 paired-end flow cell.

Raw reads were subjected to quality control (QC) through FastQC
v 0.11.2. Library adaptor removal and trimming were done using
Fastx (v 0.0.13, http://hannonlab.cshl.edu/fastx_toolkit/).

Gene expression was quantified using the Salmon software v 0.8.2
[37] using gencode gene annotation (v 26). For the computation of
PCA plots, gene expression values were normalized using the RUV
approach [38]. All analyses were conducted in the R programming
language. Genes were screened for the enrichment of transcription
factor binding using the iRegulon software (Cytoscape plugin v 1.3).
Processed data are available in the Mendeley repository
(doi:10.17632/c3ntj95zgg.1), and raw data were deposited in the
Gene Expression Omnibus (GEO) database (GEO datasets GSE162669
and GSE162698).

Gene ontology (GO) terms matching to differentially expressed
genes were determined by the ''protein annotation through evolu-
tionary relationship'' (PANTHER) Gene Ontology (GO) term classifica-
tion system (v 14.0) [39], or ShinyGO (v 0.61) [40].

Gene expression clustering was done with hierarchical clustering
in R. Cluster-specific lists of genes, associated transcription factors,
and GO terms are available in the Mendeley repository
(doi:10.17632/c3ntj95zgg.1).

The Seurat R-package (version 4.0.1) [41] was used for the analy-
sis of single-cell data. UMI counts of single-cell data from the work of
Lavin et al. [42] were obtained from GEO (GSE97168). Default param-
eters were used for the clustering of the single-cell data, and the top
2,000 most variable genes were analyzed. Elbow plot analysis sug-
gested the use of the first 14 PCA components to capture expression
variability as part of the UMAP-based clustering.

Expression of the known macrophage marker genes CD68, CSF1R,
MAFB, MARCO, and MSR1 was used to identify macrophages in the
resulting clustering. Differential gene expression between tumour
(n=6) and lung (n=4) annotated cells was determined by the MAST
statistical approach [43] with Benjamini-Hochberg correction. A
threshold of FDR � 0.05 was used to determine significantly differen-
tially expressed genes.

2.8. Quantitative RT-PCR (qPCR)

Quaitative RT-PCR was performed as described previously
[35,36,44]. RNA was reverse transcribed using the High-Capacity
cDNA Reverse Transcription Kit (#4368813, Thermo Fisher Scientific,
Waltham, MA, USA), in the presence of RNase inhibitor (RNaseOUTTM,
#10777019, Thermo Fisher Scientific, Waltham, MA, USA), following
the manufacturer's instructions. qPCR was performed using the
5xHotFirePol EvaGreen qPCR Mix and a total volume of 20 ml. Primer
sequences are given in supplementary table 2. The CFX96 touchTM

Real-Time PCR detection system (Bio-Rad Laboratories, Hercules, CA,
USA) was used to quantify gene expression. Data were analyzed by
absolute quantification using a standard curve of the PCR product
cloned into the pGEM-T Easy vector (Promega, Madison, WI, USA).
ACTB served as a housekeeping gene.

2.9. Cholesterol quantification in macrophage samples

The quantification of cholesterol was performed using the Amplex
Red� Cholesterol Assay Kit (#A12216, ThermoFisher Scientific, Wal-
tham, MA, USA) as recommended by the supplier with minor modifi-
cations. In brief, cells were lysed by the addition of 400 ml Amplex
Red� Cholesterol Assay Kit Reaction Buffer per 1£ 106 cells, followed
by two freeze-thawing cycles (-80°C / room temperature). 50 ml of
each sample were used for cholesterol quantification according to
the manufacturer's instructions. Fluorescence was measured with a
GloMax� Discover microplate reader (excitation: 520 nm, emission
580-640 nm; Promega, Madison, WI, USA). Background measure-
ments were performed under the same conditions except that the
reaction mix did not contain cholesterol oxidase. The cholesterol con-
centration was calculated with background-subtracted values and
either expressed as mg cholesterol / 106 cells or ng cholesterol / mg
cellular protein. Protein concentrations were determined by using
the PierceTM BCATM Protein-Assay (#23225, ThermoFisher Scientific).

2.10. Flow cytometry

Flow cytometric analyses were performed as previously described
[36]. Briefly, MDMs were differentiated for five to six days and polar-
ized as described above. 2.5-5£ 105 cells were resuspended in FACS-
wash (PBS, 2.5% FCS, 0.1% sodium azide), blocked in human Fc Block
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Table 1
Sample sizes for major readouts.

Lipidomics Macrophages: RNA-Seq, cholesterol
content

Lung 22 RNA-Seq: 3, cholesterol: 4 (AM)
Tumour 29 RNA-Seq: 3, cholesterol: 4 (TAM)
M0 macrophages 3
M1 macrophages 3
M2(IL10) macrophages 3
M2(IL4) macrophages 3
TAM-like macrophages 3
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solution (#564220, BD Biosciences, San Jose, CA, USA) for 15 minutes,
and stained for 30 minutes on ice with anti-CD14-APC (#555399, BD
Biosciences), anti-CD163-PE-CF594 (#562670, BD Biosciences), anti-
CD80-BB515 (#565008, BD Biosciences) or anti-CD86-BB515
(#564544, BD Biosciences), and anti-HLA-DR-PerCP-Cy5.5 (#560652,
BD Biosciences) antibodies. After washing, stained cells were resus-
pended in 1% paraformaldehyde in PBS prior to flow cytometric anal-
ysis on a BD LSRFortessa. Data were analyzed using BD FACSDiva
software (BD Biosciences). Median fluorescence intensities of singlet
cells were used to quantify surface marker expression.

2.11. Statistics

Data are shown as means § SEM (bar graphs) or box plots with
25th/75thpercentile boxes, geometric medians (line), means (square),
and SD as whiskers unless stated otherwise. Sample sizes for major
readout parameters are listed in Table 1. An extended table detailing
sample sizes and statistical tests is given in the Supplement (Supple-
mental Table 3). The Shapiro-Wilks test was used to determine
whether data were distributed normally. Two groups were compared
by Student's t-test (normal distribution) or Mann-Whitney U test (no
normal distribution). For multiple groups, p-values were determined
by ANOVA with post-hoc Bonferroni correction for normally distrib-
uted data or Mann-Whitney U test with Bonferroni correction for not
normally distributed data. Outliers were identified using the Grubbs'
test. The Wald test with Benjamini-Hochberg correction was used to
identify DEGs within RNA-Seq datasets. The OriginPro 2020b soft-
ware (OriginLab, Northampton, MA, USA) was used for statistical
analyses and illustrations unless stated otherwise.

2.12. Role of the funding source

The study was supported by the Deutsche Forschungsgemein-
schaft (DFG, #KI702) and the Landesforschungsf€orderungsprogramm
Saarland (LFFP, #17/08). The funders did not participate in study
design, data collection, data analyses, interpretation, or writing.

3. Results

3.1. Increased cholesteryl ester levels in human lung adenocarcinoma
vs. normal lung tissue

The lipid content of 29 lung adenocarcinoma tissues was com-
pared with 22 samples from non-tumour adjacent tissue by lipidomic
analysis. Principal component analysis (PCA) showed a clear distinc-
tion between normal and tumour tissue based on the abundance of
lipid species (Fig. 1a). The total lipid concentration was distinctly
higher within tumour tissues (Fig. 1b), with significant increases in
cholesteryl esters (CE) and free cholesterol (FC) (Fig. 1c). Hierarchical
clustering by Ward's method revealed two distinct clusters of lung
and tumour samples based on CE and FC content (Fig. 1d).

When CE concentrations were either expressed as a percentage of
total lipids or as a percentage of total CE, the data showed that not
only the lipid amount but also the lipid composition was altered
within tumour tissue (Fig. 1e, Supplemental Figures 2a and b). CE
18:1 and 20:4 were increased in tumour vs. normal lung tissue when
expressed either way, suggesting that these CE species are the most
characteristic sterol lipids in lung adenocarcinomas (Fig. 1f, Supple-
mental Figure 2a and b). This assumption was supported by compari-
son to a previously published data set (Supplemental Figure 2c and
d) [45].

In addition, we observed a higher overall concentration of phos-
phatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidyli-
nositol (PI), and triacylglycerol (TG) within the tumour tissues
(Supplemental Figure 3a). However, only PI was also increased per-
centage-wise (Supplemental Figure 3b), which was also reflected on
the level of individual PI species (Supplemental Figure 3c). In con-
trast, tumour samples contained lower levels of typical surfactant
components, such as PC 30:0, PC 32:0, and the phosphatidylglycerols
PG 32:0, PG 34:1, and PG 36:1, than normal lung tissues (Supplemen-
tal Figure 3c).

No correlation between the lipid composition within the tissue
samples and the available patient data, i.e., age, gender, and tumour
stage, was observed, which may be due to the limited size of our data
set (data not shown).

3.2. Cholesterol depletion in ex vivo TAMs isolated from lung
adenocarcinoma tissue

The cholesterol content of macrophages has been suggested to
shape their phenotype [19,20]. Thus, we examined whether the cho-
lesterol content was altered in TAMs isolated from lung adenocarci-
noma tissue when compared with AMs obtained from adjacent
normal lung tissue. Despite the high abundance of cholesteryl esters
and free cholesterol in lung tumour tissue, TAMs showed lower cho-
lesterol concentrations, both after normalization to cell count
(Fig. 2a) or total protein content (Fig. 2b).

TAMs and AMs were further analyzed by bulk mRNA sequencing.
Cells were isolated from tumour tissue and autogenic lung tissue
from one male and two female adenocarcinoma patients at compara-
ble age and cancer stage. mRNA was prepared from both macrophage
types of each individual in technical triplicates, and each replicate
was sequenced separately.

PCA revealed a prominent discrimination between not only AMs
and TAMs (right and left side of the plot, Fig. 2c) but also between all
three patients. The matching technical replicates clustered, indicating
that the sample and library preparation gave reproducible results.

A total of 4,812 genes were differentially expressed in TAMs com-
pared with AMs, with 3,018 upregulated and 1,794 downregulated
genes. We then compared our bulk RNA-Seq data to publicly avail-
able scRNA-Seq data from non-lymphocytic immune cells sorted
from human early-stage lung adenocarcinoma lesions and adjacent
non-involved lung tissue (GSE97168). This approach revealed a clear
enrichment of differentially expressed genes (Supplemental Figure
4), which substantiates the validity of our data.

Genes that were upregulated in TAMs play a role in signal proc-
essing, cell adhesion, and cell motility according to GO term analysis
(Fig. 2d). Network analysis indicated that the top 20 enriched path-
ways were highly interconnected (Fig. 2e). Specific examples of upre-
gulated genes involved in cell migration and adhesion, e.g., C-C
chemokine receptor type 7 (CCR7), cadherins 1-3 (CDH1-3), and
sphingosine-1-phosphate receptor 1 (S1PR1), are highlighted within
in the volcano plot in Fig. 2f. Furthermore, the expression of genes
promoting extracellular matrix degradation, angiogenesis, and che-
motaxis was also substantially enhanced in TAMs (Supplemental
Figure 5).

Many downregulated genes were associated with biological pro-
cesses involving lipid metabolism or biosynthesis (Fig. 2g and h). In
accordance, transcription factor analyses revealed a downregulation
of the central lipogenic transcription factors SREBF1 and 2 (Table 2).



Fig. 1. Lipid content of human lung adenocarcinoma vs. adjacent non-tumour tissue. Lipid concentrations were determined in 22 normal and 29 tumour tissues by mass spectrome-
try. a: Principal component analysis. Sample numbers are annotated. b: Accumulated lipid concentrations of all detected lipids. c: Concentration of free cholesterol (FC) and accumu-
lated concentration of cholesteryl esters (CE). d: Hierarchical clustering of sterol lipid concentrations using Ward's linkage and Euclidean distances. Normal tissues are highlighted as
orange and tumour samples as green. e: CE and FC concentrations were normalized against total lipid content. f: Concentration of CE species. *p<0.05, ***p<0.001 vs. normal lung
(B: Student's t-test, D-F: ANOVA with Bonferroni's post hoc test).
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Fig. 2. Cholesterol content and gene expression in macrophages from lung adenocarcinoma (TAMs) and adjacent non-tumour tissue (AMs). a, b: Cholesterol concentrations were
measured in AM and TAM lysates and either normalized to cell count (a) or protein content (b) (n=4 in duplicate or triplicate) *p<0.05. ***p<0.001 vs. AMs (Student’s t-test). c: Prin-
cipal component analysis plot of RNA-Seq results from AMs (red) and TAMs (green) from three different patients (P1 � P3) prepared in technical triplicates. d-i: Analysis of genes
differentially expressed in TAM vs. AMs. d-f: Genes upregulated in TAMs vs. AMs. g-h: Genes downregulated in TAMs vs. AMs. d, g: Top 10 gene ontology (GO) biological processes
according to the PANTHER classification system. e, h: The relationship between enriched pathways was visualized with ShinyGO. Two pathways (nodes) are connected if they share
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Downregulated genes encoding for enzymes required for cholesterol
biosynthesis included, e.g., HMG-CoA reductase (HMGCR), mevalo-
nate kinase (MVK), and 7-dehydrocholesterol reductase (DHCR7).
Moreover, the LDL receptor (LDLR) was downregulated while the
cholesterol efflux transporters ATP-binding cassette transporter A1
and G1 (ABCA1, ABCG1) were upregulated, suggesting that TAMs
favour cholesterol export over import (Fig. 2i).

3.3. Characterization of an in vitro TAM model

In order to assess whether differences in the transcriptomic pro-
file of TAMs vs. AMs are caused by factors secreted by tumour cells,
primary in vitro differentiated human MDMs were polarized towards
a TAM-like phenotype by cultivating them in medium conditioned by
the lung adenocarcinoma cell line A549. In addition, MDMs were
polarized with either LPS/IFNg towards an M1 phenotype or with
either IL10 or IL4 towards an M2 phenotype as established models of
macrophage polarization [46,47].

Flow cytometric analysis suggested that TAM-like macrophages
resemble M2 macrophages (Fig. 3 a and b). Further characterization
was performed by bulk RNA-Seq of M0, M1, M2(IL4), M2(IL10), and
TAM-like macrophages. MDMs from three different donors were
polarized and analyzed as biological replicates. M1, as well as M2
(IL4) macrophages, expressed a high number of genes that were dif-
ferentially expressed when compared with TAM-like cells, indicating
that they are highly different from not only TAM-like but also from
all the other macrophage types (Fig. 3c). The lower number of DEGs
in TAM-like vs. M0 or M2(IL10) macrophages suggested that TAM-
like cells are more similar to these two types.

To compare ex vivo TAMs with in vitro TAM-like macrophages,
TAM vs. AM DEGs were clustered based on their expression pattern.
Among the resulting eight clusters, clusters I-IV contained the highest
number of genes, i.e., 88% of all DEGs. GO term analysis indicated that
the 1,806 genes in cluster I were associated with cell migration, adhe-
sion, and proliferation. Cluster II contained 741 genes involved in
lipid metabolism and peroxisome organization, whereas cluster III
(433 genes) was linked to inflammation and immune response. The
403 genes within cluster IV were mostly related to autophagy and
the regulation of GTPase activity (Fig. 4). The heat maps in Fig. 4
show the gene expression signatures within clusters I-IV in AM/TAM
and in in vitro polarized macrophages. TAM and TAM-like macro-
phages displayed similar signatures within clusters I and II, i.e., the
clusters containing the highest numbers of genes. Similar to TAMs,
TAM-like macrophages exhibited a mixed M1-/M2-like signature
(cluster III). Cluster IV genes were induced in TAM-like macrophages,
whereas the expression pattern was not consistent in ex vivo TAMs.
Gene expression data from clusters V-VIII did not reveal additional
cell-type-specific characteristics, in part due to the limited number of
genes contained within these clusters (Supplemental Figure 6). In
summary, bulk-RNA-Seq suggested a high similarity of ex vivo TAMs
and in vitro TAM-like macrophages.

3.4. Cholesterol depletion in in vitro generated TAM-like macrophages

Next, we evaluated the function of genes that were similarly regu-
lated by the addition of A549 supernatant and the TME by intersec-
tion analysis (Fig. 5a-d). The 175 genes that were upregulated in both
20% or more of the genes. More intensely coloured nodes contain more significantly enriched
lapped genes. f, i: Differentially expressed genes (DEGs) in TAMs vs. AMs are shown as vol
highlighted in red, downregulated genes in green. H: Genes involved in cell adhesion and mig
CAM1: Carcinoembryonic antigen-related cell adhesion molecule 1; ITGA2/4: integrin alpha 2
thesis, metabolism, uptake, and efflux are highlighted. ARV1: acyl-CoA acyltransferase-rel
subfamily A member 1; DHCR7/24: dehydrocholesterol reductase 7/24; EBP: emopamil bind
dehydrogenase 7/8; HMGCR/S: HMG-CoA reductase/synthase; IDI1: isopentenyl-diphospha
receptor; MSMO1: methylsterol monooxygenase 1; MVK: mevalonate kinase; NSDHL: NAD
element-binding protein 2; ABCA1: ATP-binding cassette transporter A1; ABCG1: ATP-bindin
TAM-like vs. M0 and TAM vs. AM are, e.g., involved in cell adhesion,
migration, chemotaxis, and angiogenesis (Fig. 5a and c). Primary
TAMs and TAM-like cells shared 104 downregulated genes, which
were mainly associated with cholesterol biosynthesis and metabo-
lism (Fig. 5b), and the respective enriched GO terms were highly
interconnected (Fig. 5d). Fig. 5e highlights the differential expression
of specific genes involved in cholesterol homeostasis in TAM-like vs.
M0 macrophages. As seen in primary TAMs (Fig. 2g), downregulated
genes involved HMGCR, MVK, SREBF2, and LDLR, whereas the choles-
terol efflux transporter ABCG1 was upregulated. In contrast, of the 16
genes highlighted within Fig. 5e, only four genes were regulated sim-
ilarly in M1 vs. M0 (ARV1, DHCR24, EBP, INSIG1), two in M2(IL4) vs.
M0 (HMGCS, LDLR), and not a single one in M2(IL10) vs. M0, suggest-
ing that only the TAM-like phenotype recapitulates the changes in
cholesterol homeostasis found in ex vivo TAMs. This assumption was
supported by the finding that TAM-like cells, but not M1, M2(IL10),
or M2(IL4) macrophages, exhibited a lowered cholesterol content
when compared with M0 cells (Fig. 5f). These results indicate that
TME- and A549-derived factors alter cholesterol homeostasis in
TAMs and TAM-like macrophages in a similar manner.

Since the A549-conditioned medium showed lower levels of cho-
lesterol in comparison to fresh medium (Supplemental Figure 7a), we
hypothesized that deprivation of cholesterol and other nutrients
might contribute to the phenotypic changes in TAM-like cells. Thus,
we compared TAM-like macrophages with cells kept in starving
medium containing only 1% instead of 10% FCS for 24 hours. Starving
led to a decline of intracellular cholesterol levels when normalized to
initial cell count (Supplemental Figure 7b). This effect was not seen
when normalizing cholesterol concentrations to total protein con-
tent, presumably due to a reduction of total protein levels under
starving conditions (Supplemental Figure 7c).

We then quantified a small set of TAM signature genes by qPCR.
Whereas the expression levels of ABCA1 and ABCG1 were increased
by starving, genes associated with cholesterol biosynthesis, i.e.,
HMGCR and MVK, were also induced, suggesting differential regula-
tion of cholesterol homeostasis in TAM-like and starved macro-
phages. Although starving induced some characteristic TAM-like
marker genes (VEGFA, MMP2, MMP9), others (HIF1A, CCL2, CXCL8)
remained unaffected (Fig. 6a). Moreover, starving did not result in
the typical changes in surface marker expression previously seen in
TAM-like cells, indicating that starving alone is not sufficient to
induce a full TAM-like phenotype (Supplemental Figure 8a).

The potential causal relationship between cholesterol content and
macrophage phenotype was further assessed after depleting choles-
terol with methyl-b-cyclodextrin, a method widely used in the litera-
ture [19,48]. A substantial cholesterol depletion that lasted for at least
24 hours was only possible when keeping the cells in starving
medium, implicating that cholesterol levels might be easily replen-
ished by cholesterol present in full medium (Fig. 6b, Supplemental
Figure 7d and e). Thus, the observed effects should be considered as
additive to starving. We found indeed that VEGFA expression can be
further increased by cholesterol depletion and observed a similar
tendency for CXCL8 (Fig. 6c). However, neither HIF1A expression lev-
els nor surface marker expression patterns (Supplemental Figure 8b)
were similar to TAM-like cells, supporting the assumption that the
overall effect of A549-conditioned medium represents a result of an
interplay of nutrient deprivation and multiple secreted factors.
gene sets. Bigger nodes represent larger gene sets. Thicker edges represent more over-
cano plots. Log2 fold change is plotted against �log10 p-value. Upregulated genes are
ration are highlighted. CCR7: CC chemokine receptor 7; CDH1/3/5: cadherin 1/3/5; CEA-
/4; S1PR1: sphingosine-1-phosphate receptor 1. I: Genes involved in cholesterol biosyn-
ated enzyme 2 required for viability; CYP27A1/51A1: cytochrome P450 family 27/51
ing protein; FDPS: farnesyl diphosphate synthase; HSD17B7/8: 17-beta hydroxysteroid
te delta isomerase 1; INSIG1: insulin-induced gene 1; LDLR: low-density lipoprotein
(P)H steroid dehydrogenase-like; SQLE: squalene epoxidase; SREBF2: sterol regulatory
g cassette transporter G1.



Fig. 3. In vitro polarized macrophages. a, b: Human MDMs were polarized with LPS/IFNg (M1), IL10 (M2(IL10)), or A549-conditioned supernatant for 24 hours, and surface marker
expression was quantified by flow cytometry. a: Representative histograms. b: Median fluorescence intensities (MFIs) were expressed as x-fold of unpolarized M0 cells. *p<0.05,
***p<0.001 vs.M0 (ANOVA with Bonferroni's post hoc test; CD80, CD86: n=4 individual donors in duplicates; HLA-DR, CD14, CD163: n=7 donors in duplicates. c: Human monocyte-
derived macrophages were polarized with LPS/IFNg (M1), IL10 (M2(IL10)), IL4 (M2(IL4), or A549-conditioned supernatant for 24 h and bulk RNA-Seq was performed (n=3 individual
donors). The radar graphs show the number of differentially expressed genes in each group vs. all other polarization schemes.
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Fig. 4. Comparison of gene expression signatures of TAMs/AMs and in vitro polarized macrophages. Genes differentially expressed in TAMs vs. AMs were clustered according to their
expression pattern, and gene expression in in vitro polarized cells and ex vivo macrophages is visualized as one heatmap per cluster. Clusters were linked to distinct functions based
on the predominant GO terms associated with genes contained within each cluster. TAMs/AMs: mean values of technical replicates for each donor are shown. MDMs: Individual val-
ues per donor are shown.
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Fig. 5. TAM-like macrophages resemble ex vivo TAMs. A-D: Genes induced (a, c) or downregulated (b, d) by treatment of MDMs with A549-conditioned supernatant (TAM-like vs.
M0) that were similarly regulated in TAMs vs. AMs were subjected to GO term analysis. a, b: Significantly enriched GO terms according to the PANTHER classification system. c, d:
The relationship between enriched pathways was visualized with ShinyGO. Two pathways (nodes) are connected if they share 20% or more of the genes. More intensely coloured
nodes contain more significantly enriched gene sets, and bigger nodes represent larger gene sets. Thicker edges represent more overlapped genes. e: Differentially expressed genes
(DEGs) involved in cholesterol biosynthesis, metabolism, uptake, and efflux in TAM-like vs.M0macrophages are shown as a volcano plot. Log2 fold change is plotted against �log10
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Next, we used ATR-101, an inhibitor of the cholesterol efflux
transporters ABCA1 and ABCG1 [49], to elucidate the role of these
transporters for the polarization of macrophages by A549-condi-
tioned medium. ATR-101 effectively inhibited cholesterol depletion
in TAM-like macrophages (Fig. 6d). Importantly, ATR-101 treatment
also partially reversed the effects of tumour-cell conditioned medium
on the expression of HIF1A, VEGFA, and CXCL8 in TAM-like cells,
whereas M0 macrophages remained unaffected by the treatment.

In summary, the modulation of cellular cholesterol levels by
tumour-cell conditioned media contributes to the TAM-like-specific
gene expression pattern, which may be targeted using inhibitors of
cholesterol efflux transporters.
4. Discussion

An altered lipid metabolism represents a common feature of can-
cer cells. Cancer cells adjust their metabolic programs to meet abnor-
mal energy demands caused by enhanced proliferation and survival.
Changes in lipid metabolism have been reported in lung cancer, with
varying phenotypes across subtypes and tumour stages [50].

Only a few lipidomic analyses of primary human lung cancer
material have been performed to date. Marien et al. showed that
phospholipid profiles were highly altered in non-small cell lung can-
cer vs. normal lung tissues [51]. Whereas most sphingomyelins and
phosphatidylserine species were decreased, the abundance of specific
phosphatidylinositols, as well as long phosphatidylethanolamines
and phosphatidylcholine, was increased within tumour tissue [51].
We also found that sphingomyelin species, e.g., SM 36:1, 40:1, 42:1,
and 42:2, were reduced, whereas phosphatidylinositol species, such
as PI 38:3 and PI 40:4, were elevated within tumours. Interestingly,
these phospholipids represent a source of lipid second messengers
that can activate the phosphatidylinositol 3�kinase (PI3K)/Akt/mam-
malian target of rapamycin (mTOR) pathway. Increased activation of
the PI3K/Akt/mTOR pathway has been linked to both tumorigenesis
and the progression of cancer, including non-small cell lung cancer
[52].

Another study on lipidomic profiles of tissues from non-small cell
lung cancer and corresponding control tissues included not only the
major phospholipid classes but also neutral lipids, sphingolipids, and
glycerophospholipids [45]. In line with our observations, this study
not only showed that tumour tissues exhibited higher levels of free
cholesterol and cholesteryl esters but also identified CE 18:1 and
20:4 as CE species characteristic for non-small cell lung cancer. Fur-
thermore, the main surfactant components phosphatidylcholine (e.g.,
PC 30:0, PC 32:0) and phosphatidylglycerol (e.g., PG 32:0, PG 34:1,
and PG 36:1) were less abundant in tumour tissue, which was con-
firmed by our study. As expected because of the small sample size,
we did not observe any correlation of the lipid profile with tumour
stage, age, or gender. Of note, additional patient characteristics were
not available, and potential confounding can therefore not be
excluded.

Interestingly, Eggers et al. [45] also reported that an increased
concentration of free cholesterol and cholesteryl esters correlated
with the fraction of necrotic areas within the tumour. Necrotic areas
are formed in tumours when the cellular requirement for oxygen
exceeds its supply by the poorly organized tumour vasculature.
When TAMs enter these areas, hypoxia-inducible factors (HIFs), par-
ticularly HIF1a, and various HIF target genes, such as vascular endo-
thelial growth factor A, are upregulated [53,54]. In our study, TAMs
p-value. Upregulated genes are highlighted in red, downregulated genes in green. ARV1: a
P450 family 51 subfamily A member 1; DHCR24: dehydrocholesterol reductase 24; EBP: e
reductase/synthase; IDI1: isopentenyl-diphosphate delta isomerase 1; INSIG1: insulin-induc
nase 1; MVK: mevalonate kinase; NSDHL: NAD(P)H steroid dehydrogenase-like; SQLE: squal
ing cassette transporter G1. f: The cholesterol content was measured in lysates of differentia
with Bonferroni's post hoc test).
from human lung tumours showed a transcriptomic profile that sug-
gested pro-angiogenic functions along with an increased migratory
capacity when compared with AMs from normal tissue.

Reports on the metabolic phenotype of TAMs are highly diverse,
which may be due to the dynamic adaptation of TAMs in response to
metabolic changes accompanying tumour progression [54]. For
example, human TAMs from colon carcinoma patients, and M2-like
TAMs, in particular, exhibit lower glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) and succinate dehydrogenase (SDH) activities
than normal macrophages, suggesting that TAMs reduce glycolysis
rates as an adaption to the nutrient-deprived TME [55]. However,
TAMs can switch from oxidative phosphorylation to glycolysis in
response to cancer cell-derived signals. For example, lactate as a by-
product of aerobic glycolysis in thyroid carcinoma cells caused
increased glycolysis rates, along with an M1-like polarization, in
TAMs [56]. Due to their poor glycolytic activity, M2-like TAMs show
an elevated consumption of fatty acids as an energy source, at least in
several murine models [54]. Thus, inhibition of fatty acid metabolism
in TAMs has been suggested as a strategy to enhance the antitumour
effect of cancer therapies [57]. Our study does not support these con-
clusions. Indeed, we found that genes associated with fatty acid
metabolism were downregulated in TAMs, which may point towards
species-specific effects. This assumption is further supported by a
report showing that fatty acid oxidation is dispensable for IL4-medi-
ated polarization in human, but not in murine macrophages [58].

Despite the diversity of TAM phenotypes across the literature, we
found a substantial overlap of DEGs identified in our data and a previ-
ous study employing scRNA-Seq to decipher the innate immune
landscape in early-stage lung adenocarcinoma [42]. Of note, the total
number of genes detected by bulk RNA-Seq was much higher and
thus revealed a larger number of differentially expressed genes that
could not be identified previously. However, we cannot exclude
potential confounding due to the limited sample size and the fact
that additional patient data were not available.

Two other studies that performed RNA-Seq with FACS-sorted
macrophages from squamous cell carcinoma patients compared non-
tumour macrophages (i.e., a mixture of alveolar macrophages, inter-
stitial macrophages, and monocyte-derived macrophages) with
TAMs. The study by Sarode et al. [59] heavily focused on the Wnt sig-
nalling pathway, and only a GO term analysis was given in the paper.
We also found that GO terms associated with Wnt signalling were
enriched in TAMs vs. AMs, but these GO terms were not the most
prominent ones. These differences might be related to cancer-type
specific effects.

The study by Zheng et al. [60] gave no details about the DEGs
between non-tumour and tumour macrophages, except for a brief
comparison of non-tumour macrophages with different TAM sub-
types, which identified M1-TAM and M2-TAM markers. In our hands,
the proposed M1-TAM markers UBXN4 and ACTR6 were not overex-
pressed in TAMs, whereas the M2-TAMmarker MFSD12was (1.5-fold
§ 0.1, p=0.005). However, we did not observe a clear M1/M2 pheno-
type within the TAM population. Thus, it remains unclear whether
this gene can serve as an M2-TAM marker across distinct lung cancer
subtypes.

Cancer cells can scavenge cholesterol from the tumour microenvi-
ronment through upregulation of apolipoproteins and their recep-
tors, which may result in cholesterol depletion in other cells within
the tumour, such as TAMs [16]. The major finding of our study is that
cholesterol, although highly enriched in tumour tissue, is depleted in
cyl-CoA acyltransferase-related enzyme 2 required for viability; CYP51A1: cytochrome
mopamil binding protein; FDPS: farnesyl diphosphate synthase; HMGCR/S: HMG-CoA
ed gene 1; LDLR: low density lipoprotein receptor; MSMO1: methylsterol monooxyge-
ene epoxidase; SREBF2: sterol regulatory element-binding protein 2; ABCG1: ATP-bind-
lly polarized MDMs and normalized to cell count (n=3, triplicates). ***p<0.001 (ANOVA



Fig. 6. Modulation of the cholesterol content affects the expression of TAM-specific genes in macrophages. a: Human MDMs were cultured in medium containing 10% FCS (normal
medium, M0) or 1% FCS (starving medium, starved M0) for 24 hours. mRNA expression levels were quantified by qPCR, normalized to ACTB, and expressed as x-fold of M0 (n=4, trip-
licates). b, c: MDMs were incubated with PBS (Co) or Methyl-b-cyclodextrin (Methyl-b-CD, 5 mM in PBS) for one hour, followed by incubation in media containing 1% FCS for
24 hours. b: Cellular cholesterol content (n=4, triplicates). c: mRNA expression was measured by qPCR using ACTB as a housekeeping gene (n=3, triplicates). d: MDMs were cultured
in normal medium (M0) or A549 tumour cell-conditioned medium (TAM-like) and either left otherwise untreated (Medium), co-treated with the solvent control DMSO (0.25%), or
ATR-101 (25 mM) for 24 hours. Cholesterol levels were normalized against the total cellular protein (n=4, triplicates). e: MDMs were cultured in normal medium (M0) or A549
tumour cell-conditioned medium (TAM-like) and either co-treated with the solvent control DMSO (0.25%) or ATR-101 (25 mM) for 24 hours. mRNA expression was measured by
qPCR, normalized against ACTB, and expressed as a percentage of DMSO-treated TAM-like macrophages (n=3, duplicates). **p<0.01, ***p<0.001 (a, c-e: ANOVA with Bonferroni’s
post hoc test; b: t-test).
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TAMs. This effect correlated with an upregulation of the cholesterol
efflux transporters ABCA1 and ABCG1, which are known to show addi-
tive activity in promoting macrophage reverse cholesterol transport
[61]. A recent study reported increased activity of ABCA1 in TAMs in
a mouse model of ovarian cancer, leading to an enhanced efflux of
membrane cholesterol. Subsequently, the loss of cholesterol-rich
membrane micro-domains caused an amplification of IL4 receptor
activity, whereas IFNg signalling was impaired. Thus, loss of choles-
terol supported the M2-like tumour-promoting TAM phenotype [19].
A prominent role of cholesterol transporters in macrophage polariza-
tion had previously been suggested by a report showing that ABCA1
knockout macrophages were more prone to M1 polarizing signals,
whereas the response to M2 signals was attenuated [62]. In accor-
dance, ABCA1 was reported to inhibit TLR signalling through changes



Table 2
Transcription factors regulating DEGs in TAMs vs. AMs as
predicted by iRegulon

Upregulated in TAMs Downregulated in TAMs

TF No. of targets TF No. of targets

GATA2 969 MYB 699
HNF18 852 SPI1 544
CEBPG 589 KLF6 504
ZNF503 473 SOX4 183
NAP1L1 370 GABPA 121
FOXM1 314 SREBF1 85
TEAD4 239 TAF1A 82
BATF 202 SRF 74
TCF12 135 SREBF2 34
E2F4 118
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in membrane lipid organization that disrupt the recruitment of TLR
adapter molecules [63]. Furthermore, ABCG1 knockout in myeloid
cells also led to a phenotypic shift of TAMs from an M2-like to an M1-
like tumouricidal phenotype in murine models of bladder cancer and
melanoma. The mechanisms by which the expression and activity of
ABC transporters are upregulated in TAMs remain to be elucidated.

Apart from shaping the macrophage phenotype, cholesterol efflux
in TAMs has been speculated to support tumour growth by feeding
cholesterol to cancer cells, thereby reducing their energetic costs
[19,64]. This mechanism would require an increase of cholesterol bio-
synthesis in macrophages, which was indeed detected in the afore-
mentioned murine model of ovarian cancer [19]. In our hands,
however, genes involved in cholesterol biosynthesis were downregu-
lated in TAMs vs. AMs, suggesting that the proposed feeding mecha-
nism does not apply.

It has not yet been clearly defined which signals mediate choles-
terol depletion in TAMs. Hyaluronic acid, an extracellular matrix
component that is highly abundant in the TME, has been suggested
to promote the reduction of membrane cholesterol in murine TAMs.
This assumption was supported by the finding that cancer cell-condi-
tioned medium did not affect cholesterol levels in macrophages
when pretreated with hyaluronidase, and hyaluronic acid itself was
able to reduce the cholesterol content [19]. Again, the mechanisms
may differ between mice and men: while Goossens et al. [19]
observed an increased activity of cholesterol efflux transporters,
Abca1 or Abcg1 mRNA levels remained unchanged. In contrast, our
data indicate that ABCA1 and ABCG1 transcripts are highly induced in
human TAMs.

In order to evaluate whether reduced cholesterol levels and differ-
ences in the transcriptomic profile of TAMs vs. AMs were caused by
factors secreted by tumour cells, we polarized primary human MDMs
towards a TAM-like phenotype by cultivating them in tumour cell-
conditioned medium. The cholesterol content of the conditioned
medium was decreased, most likely due to its uptake by A549 cells.
Therefore, A549-conditioned medium may mimic a cholesterol-
depleted tumour-microenvironment. The treatment with tumour
cell-conditioned medium replicated changes in macrophage gene
expression and cholesterol content seen in ex vivo TAMs, e.g., upregu-
lation of ABCG1. TAM-like macrophages also exhibited lower choles-
terol levels than all other MDM phenotypes. Therefore, this cell
model might represent a highly suitable model to gain mechanistic
insights into TAM actions and, more importantly, to test potential
therapeutic interventions. The inhibition of cholesterol efflux by
ABCA1/ABCG1 inhibitors, such as ATR-101, might represent a promis-
ing tool to reprogram TAMs, as indicated by our observation that
ATR-101 inhibits the induction of genes involved in angiogenesis and
chemotaxis in TAM-like cells. ATR-101 has been considered to be a
candidate for the treatment of adrenocortical cancer, mainly due to
its ability to inhibit acyl-coenzyme A:cholesterol O-acyltransferase 1
(ACAT1), an enzyme that catalyzes the esterification of intracellular
FC. In this context, the accumulation of FC within tumour cells was
suggested to result in tumour cell apoptosis [65]. So far, it is unclear
whether ATR-101 may have additional beneficial effects based on its
influence on TAMs via ABCA1/ABCG1 inhibition. Further studies are
required to determine whether ATR-101 also influences the TAM-
phenotype in vivo.

In summary, our work identifies altered cholesterol homeostasis
as a key feature of TAMs and urges new efforts to elucidate the inter-
play between lipid metabolism and the TAM phenotype.
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