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This study contributes to the characterization of human macrophages in normal and
pathological conditions such as cancer. We characterized a macrophage population
expressing membrane-associated IL-18 (mIL-18) that shows peculiar proteomic, pheno-
typic, ultrastructural, and functional properties. mIL-18+ macrophages exhibit increased KEYWORDS

levels of key proteins involved in pathogen recognition, activation, migration, and Macrophages; IL-18; endo-
endocytosis. They also display specialized functions in vesicle and actin filament  cytosis; TREM2; FOLR2; adult
transport and lipid metabolism, and have typical mitochondrial traits. Importantly, canceLlpa“eme pediatric
mIL-18+ cells dominate the peritoneal fluid of adult cancer patients and are present gﬁg;’;isastoma, proteomic-
in the bone marrow of children with neuroblastoma. They express high levels of TREM2

but display heterogeneous FOLR2 expression, distinguishing distinct cell subsets with

possibly different functions. Accordingly, in primary neuroblastomas, transcriptional

signatures associated with miL-18 expression show different prognostic values. Our

data show that mlL-18+ macrophages, which are predominant across the tumor micro-

environment, exhibit previously undetected heterogeneity, potentially impacting tumor

progression in a variable manner.
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Introduction

Immunotherapy significantly impacts cancer patients’ survival. However, a relevant percentage of patients
show primary or acquired resistance to therapy, forcing the exploration of strategies for overcoming
failures.'> To understand what impacts the therapy’s effectiveness, different aspects of tumors and the
tumor microenvironment (TME) are being analyzed, including the “immunoscore”, e.g., the number and
quality of tumor-infiltrating immune cells*”; these include macrophages ® and natural killer (NK) cells °
that communicate with each other.'”'* The frequency and main properties of immune effectors can
predict the response to immunotherapies.>*!"!?

Macrophages are highly enriched in the TME. M1 and M2 indicate macrophages lying at the opposite
ends of the functional polarization process, i.e., proinflammatory-tumor suppressive or reparative-tumor
promoting, respectively. This simplistic dichotomy is overcome by a more updated view of macrophage
polarization.**'"'>!* In vitro, M2 subpopulations can include M2a, obtained by IL-13 and IL-4 stimula-
tion, which secrete immunomodulatory factors such as TGF-f and dampen the NK cell function.
Immunosuppressive activity has also been attributed to IL-10 secretion by M2c macrophages, which
differentiate in vitro upon stimulation with glucocorticoids, TGF-f, or IL-10 itself. Furthermore, the
in vivo scenario could not exactly mirror what was observed in vitro, which is characterized by a complex
microenvironment and cell plasticity. In vivo, tumor-associated macrophages (TAMs) can express both
M1 and M2 markers, change their phenotypic/functional properties, and increase their heterogeneity over
time due to microenvironment perturbations, which are also related to therapeutic agents.''> In breast
cancer, single-cell analysis showed the presence of seven different macrophage clusters expressing PD-L1;
their relative abundance differed in estrogen receptor (ER)-positive or ER-negative tumors and tumors
with different grades.'® Recently, two distinct macrophage populations expressing TREM2 or FOLR2 have
been described in breast cancer and in many other tumor types, which appear to exert opposite
functions.'”” TREM2 characterizes macrophages with immunosuppressive functions; its blockade enhances
CD8+ T and NK cell responses, delays tumor growth, and synergizes with immune checkpoint inhibi-
tors.'>'®' In contrast, FOLR2+ macrophages are tissue-resident macrophages colonizing healthy tissues,
which in tumors interact with tumor-infiltrating CD8+ T promoting their expansion and activation.

Correlating various macrophage signatures with disease tumor stages, resistance/response to therapies,
and possibly planning strategies targeting the macrophage populations more significantly associated with a
worse prognosis. The macrophage heterogeneity also relies on their origin since they can derive from the
recruitment of circulating monocytes or precursors colonizing tissue during embryonic/fetal



ONCOIMMUNOLOGY 3

development.'**? In this context, a murine model of pancreatic ductal adenocarcinoma showed that
TAMs originating from fetal precursors support tumors, while bone marrow (BM)-derived macrophages
have marked antigen presentation properties.”* In both mice and humans, CX3CR1, CXCR4, CD49d,
CD11b, and CDI1la have been described as markers distinguishing these two cell types.'"'®**2¢ We
previously contributed to dissecting the phenotypic and functional heterogeneity of TAMs by identifying a
membrane form of IL-18 (mIL-18), which is expressed by a high percentage of macrophages in the
peritoneal fluid of ovarian cancer patients.”’” In healthy donors, our data show that mIL-18 was expressed
in 20%-40% of unpolarized macrophages (termed MO) differentiated in vitro from both non-classical
CD16+ and classical CD16- monocytes in the presence of M-CSF. In contrast, GM-CSF-treated monocytes
and monocyte-derived immature or mature dendritic cells lack mIL-18 expression.”*** IL-18 is a cytokine
belonging to the IL-1 family that profoundly modulates the function of immune effectors such as NK
cells.’® To date, the precise mechanisms responsible for mIL-18 retention at the macrophage cell
membrane and its release as soluble cytokines (sIL-18) are only partially characterized. mIL-18 requires
caspase-1 processing, suggesting the requirement for surface expression of the pro-IL-18 to mature IL-18
conversion.”® The acidic treatment does not modify the mIL-18 expression, suggesting that the cytokine
firmly binds to the plasma membrane. mIL-18 expression is maintained upon M2 polarization, whereas it
is lost upon M1 polarization of both M0 and M2 macrophages through pathogen-derived products (LPS
and BCG), a process paralleled by the release of sIL-18 in the extracellular microenvironment. TLR-
mediated stimuli are known to activate a broad spectrum of cellular proteases, suggesting their involve-
ment in the release of mIL-18 as a soluble form. These proteases, however, do not include calpain, a
membrane-bound cysteine protease involved in the conversion of pro-IL-1a to IL-1a; indeed, treatment
with the calpain inhibitor does not affect the IL-18 release while affecting that of IL-1a.

In this study, we compared mIL-18+ and mIL-18- populations by performing proteomic analyses and
analyzing their immunophenotypic, metabolic, morphologic, and ultrastructural characteristics.
Additionally, we also investigated the presence of mIL-18+ myeloid populations in specimens from
adult cancer patients and children with neuroblastoma (NB). Our findings expand the understanding of
human myeloid and macrophage heterogeneity, revealing distinct features that may influence cancer
progression and responses to immunotherapy.

Materials and methods
In vitro differentiation of MO macrophage

Peripheral blood mononuclear cells (PBMCs) were isolated from healthy blood donor volunteers admitted
to the blood transfusion center of the IRCCS Ospedale Policlinico S. Martino after obtaining written
informed consent. The study was approved by the Ligurian Ethics Committee (Comitato etico territoriale,
CET, Liguria) (DB id 10125). After the standard Ficoll-Paque density gradient (Euroclone S.P.A., Italy),
monocytes were purified from PBMC using the Human Monocyte Cell Isolation Kit II (Miltenyi Biotec).
The cells were cultured (5 x 10°/mL) for 7 days in lumox plates (24 lumox multiwell TC-QUALITAET
plates, Greiner bio-one GmbH, Frickenhausen, Germany) with 100 ng/mL of rM-CSF (Pepro-Tech,
London, UK) to obtain M0 macrophages.*’

Cell sorting and proteomic analysis

We isolated mIL-18+ and mIL-18- macrophages using FACS sorting with a FACSAria II instrument under
low-pressure conditions, 100 mm drops, and a 4-way purity mask. Before the experiments, we validated
the instrument settings using the CS&T system BD.*® During sorting, the cell concentration was
approximately 5-10 million cells/mL. The cells were then collected in complete RPMI culture medium.

The mIL-18+ and mIL-18- macrophages were analyzed using high-resolution liquid chromatography
coupled with tandem mass spectrometry (LC-MS/MS) based on Orbitrap technology. Protein quantifica-
tion was carried out using a label-free approach (LFQ) within the MaxQuant suite.>**! Statistical
validation of the data was performed using tools from Perseus Software.’"*?
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Gene ontology (GO) enrichment analysis was conducted using the ShinyGO web server (version
0.76.1), which uses an extensive annotation database derived from Ensembl and STRING-db.** The
functional networks of the proteins in various pathways were identified using Enrichr-KG, a knowledge
graph database and web server application that integrates selected gene set libraries from Enrichr DB for
enrichment analysis and visualization. The libraries used for this analysis were Reactome 2022, KEGG
2021Human, GO Biological Process 2021, and WikiPathway 2021 Human. The enrichment results were
presented as subgraphs with nodes and links connecting genes to their enriched terms. Enrichr-KG also
allows the addition of gene-gene links and predicted genes to these subgraphs.®*

For the proteomic analysis, macrophages were processed using the iST protocol. The pellets were
solubilized with 25 pL of 6 M GdmCl, 10 mM TCEP, 40 mM CAA, and 100 mM Tris pH 8.5, then lysed,
reduced, and alkylated by three cycles of heat and thaw, followed by 30 min of sonication. The samples
were loaded onto a StageTip with a 1 SDB-RPS disk. The lysates were diluted with 10% (v/v) ACN and
25mM Tris pH 8.5, then digested overnight at 37 °C with 0.5 ug of Lys-C and 0.5 pg of trypsin. After
digestion, the samples were acidified with 100 uL of 1% (v/v) TFA and washed three times with 0.2% (v/v)
TFA. Elution was performed with 60 uL of 5% (v/v) ammonium hydroxide and 80% (v/v) CAN.?® Peptide
separation was conducted using the Dionex Ultimate 3000 RSLC nanoSystem. The samples were loaded
from the sample loop onto a trapping column (2 cm x 100 pm ID, Acclaim PepMap C18, 2 pm particles,
100 A pore size; Thermo Scientific) using a loading solvent of 98% H,O and 2% CH;CN with 0.1% formic
acid at a flow rate of 5puL/min for 5min. The trapping column was then switched in line with the
separation column, and the peptides were eluted with an increasing gradient of organic solvent at a flow
rate of 300 nL/min. Peptides were separated on an EASY-Spray column (25 cm x 75 um ID, PepMap CI18,
2um particles, 100 A pore size; Thermo Scientific) thermostated at 60 °C. A multi-step gradient of
5%-30% solution B (80% CH3;CN and 20% H,O with 0.1% formic acid) was applied over 170 min,
followed by a 30%-45% solution B gradient for 35 min.”

The mass spectrometer, LTQ-Orbitrap Velos Pro, was operated in positive ionization mode. MS survey
scans were performed in the Orbitrap over a mass range of 375-1500 m/z with a resolution of 100,000.*
The automatic gain control was set at 1,000,000, with a maximum ion injection time of 250 ms. Data were
collected in a data-dependent acquisition mode with alternating MS and MS/MS experiments. The
minimum MS signal required to trigger MS/MS was set to 10,000 ions, with the most intense signal
selected for MS/MS using a 2 Da isolation window. Ions already selected for MS/MS were excluded for
25s, with an exclusion window size of £ 10 ppm. A single micro-scan was recorded for each MS scan, and
CID was performed in the linear ion trap with a target value of 3,000 ions, a maximum ion injection time
of 50 ms, a normalized collision energy of 35%, a Q-value of 0.25, and an activation time of 10 ms. A
maximum of 10 MS/MS experiments were triggered per MS scan.

The raw data from the mass spectrometry experiments were analyzed using MaxQuant software
(version 1.6.1.0). The protein and peptide false discovery rates FDR were set at 0.01, and the peptides
had to be at least 6 amino acids long. A time-dependent mass recalibration algorithm was employed to
increase the mass accuracy of the precursor ions. MS/MS spectra were searched using the Andromeda
search engine integrated into MaxQuant against the UniProt Human database, combined with 248
common contaminants and reversed sequences. Trypsin was selected for enzyme specificity.’® Cysteine
carbamidomethylation was set as a fixed modification, while protein N-terminal acetylation, methionine
oxidation, and deamidation (N, Q) were allowed as variable modifications. A maximum of two missed
cleavages was permitted. The initial precursor mass deviation reached 7 ppm, and the fragment ion
deviation was set to 0.5Da. Quantification was performed using MaxLFQ with the “Match between
runs” option (time window of 1 min).*°

mAbs

Anti-human IL-18 mAb (mouse IgG1, clone 125-2H) and anti-CX3CR1-PE (rat IgG2b, clone 2A9-1) were
purchased from Medical and Biological Laboratories; anti-CD14-VioBlue (recombinant human IgGl,
clone REA599), anti-CD68-PEVIO770 (recombinant human IgG1, clone REA886), anti-FcgRITA (CD32)-
APC (mouse IgG2a, clone 2E1), anti-SIRPla (CD172a)-APC (recombinant human IgG1, clone REA144),
anti-CD4-APC (recombinant human IgGl, clone REA623), anti-B7H3 (CD276)-APC (mouse IgG2b,
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clone FM276), anti-ITGA4 (CD49d)-APC (recombinant human IgG1, clone REA545), anti-CD180-APC
(recombinant human IgGl, clone REA956), anti-HLA-DR-APC (recombinant human IgGl, clone
REA805), anti-CLEC4A (CD367)-APC (recombinant human IgGl, clone REA329) were purchased
from Miltenyi Biotec; anti-CD45-APC-H7 (mouse IgGl, clone 2D1), anti-CD163 (mouse IgGl, clone
GHI/61), anti-CD206-FITC (mouse IgGl, clone 19.2), anti-CD80-PE (mouse IgGl, clone B7-1) were
purchased from BD Biosciences (San Diego, CA); anti-PD-L1.3.1 (IgGl) and anti-PD-L2 (IgG1) mAbs
were produced in D. Olive’s laboratory; anti-CXCR4 (mouse IgG2b, clone 12G5) and anti-CCR2 (mouse
IgG2b) were purchased from R&D Systems (Minneapolis, MN); anti-TREM2-APC (Rat IgG2b, clone
237920) and Rat IgG2b isotype control were purchased from bio-techne; anti-FOLR2-PE (mouse IgGl,
clone EM-35) and mouse IgG1 isotype control were purchased from ThermoFisher Scientific; MA127
(mouse IgG1, anti-NTBA) mAb was produced in our lab.

VioBlue, PEVIO770, APC, FITC, APC-H7, PE isotype-matched mouse (Miltenyi Biotec or BD
Biosciences) or rat (Medical and Biological Laboratories) mAbs were used as negative controls.

Immunofluorescence and flow cytometry

For one-color flow cytometry analysis (FACSCalibur, Becton Dickinson & Co., Mountain View, CA), cells
were stained with the appropriate monoclonal antibodies (mAbs) for 30 min at 4 °C, washed once with BD
FACSflow containing 5% FCS, and then stained with Phycoerythrin (PE)-conjugated isotype-specific goat
anti-mouse secondary reagent (Southern Biotechnology Associates, Birmingham, AL) for 30 min at 4 °C.
During each experimental session, the performance of the flow cytometer was checked, and the reproduc-
ibility of the fluorescence intensity was verified using calibrated microspheres (Becton Dickinson & Co.,
Mountain View, CA). Isotype-matched PE-conjugated goat anti-mouse secondary reagent was used as a
control.

For multiparametric flow cytometry (MFC) analysis, all samples were first incubated for 10 min with
human Fc receptor Blocking Reagent (Miltenyi Biotec, Bergisch Gladbach, Germany), washed once with
serum-free RPMI 1640 medium, and then incubated with both fluorochrome-conjugated primary anti-
bodies and Fixable Viability Stain 510 (BD) to exclude dead cells (15 min at room temperature). Finally,
the samples were resuspended in 500 uL of FACSflow (5% FCS) before acquisition using the FACSVerse
flow cytometer (BD). BD FACSuite CS&T Beads were used daily to monitor cytometer performance.

For analysis of one-color flow cytometry data, CellQuestPro software was used, while FACS Suite
software (Becton Dickinson, Mountain View, CA) was employed for analyzing MFC acquisition files.*

Transmission electron microscopy (TEM)

Sorted mIL-18+ and mIL-18- human macrophages were washed out twice in cacodylate buffer (0.1 M
Sigma-Aldrich, St. Louis, MI, USA) and fixed for 1 h at room temperature using a 2.5% v/v glutaraldehyde
solution (Electron Microscopy Science, Hatfield, PA, USA) diluted in 0.1 M cacodylate buffer. The cells
were postfixed in 1% w/v osmium tetroxide for 10' (VWR International, PA, USA) and 1% w/v aqueous
uranyl acetate (SERVA Electrophoresis GmbH, Heidelberg Germany) for 1h. The samples were subse-
quently dehydrated through a graded ethanol series (Merck, Darmstadt, Germany) and embedded in
epoxy resin (Poly-Bed; Polysciences, Inc., Warrington, PA) for 48 h at 60 °C. Ultrathin sections (50 nm)
were cut and counterstained with 5% w/v uranyl acetate in 50% v/v ethanol. Electron micrographs were
acquired as single snapshot and/or multiple image alignment (MIA) using a Hitachi 7800 120 Kv electron
microscope (Hitachi, Tokyo, Japan) equipped with a Megaview G3 digital camera and Radius software
(EMSIS, Muenster, Germany). To perform human macrophage size analysis, the diameter of 25 whole cells
was measured with the line tool embedded in Radius 2.0 software. To perform mitochondria morphome-
try, 35 whole cells were scored for mitochondria and measured with the line and area tools of Radius 2.0
software. For rough endoplasmic reticulum (RER) morphometry, 25 whole cells were scored for rER, and
each cisterna was measured at three different points. The results were plotted as histograms with data
points (mean + SD). Statistical analyses were performed using GraphPad Prism. A Mann-Whitney U test
was performed to evaluate the cell size and mitochondria diameter, while a t-test was performed to
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evaluate mitochondria density and ER size. Mean differences were considered statistically significant
at p <0.05.

Metabolic activity

The oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were determined using a
Seahorse XFp (Agilent Technologies). Briefly, 80,000 mIL-18+ or mIL-18- sorted macrophages were
seeded in XFp cell plates. The OCR and ECAR were determined using the Seahorse XFp Extracellular
Flux Analyzer (Agilent Technologies, Santa Clara, CA, USA). The cells were incubated at 37 °C for 45'in a
no-CO2 incubator with Agilent Seahorse DMEM, pH 7.4, enriched with glucose (11 mM), glutamine
(2 mM), and pyruvate (1 mM). The bioenergetic profile was measured using the Cell Mito Stress Test Kit
and a real-time ATP rate assay according to the manufacturer’s instructions. Three measurements of the
OCR and ECAR were taken under control conditions and after sequential injections of 1.5 uM oligomycin,
1.5 uM FCCP, and 0.5 M rotenone plus 0.5 uM antimycin A (cell mito stress test) or after sequential
injection of 1.5 pM of oligomycin and 0.5 uM each of rotenone/antimycin A (ATP rate assay).

Endocytosis

The endocytic properties of mIL-18+ and mIL-18- macrophages were evaluated by using fluorescent
yellow-green carboxylate latex beads (Sigma-Aldrich). Briefly, 500.000 cells were incubated for 30" at 37 °C
with a bead suspension at a final dilution of 4 uL/ml. The cells were then washed twice in a complete RPMI
medium and analyzed by MFC, analyzing mIL-18, CD68, CD163, and NTBA (CD352) molecules on three
different cell gates characterized by null (Gate 1), low (Gate 2), or high (Gate 3) beads-associated
fluorescence.

Confocal microscope analysis

Confocal microscopic analysis was performed as previously described.’® The macrophages were layered on
a 0.17 mm-thick microscope coverslip (optically clear borosilicate glass) and examined on the laser
scanning confocal microscope SP2-AOBS (Leica Microsystems, Mannheim, Germany), using either a
HC PL APO 20x/0.70 objective or a HCX PL APO 40 x /0.75-1.25 oil immersion objective on a DM IRE2
inverted microscope. Fluorescent dye excitation was performed using the 488 nm line of the Argon laser
for excitation of the fluorescent latex beads (emission detection range 500—-535 nm), and the 546 nm line of
the He/Ne laser for excitation of phycoerythrin-conjugated mlL-18 (emission detection range
555-650 nm). Leica software was used for image acquisition (1024 x 1024 x 8 bit), while analysis was
performed with Leica software or Image].

Patient's samples

Supplemental Table 4 summarizes the clinical data of adult and pediatric cancer patients whose samples
were analyzed in this study. Age and sex were included.

The peritoneal fluids were collected from anonymized adult cancer patients admitted at the Medical
Oncology Unit and Department of Internal Medicine, IRCCS S. Martino-IST and University of Genova,
Genova, Italy. All the biological samples were collected after obtaining written informed consent, and the
study was approved by the Ligurian Ethical Committee (CET Liguria) (DB id 12889). Patients were eligible
if they had measurable disease at first presentation or after relapse and were treatment naive.

BM aspirates derived from pediatric NB patients enrolled at IRCCS Istituto G. Gaslini. All the samples
were collected by Biobanca Integrata Tessuto-genomica — BIT, Istituto IRCCS G. Gaslini, Genova, Italy,
after written informed consent by the parents or legal guardians. The histological diagnosis was made on
tumor samples (surgical or core biopsies or surgical specimens from resection) paired with BM aspirates
analyzed in this study. The staging was established according to the International Neuroblastoma Staging
System®”® with NB infiltration evaluated by cytomorphological analysis. The investigation was performed
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after approval by the Ligurian ethical committee (CET Liguria) (number 004-28/05/2018). The committee
and the procedures followed the Helsinki Declaration of 1975.

Prognostic value of the mRNA signature codifying for the proteins up- and down-regulated in miL-
18+ MO macrophages

The differential gene expression (DEG) between mIL-18+ and mIL-18- macrophage samples was visual-
ized by heat map using Morpheus, a versatile matrix visualization and analysis software (https://
software.broadinstitute.org/morpheus). Unsupervised hierarchical clustering was used to segregate
patients and genes into distinct homogenous groups. Only the top clusters from the dendrograms were
selected for further evaluation. Clustering analysis of genes was performed by grouping clusters to
maintain the separation between up- and down-regulated genes. To this end, the “Group columns by”
option was selected in the web interface. Heat map visualization and unsupervised clustering analysis were
performed on publicly available gene expression profiles of primary tumors collected at diagnosis from 498
NB patients. Gene expression profiles and associated clinical data were grabbed from R2: Genomics
Analysis and Visualization Platform (http://r2.amc.nl). The expression levels were adjusted with the robust
z-score transformation option that was available on the web platform. The chi-square test was used to
assess the significance of the association between clusters and selected patients’ characteristics. P-values
lower than 0.001 were considered statistically significantly associated.

The two main endpoints of the prognostic analysis were the overall survival (OS) and the event-free
survival (EFS). OS and EFS curves were plotted by the Kaplan-Meier method and were compared with the
log-rank test. P-values lower than 0.005 were considered significant. GraphPad Prism version 8.0 for
Microsoft Windows, www.graphpad.com, was used to plot Kaplan-Meier curves and to compute log-rank
p-values.

Statistical analysis

The non-parametric significance test, Wilcoxon-Mann-Whitney p-value, was used to verify whether two
independent samples of observations have equally large values. The test is a statistical tool suitable for
analyzing the rank sum of two independent groups. (p) indicates the statistical level of significance.

A t-test was employed with the assumption of a normal distribution of data in the measurements (two
unpaired groups; two tails). Graphic representation and statistical analyses were performed using the
PASW Statistic version 20.0 software and GraphPad Prism 6.

Generative Al

Some authors have used ChatGPT (GPT-4, provided by OpenAl) to increase the readability of certain
sections of this manuscript. After utilizing this tool, the authors thoroughly reviewed and edited the
content as needed and have full responsibility for the final content.

Results

Proteomic analysis of mIL-18+ and miL-18- human macrophages reveals significantly different
molecular signatures

Classical CD68+ unpolarized M0 macrophages were obtained by culturing, and in the presence of M-CSF,
monocytes were isolated from the peripheral blood mononuclear cells PBMC of two unrelated healthy
donors (HD1 and HD2). According to previous data,”®*’ a membrane-bound form of IL-18 (mIL-18) was
expressed at the cell surface of an MO subset; this represented 45% and 61% of the macrophages derived
from HD1 and HD2, respectively. The mIL-18+ and mIL-18- subsets were sorted, and their purity was
confirmed by immunofluorescence and flow cytometry (IF-FC) (Figure 1A).

The sorted MO subsets were analyzed by high-resolution mass spectrometry. Data processing through
the MaxQuant software allowed the identification of a total of 4637 proteins, of which 3833 were
quantified using a label-free quantitation approach. The unsupervised PCA analysis of the whole protein
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Figure 1. Proteomic analysis of mIL-18+ and mIL-18- macrophages. (A) Macrophages from two healthy donors (HD1 and
HD2) were analyzed by IF-FC for mIL-18 expression before and after cell sorting. (B) Unsupervised PCA analysis. (C)
Volcano plot representation of proteins differentially expressed in mlL-18+ vs mlIL-18- macrophages. The colored dots
represent proteins displaying both large magnitude fold-changes (x-axis) and high statistical significance (FDR =0.05 and
s0=0.1 log10 of P-value, y-axis) between the two populations.

content of our dataset indicated that the mIL-18+ and mlIL-18- subsets accounted for more than 60% of
the variation in their phenotype (Component 1) and were separated into different clusters (Figure 1B). As
shown by the volcano plot, the protein quantification revealed a set of 166 differentially expressed proteins,
of which 65 proteins were down-regulated and 101 up-regulated in mIL-18+ as compared to mIL-18- cells
(Figure 1C). The protein expression profile of mIL-18+ and mIL-18- macrophages and the identity of the
differentially expressed proteins are shown in the unsupervised hierarchical clustering analysis (Figure 2).

Using IF-FC, we validated the proteomic data, analyzing the surface expression of selected plasma
membrane-associated proteins that emerged upregulated in mIL-18+ cells (Figure 3, panels A-C). The
analysis confirmed increased expression of CD32 (FcyRIIA), CD180, CLEC4A, CD4, CD49d (ITGA4), and
CD163 in mIL-18+ macrophages. We also included surface molecules that did not emerged from the
proteomic analysis but are relevant to macrophage biology. mIL-18+ cells expressed higher levels of
CD206 and PD-L2, and, conversely, significantly lower levels of B7-H3 and SIRP1la. HLA-II and PD-L1
were expressed at similar levels in the two macrophage populations.

MO unpolarized macrophages derived from three additional HDs were analyzed for TREM2 and FOLR2
expression, two markers identifying distinct macrophage populations in tumor or healthy tissues.'” As
shown in Figure 3, panels D and E, TREM2 was weakly expressed by all the macrophages. On the other
hand, two mIL18+ subsets, one expressing FOLR2 and the other lacking it, were identified. mIL-18+ cells
expressed a significantly greater amounts of FOLR2 compared to mIL-18- cells. An opposite expression
trend was observed for SIRPla, which was analyzed as a control. Indeed, mIL-18+ cells expressed
significantly lower levels of SIRP1la compared to mIL-18- cells.
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Figure 2. Unsupervised hierarchical clustering analysis. The graphics show the unsupervised hierarchical clustering
analysis of significant proteins (out of the 3833 quantified proteins), differentially expressed in paired mIL-18+ and mIL-18-
macrophages t-tests from HD1 and HD2. Protein expression levels were z-scored and log2 transformed and are indicated
by a two-color scale ranging from blue (lowest values) to red (highest values), reported in the horizontal bar at the top of
the figure. Each column corresponds to a sample (indicated on the top side), and each row represents a differentially
expressed protein.

Proteomics highlighted important differences in the molecular repertoire of mIL-18+ and mIL-18-
macrophages. Notably, however, as indicated by IF-FC analysis, proteomics may even underestimate the
surface protein profile owing to the still limited sensitivity of mass spectrometry and its differing ability to
identify and quantify surface versus soluble proteins.

mlL-18+ macrophages show enrichment in proteins involved in endocytosis, lipidic catabolism,
pathogen recognition, activation and migration

To associate the proteins that emerged from the proteomic analysis with specific molecular and functional
pathways, we conducted a gene ontology (GO) enrichment analysis using the ShinyGO web server. As
shown in Supplemental Figure 1 and Supplemental Table 1, mIL-18+ cells showed upregulation of proteins
involved in the generation of cell protrusions (axonogenesis) (NRP1, ITGA4), vesicle transport (MYO1G,
MYO5A, MYOI1C) and lipidic catabolic processes, including the degradation of ceramide and fatty acid
membrane lipids (HEXB, ASAH]1, PIK3CG, EHHADH, PLBD2, PDH2, ECI1, NAGA). Proteins upregu-
lated in mIL-18+ macrophages also included several molecules involved in leukocyte pathogen
recognition, activation, and migration (HEXB, TOLLIP, HECTD1, PYGL, CST3, ASAH1, RAB3D,
PIK3CG, ITGA4, RAB29, PREX1, CD180, CREG1, NCSTN, MILRI1, SURF4). The leukocyte pathways
were also characterized by the upregulation of CD4, CD209, CLEC4A, FCGR2A, and TLR1 (Supplemental
Table 1).

To expand the panorama of the functional pathways upregulated in mIL-18+ cells, we explored different
gene set libraries combined with the use of the web-server application Enrichr-KG>* (Supplemental
Figure 2, left panel and Supplemental Table 2). This analysis also provided a subnetwork linking the
most highly enriched terms with proteins upregulated in different libraries (Supplemental Figure 2, Right
Panel). mIL-18+ cells showed a protein repertoire highly involved in innate immune responses against
pathogens such as pathogenic Escherichia coli, Mycobacterium tuberculosis, and Yersinia (TRADD,
TLR1, MAPK3, CD209, FCGR2A, VPS36, CD4, SURF4), cell activation and degranulation (TOLLIP,
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Figure 3. Surface phenotyping of mIL-18+ and mIL-18- macrophages. (A, B) MO macrophages from three healthy donors
were analyzed by IF-FC for the expression of the indicated molecules, gating on mlIL-18+ or mlIL-18- cells. (C)
Representative double IF-FC of the expression of mIL-18 and the indicated surface markers in MO macrophages.
Owing to mAbs availability and compatibility with the isotype of the anti-mIL-18 mAb, some molecules were analyzed
compared to molecules highly co-expressed with mIL-18, such as CD49d. (D, E) Statistical and representative analysis
(IF-FC) of the expression of mIL-18, TREM2, FOLR2, and SIRP1a (control) in MO macrophages from three healthy donors. In
panels A, B, and D, the value =1 was arbitrarily assigned to the level of protein expression (MFI) in mIL-18- cells. The
symbols represent values from different donors. The graphs display the mean = SEM of the MFI fold changes. The
difference between groups was analyzed by one-way ANOVA with the Bonferroni post-test by GraphPad
Prism. * =p < 0.05.

RAB3D, FCGR2A). Moreover, the analysis confirmed in mIL-18+ cells the upregulation of proteins
activated upon TLR or IL-1R engagement (PIK3CG, TMED?7, TLR1, MAPK3, TOLLIP, CD180), involved
in fatty acid oxidation (mitochondrial ECI1 and EHHADH), and crucial for ceramide catabolism (NAGA,
HEXB, ASAH1). The latter lipidic catabolic pathway causes sphingosine production; in line with this, the
sphingolipid signaling pathway was upregulated (TRADD, ASAH1, SPTLC2, MAPK3). Importantly, these
data also showed an increased vesicle-mediated and actin filament-based transport in mIL-18+ cells
(MYO5A, MYOI1C, MYOI1G, CD163, VPS4A, VPS36, ITSN, TMED7, and COLEC12) (Supplemental
Figure 2). Interestingly, mIL-18+ also had a reduced expression of SMAD?2, a key protein involved in the
signal transduction of TGF-B.%

The analysis of the biological processes associated with the 65 proteins downregulated in mIL-
18+ macrophages suggested a restriction of pathways relevant for RNA processing (FASTKD2, DDX20,
IVNS1ABP, MTPAP, DICER1, POLR2L), miRNA biogenesis (DICER1, PUMI1, SMAD2) and glucagon-
related gluconeogenesis (EP300, PRKAB1) (Supplemental Figure 3 and Supplemental Table 3).

mlL-18+ macrophages show peculiar ultrastructural properties and mitochondrial dysfunction

We analyzed the subcellular characteristics of sorted mIL-18-positive and -negative macrophages using
transmission electron microscope (TEM). Notable cytomorphological and ultrastructural distinctions
between the macrophage subsets were detected. Despite the similar size and nuclear shape (with an
average diameter ranging from 9.42 to 16.39 pm), a pronounced plasma membrane remodeling in mIL-
18+ macrophages was observed; in particular, they were characterized by flattening of the plasma
membrane with reduced numbers but increased length of cell protrusions (Figure 4A).*
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Figure 4. Transmission electron microscopy (TEM) analysis and mitochondrial metabolic activity of sorted mIL-18+ and
mliL-18- macrophages. (A) Cell size: analyzed cells n = 35, Mann-Whitney test, scale bar: 2 mm. (B) Reticulum size: n = 105,
t-test, scale bar 500 nm. (C) Mitochondria number: analyzed cells n=35, t-test. Mitochondria diameter: analyzed
mitochondria n=565 for mIL-18+and n =598 for miL-18- macrophages, Mann-Whitney test, scale bar, 500 nm. (D)
Seahorse bioenergetics profile (average) OCR over time (x-axis) measured in mlL-18+ (gray) and mlIL-18- (white) MO.
Injections of Oligomycin A, FCCP, and rotenone/antimycin A (Rot/AA) are indicated with black lines. (E) Non-mitochondrial,
basal, maximal, ATP-linked respiration, and spare respiratory capacity in miL-18+ (gray columns) and miL-18- (white
columns) MO. (F) Basal and maximal ECAR after injection of Oligomycin A, in mIL-18+ (gray columns) and mlIL-18- (white
columns) MO. (G) Total ATP production rates in mIL-18+ and mIL-18- macrophages: Mitochondrial ATP production rate
(mito ATP, white columns) and glycolytic ATP production rate (glycoATP, black columns). The graphs display the
mean + SEM of values from three independent experiments performed using macrophages derived from three healthy
donors (A-F) or from two healthy donors (G). The symbols represent values from different donors. The difference between
groups was analyzed by one-way ANOVA with the Bonferroni post-test by GraphPad Prism 9. ns: not significant, * = p<
0.05, *=p <0.01, ***=p < 0,001 and ****=p < 0,0001.
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At the intracellular level, mIL-18+ macrophages presented numerous intracellular vacuoles
(Figure 4A), a significantly enlarged endoplasmic reticulum (123.7+37.2 nm in mlIL-18+ versus
75.1 £15.6 nm in mIL-18-) (Figure 4B), and altered mitochondrial morphology (Figure 4C). Although
the number of mitochondria was comparable, in mIL-18+ macrophages, they displayed a rounded shape
with a significantly reduced diameter (450.5 + 168.7 nm in mIL-18+; versus 690.3 £ 223.3 nm in mIL-18-)
and were characterized by a dense matrix and less organized internal cristae.

To exclude that the engagement of mIL-18 by the mAD used for cell sorting could play a role in shaping
the morphology of macrophages, TEM analysis was also performed in unstained and unsorted MO
macrophage populations. A representative analysis of a population with 64% of mIL-18+ macrophages
is shown in Supplemental Figure 4. In the absence of mIL-18 engagement, macrophages showed
cytomorphological and ultrastructural characteristics corresponding to what was observed in sorted
mIL-18+ or mIL-18- macrophages.

TEM analysis suggested the presence of a less dynamic mitochondrial network and an energetic
imbalance in mIL-18+ macrophages. To appreciate the possible functional differences in the mitochondrial
compartment between mIL-18+ and mIL-18- macrophages, we evaluated mitochondrial oxidative phos-
phorylation and glycolytic flux and measured the oxygen consumption rate (OCR) and extracellular
acidification rate (ECAR), using the Seahorse technology.

As shown in Figure 4, compared with mIL-18- macrophages, both the respiratory capacity (D and E)
and aerobic glycolysis (F) of mIL-18+ macrophages were lower and not significantly altered by the
metabolic modulators oligomycin (ATP-synthase inhibitor), FCCP (uncoupling agent), or rotenone/
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antimycin A (inhibitors of complex I and III). Compared to mIL-18-, mIL-18+ showed a significant
reduction in both basal and maximal respiration, indicative of reduced oxidative phosphorylation
(OXPHOS). This finding is coupled with the oxygen consumption, which in mIL-18+ cells was less
affected by ATP-synthase inhibition by oligomycin (Figure 4D). Moreover, the spare respiratory capacity, a
measure of the ability of the cell to respond to increased energy demand or under stress, defined as the
difference between maximal respiration and basal respiration, tends to be lower in mIL-18+ macrophages
compared to the mIL-18- counterpart, although not significantly different (Figure 4E). These results were
consistent with the morphologic properties of mitochondria appreciated by TEM in mlIL-
18+ macrophages. Notably, mIL-18+ macrophages also showed a reduction in basal glycolysis and
maximal glycolytic capacity, as estimated upon oligomycin administration (Figure 4F). In agreement
with these considerations, mIL-18+ cells presented a significant reduction in the total ATP production rate
(p <0.001) due to the low rate of ATP production associated with mitochondrial OXPHOS (Figure 4G).

These data indicate that mIL-18+ and mIL-18- macrophages are characterized by different bioenergetic
profiles. In particular, mIL-18+ macrophages are in a low metabolic state with decreased mitochondrial
respiration and glycolysis, while mIL-18- macrophages present an energetic metabolic phenotype associ-
ated with cell activation (high levels of OCR and ECAR).

mlL-18+ macrophages have increased endocytic properties as compared to miL-18- macrophages

TEM analysis revealed significant differences in the plasma membrane structure between mIL-18-positive
and -negative macrophages. In particular, mIL-18+ macrophages showed few and long cell protrusions
associated with the emergence of large vacuolar structures (Figure 5A, Left), which resembled images of
cells undergoing micropinocytosis, a non-selective clathrin-independent endocytic process driven by actin.
Accordingly, the GO enrichment analysis showed the upregulation of proteins involved in vesicle
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Figure 5. Endocytic properties of mIL-18+ and mlL-18- macrophages. (A) Representative TEM analysis showing the
different patterns of protrusions characterizing the plasmalemma of miL-18+ and mlL-18- MO0. Scale bars: 2 um and
500 nm. (B) Representative dot plot showing the heterogeneous fluorescent-bead uptake of MO (null, low, or high MFI
corresponding to gates 1, 2, and 3, respectively). (C) mIL-18, CD163, CD68 and CD352 (NTBA) expression in G1, G2 and G3
cells. The graphs display the mean + SEM of values from three independent experiments performed using macrophages
derived from three healthy donors. The symbols represent values from different donors. The negative controls are
represented by fluorochrome-conjugated secondary or isotype-matched antibodies. The difference between groups was
analyzed by one-way ANOVA with the Bonferroni post-test by GraphPad Prism 9. ns: not significant, * = p < 0.05.
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trafficking and actin-dependent transport, including MYO5A, ITSN1, VPS36, VPS4A, and TMED
(Supplemental Figure 2 and Supplemental Table 2).

To compare the endocytosis capability of mIL-18+ and mlIL-18- macrophages, we performed an
endocytic assay incubating unsorted MO macrophages with carboxylate fluorescent beads. These beads
mimic apoptotic bodies and efferocytosis, a critical process for clearing dying cells in both healthy and
pathological tissues.*' IF-FC analysis showed that macrophages were highly heterogeneous in terms of
bead uptake, with null (Gate 1), low (Gate 2), or high (Gate 3) mean fluorescence intensities (MFI)
(Figure 5B). Cells falling in the three different gates were analyzed for the expression of mIL-18 and other
surface molecules. As shown in Figure 5C, macrophages characterized by high endocytosis (G3) presented
significantly greater expression of mIL-18, CD163, and CD68 as compared with macrophages in the G1
and G2 regions. On the other hand, all cells, despite their endocytic capability, were characterized by
comparable levels of NTB-A (CD352), a previously described macrophage-associated molecule.”® The
differences in terms of endocytosis between mIL-18+ and IL-18- macrophages were time- and dose-
dependent, and a comparable endocytic capability was observed with a prolonged incubation and a greater
number of beads (not shown). Supplemental Figure 5 shows representative IF-FC analysis and confocal
images of beads-engulfed mIL-18+ macrophages (panels A and B, respectively).

Comparison of miL-18 and TREM2 expression in myeloid cells present in the tumor
microenvironment of adult and pediatric cancers

We previously demonstrated that CD14+ myeloid populations in the peritoneal fluid of 16 patients with ovarian
cancer at different stages contained a high percentage of mIL-18+ cells with elevated surface density.”” Here, we
show that mIL-18+ cells are not limited to the peritoneal fluids of ovarian cancer patients.

We investigated the presence of mIL-18+ cells in the peritoneal fluids of adult patients with various
cancer types as well as in the BM of pediatric patients affected by NB (Figure 6 and Supplemental Table 4).
As shown in Figure 6A (upper panels), high percentages of mIL-18+ CD14+ cells, ranging from 70% to
98%, were identified in the peritoneal fluids of patients affected by ovarian, gastric, endometrial, colon,
cervical, and pancreatic cancers. Interestingly, mIL-18+ cells expressed a wide array of surface molecules
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Figure 6. Detection of mIL-18+ populations in cancer specimens. CD14+ cells from the peritoneal fluids of adult cancers
(A) or the BM of children with NB (B) were analyzed by IF-FC for the percentages and expression levels MFI of mIL-18
(upper panels). The lower panels show representative IF-FC analyses of mIL-18, TREM2, and FOLR2 expression.
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previously detected in in vitro-derived mIL-18+ macrophages from healthy donors. These genes included
CD163, CD206, CD32, CD180, CD49d, HLA-IL, SIRP1a, CLEC4A, CD4, PDLI1, PDL2, B7-H3, and CXCR4
(Supplemental Figure 6). Notably, the surface levels of molecules such as CLEC4, CD4, PDLs, and CXCR4
greatly varied among patients, with individuals characterized by low surface density, as in the case of PT5
affected by cervical cancer (Supplemental Figure 6B).

CD14+ myeloid cells were also compared for the expression of mIL-18, TREM2,'® and FOLR2."” As
shown in Figure 6A (lower panels), unlike what was observed in HDs, virtually all CD14+ cells in the
peritoneal fluids were characterized by high levels of TREM2. Conversely, FOLR2 showed a more
heterogeneous expression with mIL-18+ cells expressing high or low FOLR2 levels.

Relevant percentages of mIL-18+ myeloid cells, ranging from 10% to 64%, were also detectable in the BM of
NB patients (Figure 6B), with or without tumor infiltration (Supplemental Table 4). Cells in BM presented lower
mlL-18 expression levels (MFI 28-213, mean = 117.3) compared to those in peritoneal fluids (MFI 629-9278,
mean = 3325). Similar to what was observed in peritoneal fluids, in the BM of NB patients, all the CD14+ cells
expressed very high levels of TREM2, regardless of mIL-18 or FOLR2 expression. In the BM, however, a greater
proportion of FOLR2+ cells lacking mIL-18 expression can be detected (Figure 6B lower panel). Representative
gating strategies and negative controls are shown in Supplemental Figure 7.

Our findings provide novel insights into the relative cell surface expression of the human mIL-18,
TREM2, and FOLR2 proteins. The data demonstrate an enrichment of mIL-18+ TREM2+ myeloid cells
within the tumor microenvironment and reveal, based on FOLR2 expression, a previously unrecognized
heterogeneity within this population.

Transcriptomic analysis of the miL-18+ protein signature highlights gene clusters stratifying OS and
EFS of NB patients

Leveraging publicly available datasets, we evaluated the prognostic significance of genes encoding the 166
proteins differentially expressed in mlIL-18+and mlIL-18- macrophages. Specifically, we performed
unsupervised hierarchical clustering of gene expression data from primary tumor samples collected at
diagnosis from 498 NB patients. The heat map visualization revealed four distinct gene clusters: Cluster A
(34 genes), Cluster B (67 genes), Cluster C (34 genes), and Cluster D (31 genes). These clusters
corresponded to three patient subgroups, identified as Cluster 1 (159 patients), Cluster 2 (172 patients),
and Cluster 3 (167 patients) (Figure 7A and Dataset 1).

Among the 101 upregulated genes, 34 genes from Cluster A were most highly expressed in patients from
Cluster 3, while 67 genes from Cluster B were predominantly expressed in patients from Cluster 2. Among the 65
downregulated genes, 34 genes from Cluster C showed lower expression in patients from Cluster 3, and 31 genes
from Cluster D were more highly expressed in this same patient cluster. These findings suggest that the expression
patterns of specific gene subsets are characteristic of distinct patient groups.

Additionally, we assessed the association between patient clusters and available clinical data. Visual
inspection revealed that patients in Cluster 3 were associated with poorer clinical outcomes, including
older age, stage 4 disease, MYCN amplification, lower overall survival (OS) and event-free survival (EFS),
an increased number of events, and a high-risk classification. Statistical analysis using the chi-square test
confirmed a significant association between patient clusters and risk groups (p <0.001), indicating the
potential prognostic value of this gene signature.

To further evaluate the clinical relevance of the identified patient clusters, survival analysis was performed on
the entire dataset (Figure 7B). The clustering significantly stratified patients in terms of OS and EFS (log-rank
P <0.0001), demonstrating the high prognostic value of the signature for both survival metrics. Specifically, at 5y
post-diagnosis, the OS rates for patients in Clusters 3, 2, and 1 were 50%, 80%, and >90%, respectively, while the
corresponding EFS rates were 40%, 67%, and 80%, respectively.

Discussion

Macrophages are immune cells residing in virtually all healthy and pathological tissues, which originate
from either embryonic/fetal precursors or circulating monocytes. Some phenotypic and functional features
allow the distinction between these two different origins.*> For example, in mouse and human brain
tumors, CD49d is absent on microglia and distinguishes them from BM-derived macrophages.”” In a
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Figure 7. Heat map representation of the genes coding for the 166 proteins differentially expressed in mIL-18+ and mlL-
18- macrophages. (A) Unsupervised hierarchical clustering was used to identify potential clusters. Dendrograms are shown
for both rows and columns. The cluster names and yellow bars were added to the plot to improve readability. Up- or
downregulated gene labels are reported on the right side. A horizontal black bar was drawn to visually differentiate up-
and down-regulated genes. The expression levels were adjusted with robust z-score transformation and are indicated by a
2-color scale ranging from blue (lowest values) to red (highest values). The 2-color scale is reported in the horizontal bar at
the top of the figure. Each column represents a patient, and each row represents a gene. The clinical and biological
characteristics annotation of each patient was reported on top to visually evaluate the association between the clusters
and unfavorable clinical features. The legend of each patient characteristic is reported on the top side of the plot. (B)
Kaplan—Meier estimates of OS and EFS based on the 166-gene signature in the population of 498 NB patients. Plots are
related to the OS and EFS of all patients (right and left, respectively). Survival curves for patients in cluster 1 (blue), cluster
2 (orange), and cluster 3 (red) were compared by the log-rank test, respectively. test. The log-rank p-value is reported at
the bottom of each plot. When the log-rank p-value was lower than 0.0001, we indicated it as log-rank-p-value < 0.0001. A
table reporting the number of patients at risk at each time point is shown below each plot.

murine pancreatic ductal adenocarcinoma (PDAC) model, monocyte- and embryonically derived TAMs
show significant functional differences; the former has a more potent antigen presentation property,
whereas the latter has a pro-fibrotic transcriptional profile, indicative of their role in tissue repair.>* Other
studies added information on the heterogeneity of macrophages in the TME, describing TREM2+ and IL-
1B+ subsets with high pro-tumoral function.'®*
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Many in vitro studies have shed light on the impact of the tissue milieu on macrophage properties.
Depending on the stimuli used, unpolarized (M0) macrophages can polarize in vitro into classically
activated macrophages (M1) or different types of alternatively activated macrophages (M2a, b, ¢, and d)
that differ in their secretory profile and phenotypic traits. In vitro-derived M0, M1, and M2 macrophages
are typically distinguished by the differential expression of CD80, CD86, and scavenger receptors such as
CD163 and CD206. Over time, a few additional surface markers have been identified to better address
macrophage heterogeneity, with mIL-18 emerging as one such marker. This study provides a detailed,
multidisciplinary characterization of mIL-18+ macrophages and investigates their presence across various
tumor microenvironments.

We show that TREM2 is expressed at low levels in MO macrophages derived from HDs while showing
high expression on the CD14 myeloid compartment of peritoneal fluids of adult cancer patients, and BM
of NB children; in the latter, a greater heterogeneity in both mIL-18 surface density and the proportion of
positive cells was observed. TREM2+ macrophages have been shown to colonize tumors, with a negative
impact on prognosis, where they co-express APOE, APOCI1, CD81, MERTK, STABI, or FABP5.'® All
these proteins were detected in our proteomic analysis, but without statistically significant differences
between the mIL-18+ and mIL-18- subsets. This aligns with our results showing a similar distribution in
mlL-18+ and mIL-18- cells in HDs and cancer patients.

The endocytic activity, vesicular trafficking, and lipid catabolism described for mIL-18+ macrophages
resemble the characteristics of the TREM2+ population described in non-small cell lung cancer by M.
Merad and colleagues.'> However, a percentage of mIL-18+ cells can also express FOLR2, identifying a
subset that, unlike TREM2+ cells, may exert anti-tumoral properties.'” Functional experiments performed
using carboxylate beads, which mimic apoptotic bodies, demonstrated the high endocytic capability of
mlL-18+ cells. Accordingly, the TEM analysis of mIL-18+ macrophages shows long and elaborate
membrane protrusions and large vacuole structures with morphological aspects resembling micropino-
cytosis. Interestingly, these morphological features mirror those described for FOLR2+ macrophages by
Nalio Ramos and colleagues. Although FOLR2 was not detected in the proteomic analysis, it was identified
by IF-FC in in vitro-differentiated macrophages from healthy donors and in CD14+ myeloid cells from
cancer patients. Thus, while all IL-18+ macrophages express TREM2 to varying degrees depending on the
physiological or pathological context, they can be either FOLR2-positive or FOLR2-negative. Thus, the
combined use of IF-FC of mIL-18, TREM?2, and FOLR2 surface markers can define up to four distinct
macrophage subsets, further underscoring the complexity of the macrophage landscape and suggesting
diverse functional roles within pathological tissues.

Very recently, scRNAseq analysis identified six different TAM populations in pancreatic cancer.*” These
include an IL-1B+ population sustaining tumor-promoting inflammation; this is intriguing considering
that IL-1 and IL-18 are members of the same molecular family. Our proteomic analysis shows that mIL-
18+ macrophages express several proteins characterizing TAM subsets in pancreatic cancer; these
molecules include IL-1p, CCL3 as well as MKI67, HSPA6, SERPINHI1, HSPB, HSPD1, SPP1, FBPI1,
APOCI1, LIPA, MRC1, MT1H, and MT1X. However, according to our proteomic dataset, IL-13 and
CCL3, which are specific markers of the IL-1B+ subset, were similarly expressed in mIL-18+ and mIL-18-
cells. Conversely, with both proteomic and IF-FC analysis, we detected an additional set of surface
molecules differentially expressed in mIL-18+ and mIL-18- cells; these include the CD163 and CD206
scavenger receptors and molecules involved in pathogen recognition, such as CLEC4A, TLR1, FCGR2A,
CD209, NRP1, and CD4. Interestingly, NRP1 favors SARS-CoV-2 infection,** and CD4 is the main
receptor for HIV; this finding suggests that this population may play a peculiar role in the pathogenesis of
these infectious diseases.

Overall, these data may indicate that mIL-18+ macrophages could be particularly active in monitoring
pathological and healthy tissues through the phagocytosis of pathogens or apoptotic bodies from tumors or
healthy cells. In this context, compared to mIL-18-, mIL-18+ cells have a lower expression of SIRP1q, a
receptor limiting the endocytosis through the recognition of the “don’t eat me” signal CD47 on target cells
or apoptotic bodies. The downregulation of SIRP1a together with the upregulation of proteins involved in
endocytosis and vesicular trafficking such as MYO5A, ITSN1, VPS36, VPS4A, and TMED? align with the
abundance of vesicles observed in mIL-18+ cells, with have a morphology resembling vacuoles originating
from micropinocytosis On the contrary, the proteomic analysis does not show significant differences in the
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expression of lysosomal-associated molecules such as LAMPI1, LAMP2, SCARB2, BLOCI1S2, and
BLOC1S5.

The elevated endocytosis causes the intake of large amounts of macromolecules. This may be consistent
with the detection of an increased repertoire of proteins involved in the catabolic and vesicular pathways in
mlL-18+ cells and, conversely, a reduction of the anabolic pathways. Our data show that mIL-
18+ macrophages have a peculiar bioenergetic profile characterized by high expression of proteins involved
in the catabolism of glycogen (PYGL, PYGM, RPE), triglycerides, and fatty acids (PLB2, EHHADH, ECI2,
PYGM). Importantly, an increase in fatty acid oxidation as a primary energy source is described during
high efferocytosis activity. This metabolic shift supports long-term energy demands during the clearance of
apoptotic cells. Conversely, highly energy-demanding biosynthetic processes such as fatty acid synthesis
seem to be less active and affected by the downregulation of the MCAT enzyme. Finally, protein synthesis
appears to be reduced since enzymes involved in the translation and protein folding are downregulated
(POLR2L, EF2B5, RPS11, and TMX1).

Opverall, the decrease in the anabolic pathways governing lipid and protein synthesis and the increase in
glycogen and lipidic catabolic processes may represent a compensatory mechanism to obtain energy.
Accordingly, the functional assays addressing mitochondrial activity show that the mitochondrial ATP
synthesis, but not the glycolysis-derived ATP, is significantly impaired in mIL-18+ cells. These observa-
tions are supported by the presence in mlIL-18+ macrophages of round-shaped mitochondria with
significantly reduced diameter, a dense matrix, less structured internal cristae, and the reduction of
MINOSI, an enzyme involved in cristae organization. These findings suggest the presence of a less
dynamic mitochondrial network and an energetic imbalance in mIL-18+ macrophages. In support of
the latter observation, the transcription factor TFEB, a master regulator of autophagy*>*® and mitochon-
drial quality control,”” appears to be significantly downregulated in mIL-18+ cells. mIL-18+ macrophages
also show a reduction of enzymes involved in glutathione (GCLC) and arginine synthesis (ASL).

In this scenario, mIL-18+ macrophages may represent an early subpopulation of macrophages
differentiating from recruited monocytes. Similarly, "myeloid cells” from cancer patients present some
phenotypic characteristics similar to those of in vitro-derived MO macrophages, such as up-regulated
CD32, CD180, CD4, and CD206 expression while retaining significant CD14 levels. These cells show
properties indicative of the monitoring of the microenvironment, contributing to homeostasis mainte-
nance, and detection of pathogens or transformed cells. Moreover, mIL-18+ cells could more efficiently
migrate toward inflamed tissues; this hypothesis is in line with the high expression of molecules relevant
for chemotaxis, extravasation, and migration, such as CCR2, CXCR4, CD49d,*** F11R (JAMA),” and
striatin-4.”" The abundance of mIL-18+ CD14+ CXCR4+ CD49d+ cells, that we observed in the peritoneal
inflammatory fluids of cancer patients, aligns with this phenotypic trait.

To further investigate the role of mIL-18+ cells in tumors, we analyzed publicly available gene
expression profiles from primary tumors collected at diagnosis from 498 NB patients.”> The genes coding
for the proteins up- or down-regulated in mIL-18+ cells clustered into four different groups, which
identified three clusters of patients with significantly different OS and EFS. This suggests that the mIL-18+
population can be further subdivided in vivo into subpopulations with different prognostic values.

The significance of mIL-18+ cells may be greater than what is discussed above. The mIL-18+
CD14+ populations can also be detected in the BM, as demonstrated by analyzing NB patients with or
without BM metastases. However, the surface densities of mIL-18 are generally lower as compared to those
observed in of mIL-18+ cells colonizing peritoneal fluids. It may be important to shed light on the
phenotypic and functional characteristics of this peculiar BM subset; unfortunately, owing to limitations in
the sample size, we were unable to deepen their characterization. Along this line, conflicting with the high
expression of CD163 and CD206 scavenger receptors in mIL-18+ cells, preliminary data show that this
subset is virtually absent in normal spleens obtained from cadaveric heart-beating donors; this makes their
involvement in the physiological process of hemocateresis unlikely to take place.

Opverall, our study further dissects macrophage heterogeneity, particularly characterizing surface marker
traits. We show for the first time that mIL-18 identifies a human macrophage population with peculiar
proteomic, ultrastructural, endocytic, and metabolic properties. The RNA-Seq analysis could provide
valuable insights, particularly in the context of cancer patients, and may help to clarify the role of mIL-18+
cells in both physiological and pathological conditions. However, it is important to note that clustering
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based only on IL-18 mRNA expression may have limited utility, as IL-18 mRNA is detectable in monocytes
(mIL-18-), and macrophages, regardless of mIL-18 protein expression.”® Additionally, reference to publicly
available data could further elucidate the immunoregulatory functions of mIL-18+ cells. In this context, we
already showed that mIL-18 is shed from the cell surface upon TLR stimulation with bacterial products,
and sIL-18 contributes to NK cell activation.””*® Evaluating the role of mIL-18 macrophages in the
suppressive tumor microenvironment, where synergic pro-inflammatory cytokines (i.e., IL-12 or IL-15)
are scarce. Notably, depending on the cytokine milieu, IL-18 can function as either a TH1- or TH2-driving
cytokine,” for example, by potentiating immunosuppressive factors such as TGF-3.*
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