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Abstract: Monocytic and granulocytic myeloid-derived suppressor cells together with tumor-infiltrating
macrophages constitute the main tumor-infiltrating immunosuppressive myeloid populations. Due to
the phenotypic resemblance to conventional myeloid cells, their identification and purification from
within the tumors is technically difficult and makes their study a challenge. We differentiated myeloid
cells modeling the three main tumor-infiltrating types together with uncommitted macrophages, using
ex vivo differentiation methods resembling the tumor microenvironment. The phenotype and proteome
of these cells was compared to identify linage-dependent relationships and cancer-specific interactome
expression modules. The relationships between monocytic MDSCs and TAMs, monocytic MDSCs
and granulocytic MDSCs, and hierarchical relationships of expression networks and transcription
factors due to lineage and cancer polarization were mapped. Highly purified immunosuppressive
myeloid cell populations that model tumor-infiltrating counterparts were systematically analyzed by
quantitative proteomics. Full functional interactome maps have been generated to characterize at high
resolution the relationships between the three main myeloid tumor-infiltrating cell types. Our data
highlights the biological processes related to each cell type, and uncover novel shared and differential
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molecular targets. Moreover, the high numbers and fidelity of ex vivo-generated subsets to their natu-
ral tumor-shaped counterparts enable their use for validation of new treatments in high-throughput
experiments.

Keywords: myeloid-derived suppressor cells; cancer; tumor-infiltrating macrophages

1. Introduction

The tumor microenvironment (TME) is composed of cancer cells and other cell types
which include tumor-infiltrating immune cells. Cancer cells re-program immune cells to
inhibit their anti-tumor activities through production of a range of immunosuppressive
molecules [1]. Tumor-infiltrating myeloid cells constitute an important component of the
TME, where they promote tumor growth, metastasis and enhance resistance to anti-cancer
treatments. Among these, myeloid derived suppressor cells (MDSCs) and tumor associated
macrophages (TAMs) are major tumor-promoting cells within the TME [2,3]. MDSCs and
TAMs exert strong T cell-inhibitory functions through cell-to-cell contacts and production
of immunosuppressive cytokines [4–6]. In advanced cancers, their expansion contributes
to broad systemic immunosuppression in patients [7]. In this way, TAMs and MDSCs
overtake the control of anti-tumor immune responses in the patient. Their increase is
a clinical marker of poor prognosis, and therefore they constitute potential targets for
improving anti-cancer therapies [8].

MDSCs are considered a heterogeneous group of immature myeloid cells, arising
from pathological myelopoiesis particularly in cancer [8,9]. In mice, MDSCs are divided in
2 distinct phenotypes, monocytic (m-MDSC, CD11b+ Ly6Chigh Ly6Gneg) and granulocytic
MDSC (g-MDSC, CD11b+ Ly6Clow/neg Ly6Ghigh), which resemble either monocytes or
neutrophils, respectively [5]. Humans also have equivalent populations albeit expressing
different markers from those of mice [2]. Due to the phenotypic resemblance to con-
ventional myeloid cells, their identification and purification from within the tumors is a
technical challenge. Indeed, many authors consider m-MDSCs and g-MDSCs as pathologi-
cally activated monocytes or neutrophils, respectively, rather than cell lineages of their own.
A recent study employed a range of high-throughput techniques to delineate the differences
between neutrophils and g-MDSCs [6]. The ontogeny and differentiation relationships
between m-MDSCs and g-MDSCs are also difficult to establish. On one hand, m-MDSCs
may be related to monocytes and g-MDSCs to neutrophils. On the other hand, others
and we previously showed that g-MDSCs could be differentiated from m-MDSCs both in
in vitro and in vivo murine models [5,10], making monocytic MDSCs direct precursors of
granulocytic MDSCs.

TAMs also constitute a classical major population of immune cells within the TME
associated to cancer progression and poor prognosis, which share characteristics with M2
macrophages [11] and with monocytic MDSCs. Indeed, TAMs and m-MDSCs share many
features and they may also have common monocytic precursors [12]. In agreement with
this, it has been shown that m-MDSCs can differentiate towards TAMs [13]. While there
are many studies on macrophages or MDSC, their closely related functions, phenotypic
similarities and differentiation plasticity contributes to the confusion over their ontogeny
and differential characteristics.

In the present study, we generated a detailed atlas with proteomic signatures between
myeloid cells modeling monocytic, granulocytic MDSCs and TAMs related to lineage, and
cancer polarization. These analyses shed light on the similarities and differences between
the myeloid immunosuppressive populations, their potential mechanisms of immune
regulation, and highlighted differences identifying each cell type with unique proteomic
fingerprints.
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2. Materials and Methods
2.1. Cells and Mice

Approval for animal studies was obtained from the Animal Ethics Committee of the
University of Navarra and of the Government of Navarra (Reference: 077-19). Bone marrow
cells were obtained from the femur and tibia of C57BL/6 mice and ex-vivo cultured in either
RPMI or DMEM as described before [14]. B16F0 cells constitutively expressing mouse GM-
CSF (B16F0-GMCSF) were generated and described before [5,15]. Briefly, cells were trans-
duced with lentivectors encoding GM-CSF followed by selection by puromycin resistance
and cell cloning by limiting dilution. In a similar way, B16F0-MCSF cells were generated
by transduction with lentivectors encoding a soluble version of murine macrophage colony
stimulating factor (MCSF) in a pDUAL-PuroR backbone described before [5,15].

2.2. In Vitro Differentiation and Purification of Myeloid-Derived Suppressor Cells,
Tumor-Associated Macrophages and Non-Polarized Macrophages

M2-like TAMs and MDSCs were obtained following a standard protocol described
in [5,15]. Briefly, bone marrow cells were cultured in conditioned medium from B16F0-
GMCSF or B16F0-MCSF for 6 days as described previously [5,15]. As controls, uncommitted
macrophages (M0) were differentiated from bone marrow cells by incubation for 6 days
in complete RPMI medium containing 10 ng/mL recombinant CSF-1/M-CSF, and sup-
plemented with 10% FBS, penicillin/streptomycin (Sigma-Aldrich; St Louis, MO, USA)
and 2 mM L-glutamine (Sigma-Aldrich; St Louis, MO, USA). The morphology of myeloid
populations was evaluated by microscopy using Cytation 5 (Biotek; Winooski, VT, USA).

Granulocytic and monocytic MDSCs were purified using the myeloid-derived suppres-
sor cell isolation kit (Miltenyi Biotec; Bergisch, Germany) according to the manufacturer’s
recommendations. Purity was confirmed by flow cytometry with the appropriate markers
for each population.

2.3. Cell Staining and Flow Cytometry

Surface and intracellular staining were performed as described previously [16,17] us-
ing the indicated antibodies: From Biolegend (San Diego, California, USA): Brilliant Violet
510™ anti-mouse I-A/I-E antibody, PE/Cyanine7 anti-mouse Ly-6G antibody and APC
anti-mouse CD80. From BD Bioscience: FITC Alfa-Antimouse IgG. From Milteny (Bergisch,
Germany): APC-Vio® 770 anti-mouse Ly-6C, PE REAfinity™ anti-mouse F4/80, Ly-6C,
Biotin, FITC anti-mouse and PE anti-mouse IgG1 antibody. From Invitrogen (Waltham, MA,
USA): Alexa Fluor 488 anti-rabbit IgG (H+L) highly cross-adsorbed secondary antibody
and APC anti-mouse CD11c. From Tonbo: PerCP-Cyanine5.5 Anti-Human/Mouse CD11b
(M1/70).

Data were collected using the FACSCanto Flow Cytometer (BD Biosciences, Franklin
Lakes, NJ, USA) and analyzed with Flowjo.

2.4. Western Blotting

Immunoblots were carried out as described before [14] with the following antibodies:
Mouse anti- STAT3 antibodies and polyclonal anti-phosphorylated STAT3 molecules from
Cell Signaling Technology (Danvers, MA, USA); anti-beta-actin (SIGMA; St. Louis, MO
USA). From BD Bioscience (Franklin Lakes, NJ, USA), mouse anti-pan ERK. From Cell
Signaling (Danvers, MA, USA), rabbit anti-mouse HIF-1α (D2U3T) (#14179). Peroxidase-
conjugated polyclonal anti-mouse and anti-rabbit antibodies were purchased from DAKO.

2.5. Mass Spectrometry-Based Quantitative (Shotgun) Proteomics and Bioinformatics Analyses

Three independent proteomic experiments were carried out. The first two experiments
used three biological replicates per sample (MDSC, TAM and M0 for the first experiment;
m-MDSC and TAM for the second experiment), and two biological replicates for the third
experiment (m-MDSC and g-MDSC).
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First and second experiments: Cell pellets were homogenized in a lysis buffer con-
taining 7 M urea, 2 M thiourea 50 mM DTT. The homogenates were spun down at
14,000× g for 1 h at 15 ◦C. Before proteomic analysis, protein extracts were precipitated
with methanol/chloroform and pellets dissolved in 6 M urea and Tris 100 mM pH 7.8.
Protein quantitation was performed with the Bradford assay kit (Bio-Rad, Hercules, CA,
USA). Protein enzymatic cleavage was carried out with trypsin (Promega; Madison, WI,
USA; 1:20, w/w) at 37 ◦C for 16 h as previously described [18]. Peptide mixtures were
separated by a reversed-phase chromatography using an Eksigent NanoLC ultra 2D pump
fitted with a 75 mm ID and 25 cm length column (Thermo Scientific, Waltham, MA, USA).
Samples were first loaded for desalting and concentration into a 0.5 cm length 100 mm ID
precolumn packed with the same chemistry as the separating column. Mobile phases were
100% water and 0.1% formic acid (Buffer A) and 100% acetonitrile and 0.1% formic acid
(Buffer B). Column gradient was developed in a 240-min two-step gradient from 5% B to
25% B in 210 min and 25% B to 40% B in 30 min. Eluting peptides were analyzed using a
5600 Triple-TOF system, as previously described [19]. MS/MS data acquisition, searching,
peptide quantitation, and statistical analysis were performed as previously described [19].
Progenesis software was used to obtain quantitative data. Briefly, raw data were sub-
mitted to mathematical algorithms to remove background, to align and compensate the
“between-run” variation, and to choose the same peaks in all samples in the peak-picking
phase. Then, peptides were identified with the information obtained using Protein Pilot
software. Output files with the identified proteins were then managed with Perseus [20] for
subsequent statistical analysis. An unpaired Student t-test was used for direct comparisons
between two groups of samples. Statistical significance was set at p < 0.05 in all cases
and 1% peptide false discovery rate threshold was considered (calculated based on the
search results against a decoy database). In addition, an absolute fold change of <0.77
(downregulation) or >1.3 (upregulation) in linear scale was considered to be significantly
differentially expressed.

Third experiment: sample preparation; proteins were extracted and digested according
to the method used in [21]. Briefly, cells were lysed with sodium bicarbonate, proteases
and phosphatase inhibitors. Membrane proteins were isolated by ultracentrifugation.
The supernatant containing the soluble fraction was digested on filter (Sartorius Vivacon,
Gottingen, Germany (500 µL; 10 KDa) centrifugal Filters). The pellet containing membrane
proteins was redissolved in 40 µL of 6 M urea/2 M thiourea. The proteins were reduced
(10 mM dithiothreitol (DTT)) and alkylated (20 mM IAA) prior digestion. Then they were
digested with Lys-C (1:100) for 3 h, and with trypsin (1:50) overnight at room temperature
after diluting to a final urea concentration of 1 M for membrane proteins. Then, the
solutions were acidified with formic acid (2%) to stop the digestion and precipitate lipids.
The samples were desalted and stored to the subsequent labeling step. An aliquot of the
elution was taken to measure peptide concentration by Qubit. Equal amounts of peptides
from each condition were TMT 6-plexTM labeled according to manufacturer’s guidelines
(Thermo Fisher Scientific). Labeled peptides were combined in 1:1:1:1:1:1 proportion
based on the Qubit quantification and nLC-MS/MS analysis. The conditions were as
follows: m-MDSC_Rep 1: TMT 126; g-MDSC_Rep 1: TMT 127; m-MDSC_Rep 2: TMT 128;
g-MDSC_Rep 2: TMT 129; m-MDSC_Rep 3: TMT 130; g-MDSC_Rep 3: TMT 131.

Sample fractionation: samples from the third experiment were fractionated by high
pH reversed-phase (RP) and HILIC. Samples were fractionated by HILIC [22] using an
Agilent Technologies 1200 rapid resolution liquid chromatographic system (Agilent, Santa
Clara, CA, USA). Separation was achieved on a packed TSK Gel Amide 80 (3 µm; Tosoh
Bioscience, Stuttgart, Germany) (15 cm × 0.32 mm) micro-capillary column. Mobile phase
was based on water (A) and 90% ACN (B), acidified with 0.1% TFA. Forty microliters of
sample was loaded on the column at a flow rate of 12 µL/min for 8.6 min and then peptides
were separated with a gradient from 100 to 60% B for 26.4 min at a flow rate of 6 µL/min.
Fractions were collected at different times through the chromatogram and combined into
15 fractions according to the UV chromatogram.
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High pH RP fractionation: a Dionex liquid chromatographic system was used to
fractionate the samples by high pH RP chromatography. Peptides were separated in an
Acquity UPLC® M-Class CSHTM C18 (130 Å; 1.7 µm (300 µm × 100 mm)) column at a
flow rate of 5 µL/min. The mobile phase was composed of 20 mM ammonium formate
(pH = 9.2–9.3) (A) and 80% ACN in A (B). Peptides were separated with a three-step
gradient from 2 to 40% B for 78 min, from 40 to 50% B for 32 min and from 50 to 95% B for
5 min. Fractions were collected every 166 s, concatenated 3 times and combined into a total
of 15 fractions.

Analysis of the samples by nano-LC-MS/MS: samples were resuspended in 6 µL of
0.1% formic acid to their analysis. Peptides were loaded on a custom-made ReproSil-Pur
120 AQC18 (Dr. Maisch GmbH, Ammerbuch, Germany) pre-column (2 cm × 100 µm, 5 µm)
and separated on a ReproSil-Pur 120 AQC18 (Dr. Maisch GmbH; Ammerbuch, Germany)
column (20 cm × 75 µm, 3 µm) using a nano EasyLC system (Thermo Scientific, Waltham,
MA, USA) and eluted at a flow of 250 nL/min. Mobile phase was 95% acetonitrile (B) and
water (A) both containing 0.1% formic acid. Peptides were separated using a different
gradient depending on the samples.

Mass spectrometric measurements were performed in a Q Exactive HF MS system
(Thermo Scientific, Waltham, MA, USA). MS scans (400–1600 m/z) were acquired in the
orbitrap at a resolution of 120,000 (at 200 m/z) with a maximum injection time (IT) of
120 ms and AGC target of 3·106. Data-dependent MS/MS analysis for the 12 most intense
ions (minimum AGC target of 2·103) isolated in the quadrupole with an isolation window of
1.2 m/z were performed in the orbitrap at a resolution of 30,000 using HCD fragmentation
(NCE 34%) with a maximum injection time of 200 ms and an AGC target of 1·105. Dynamic
exclusion was activated for 8 s. Data was acquired using Thermo Xcalibur version 3.0.63
software.

2.6. Proteomic Data Analysis

The raw data were processed and quantified by Proteome Discoverer (version 2.1,
Thermo Scientific, Waltham, MA, USA) against Uniprot mus musculus reference database
by using Mascot (v2.3, Matrix Science Ltd., London, UK). Database searches were per-
formed using the following parameters: precursor mass tolerance of 10 ppm, product
ion mass tolerance of 0.05 Da, 1 missed cleavages for trypsin, TMT 6-plex labelling on
protein N-terminal and Lys as fixed modifications, and carbamidomethylation, as dynamic
modifications. The TMT datasets were quantified using the centroid peak intensity with
the “reporter ions quantifier” node. Only peptides with up to a q-value of 0.01 (Percolator),
Mascot Rank 1, maximum ∆Cn of 0.05, and a cut off value of Mascot score ≥22 were
considered for further analysis.

Data normalization and significance analysis: Two biological replicates were consid-
ered for the significance analysis in the third experiment. The log2 values of the measured
signal-to-noise (third experiment) values were normalized with the median. Quantifi-
cation of proteins was obtained by merging the peptides with the R Rollup function (
http://www.omics.pnl.gov; accessed on 5 May 2021) considering at least two unique
peptides not allowing for one-hit-wonders and using the mean of the normalized values
for each peptide. Then the mean over the experimental conditions and replicates for each
peptide was subtracted in order to decrease the influence of measurement errors. In the case
of the third experiment, only proteins showing a ratio higher or lower to a two standard
deviation were considered up- or down-regulated.

Bioinformatic analyses: Construction of functional interactomes from up- or down-
regulated proteins was carried out with STRING (Search Tool for the Retrieval of Interacting
Genes) analysis tool (V.9.1) using high confidence interaction score (>0.7) and with the In-
genuity Pathway Analysis Tool (Qiagen, Hilden, Germany) (https://www.qiagen.com/us/
products/discovery-and-translational-research/next-generation-sequencing/informatics-
and-data/interpretation-content-databases/ingenuity-pathway-analysis/; accessed on
5 May 2021). The specific protein sets and comparisons were selected as indicated in results.

http://www.omics.pnl.gov
http://www.omics.pnl.gov
https://www.qiagen.com/us/products/discovery-and-translational-research/next-generation-sequencing/informatics-and-data/interpretation-content-databases/ingenuity-pathway-analysis/
https://www.qiagen.com/us/products/discovery-and-translational-research/next-generation-sequencing/informatics-and-data/interpretation-content-databases/ingenuity-pathway-analysis/
https://www.qiagen.com/us/products/discovery-and-translational-research/next-generation-sequencing/informatics-and-data/interpretation-content-databases/ingenuity-pathway-analysis/
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Tfacts algorithm (https://www.tfacts.org/TFactS-new/TFactS-v2/index1.html; accessed
on 5 May 2021) was used to identify potentially activated/de-activated transcription factors
using the indicated differential proteomes.

Data repository: MS data and search results files were deposited in the Proteome
Xchange Consortium via the JPOST partner with the identifier PXD025708 for ProteomeX-
change and JPST001146 for jPOST (for reviewers: https://repository.jpostdb.org/preview/
143364250608a8e370fba3; accessed on 5 May 2021; Access key: 4446).

2.7. Statistical Analyses

GraphPad Prism software package was used for plotting data and statistical analyses.
No data was considered an outlier. Normality of variables was tested with Kolmogorov–
Smirnov tests. Data groups exhibiting a normal distribution were analysed by t-tests
(two independent group experiments), or one-way ANOVA and Tukey’s pair-wise com-
parisons for multi-comparison studies. In previous studies, we confirmed that mean
fluorescence intensities from surface and intracellular flow cytometry stainings were nor-
mally distributed in our cell samples [4,5,16,17,23,24]. Therefore, in these cases, parametric
tests were used using either one-way or two-way ANOVAS.

3. Results
3.1. Ex Vivo Differentiation of Myeloid Cells Modeling Regulatory Subpopulations

To generate myeloid cell preparations modeling tumor-infiltrating subsets, we applied
an ex vivo-differentiation system that mimics the conditions within the TME. This system
was previously developed to generate MDSCs that closely resemble endogenous tumor-
infiltrating MDSCs, and has been validated in several murine cancer models [5,15,23,25–29].
The protocol was here adapted as well for differentiation of macrophages resembling TAMs
(Materials and Methods). As controls, non-polarized macrophages (M0) were differentiated
following standard conditions.

To confirm the identity of the cell subsets differentiated ex vivo, cell culture prepara-
tions were examined by phase contrast (Figure 1a) and immunocytochemistry for the detec-
tion of the macrophage-specific marker F4/80 (Figure 1b). Both M0 and TAM macrophages
exhibited the prototypical elongated shapes and high F4/80 expression. TAM cells ap-
peared as longer spindle-like compared to non-polarized macrophages. As expected, F4/80
expression was virtually absent in MDSCs, which also showed prototypical mulilobed and
annular nuclei.

To further confirm their identity, the expression of MHC-II and CD80 was evaluated by
flow cytometry (Figure 1c). In mice, macrophages constitutively express high levels of sur-
face MHC II, which was confirmed in ex vivo differentiated M0 and TAM. In contrast, MHC
II was strongly down-modulated in MDSCs, in agreement with previous studies [5,15,27].

CD80 is a classical activation marker in myeloid cells, which is broadly down-regulated
in tumor-infiltrating subsets. Accordingly, CD80 expression was abrogated in TAMs and
reduced in MDSCs compared to control uncommitted M0 macrophages. These results
confirmed that these ex-vivo differentiated myeloid cells resembled tumor-associated
subsets.

https://www.tfacts.org/TFactS-new/TFactS-v2/index1.html
https://repository.jpostdb.org/preview/143364250608a8e370fba3
https://repository.jpostdb.org/preview/143364250608a8e370fba3
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and MDSC. (a) Phase contrast micrographs of cultures of ex vivo-differentiated uncommitted mac-
rophages (M0), TAMs and MDSCs as indicated. Bars represent, 100 µm. (b) Fluorescence micros-
copy pictures of immunocytochemistry staining of the macrophage-specific marker F4/80 (orange) 
and nuclei stained with Hoesch (Blue). Macrophage and TAM preparations highly expressed F4/80, 
while MDSCs show typical multilobed or annular nuclei. Bars represent 100 µm. (c) Flow cytometry 
density plots of MHCII and CD80 expression in uncommitted macrophages (M0), TAMs and 
MDSCs as indicated. The gates were established according to unstained control cells. Percentage of 
events within each gate are indicated in the graphs. 
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To gain insight into lineage and tumor-induced differences between the ex vivo-dif-
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three independent biological replicates per myeloid culture. A total of 1564 proteins were 
identified with a FDR lower than 1%. Proteins with significant changes between the 
groups (P < 0.01) were selected for further studies. A principal component analysis con-
firmed that ex vivo-differentiated myeloid cell cultures were homogeneous according to 
type (Supplementary Figure S1). An unbiased cluster analysis of significantly regulated 
proteins within the three proteomes grouped M0 and TAM macrophages, according to 
global similarities of their proteomes (Figure 2a). These results confirmed that myeloid 
cells were broadly grouped by lineage, supporting the validity of the differentiation meth-
ods and the proteomic data. 

Figure 1. Phenotype of bone marrow-derived non-polarized macrophages, TAM-like macrophages
and MDSC. (a) Phase contrast micrographs of cultures of ex vivo-differentiated uncommitted
macrophages (M0), TAMs and MDSCs as indicated. Bars represent, 100 µm. (b) Fluorescence
microscopy pictures of immunocytochemistry staining of the macrophage-specific marker F4/80
(orange) and nuclei stained with Hoesch (Blue). Macrophage and TAM preparations highly expressed
F4/80, while MDSCs show typical multilobed or annular nuclei. Bars represent 100 µm. (c) Flow
cytometry density plots of MHCII and CD80 expression in uncommitted macrophages (M0), TAMs
and MDSCs as indicated. The gates were established according to unstained control cells. Percentage
of events within each gate are indicated in the graphs.

3.2. Proteome Profiles of Ex Vivo-Differentiated Myeloid Subsets Separate Lineage-Regulated from
Tumor-Polarized Interactome Modules

To gain insight into lineage and tumor-induced differences between the ex vivo-
differentiated myeloid cell subsets, we performed label-free quantitative proteomics, using
three independent biological replicates per myeloid culture. A total of 1564 proteins
were identified with a FDR lower than 1%. Proteins with significant changes between
the groups (p < 0.01) were selected for further studies. A principal component analysis
confirmed that ex vivo-differentiated myeloid cell cultures were homogeneous according
to type (Supplementary Figure S1). An unbiased cluster analysis of significantly regulated
proteins within the three proteomes grouped M0 and TAM macrophages, according to
global similarities of their proteomes (Figure 2a). These results confirmed that myeloid cells
were broadly grouped by lineage, supporting the validity of the differentiation methods
and the proteomic data.
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clustering representing the differentially expressed proteins (ANOVA, p < 0.01) between M0, TAM and MDSC cell culture
replicates (n = 3) as indicated by 1, 2 and 3. The heatmap shows differential protein expression modules associated to lineage.
(b) as in (a) with differential protein expression modules regulated by cancer cell-polarization. Differentially-regulated
proteins were classified using the proteome of uncommitted M0 macrophages as a normalizing control. Red and green, up
and down-regulated proteins, respectively. The color-coded fold-change is represented next to the heatmaps as Log10. (c)
The top Venn diagram represents differential proteins in TAMs and MDSCs identified in (a) and (b). The bar graphs show
the number of differentially expressed proteins in MDSCs and TAMs compared to the M0 proteome. Upregulated proteins
are indicated with red bars, and downregulated with green. (d) Shared upregulated functional interactomes in TAMs and
MDSCs reconstructed with STRING. The color codes represent protein nodes belonging to the indicated pathways. (e)
Shared downregulated functional interactomes in TAMs and MDSCs reconstructed with STRING. The color codes represent
protein nodes belonging to the indicated pathways.

In contrast to M0 macrophages, ex vivo-differentiated TAM and MDSCs were exposed
to cancer cell-derived conditioning media. We used this fact to uncover shared regulated
protein modules arising from reprogramming by cancer cells. To achieve this, proteins
commonly-regulated by TAM and MDSCs were identified, clustered and compared to
uncommitted M0 macrophages (Figure 2b,c). Cancer-driven reprogramming caused among
other processes the up-regulation in both TAM and MDSCs of metabolic pathways, drug
metabolism, metabolism of nitrogen compounds and regulation of immune responses
(Figure 2d). Likewise, other functional pathways were down-modulated including positive
regulation of immune responses, vesicle mediated transport and some metabolic processes
(Figure 2e). These proteome modules were used to infer the transcription factors regulating
cancer-polarization using Tfacts. MYC and SP1 were predicted to be major regulators, in
agreement with published experimental data [30,31] (Supplementary Figure S2), which
further validated our ex vivo differentiation systems.

Then, we wondered whether we could identify cancer-regulated pathways that
were specific for either TAMs or MDSCs. Therefore, the proteome of M0 uncommit-
ted macrophages was used as a normalizing control between the proteomes of TAM and
MDSC preparations, uncovering 466 and 751 differentially expressed proteins in TAMs
and MDSCs, respectively (Figure 2c). MDSC preparations in these experiments consisted
of 40% monocytic and 60% granulocytic subsets. These proteins were then separated into
overexpressed or down-modulated proteins. Then, the differential functional interactomes
up-regulated by TAMs or MDSCs were constructed with STRING. TAMs up-regulated
processes including lipid metabolism, phagosome and immune response (Figure 3a), while
MDSCs preferentially increased drug metabolism and response to stress and nitrogen
compound metabolism (Figure 3b).

3.3. Kinase Profiles Associated to Cancer-Polarized Immunosuppressive Myeloid Cells

To identify kinase networks regulating the cancer-driven interactome modules, we
identified the kinases present in the proteomes. CDK1 and STK26 were found to be the most
upregulated in tumor-polarized myeloid cells (Figure 4a). Upstream regulators were further
identified with Ingenuity Pathway Analysis, highlighting MAPK1 (Figure 4b). STAT3 was
found downstream participating in the signaling route, which was corroborated by western
blot (Figure 4c). STAT3 functions are regulated through differential phosphorylation in
two residues (Y705, S727). Interestingly, there were differences in STAT3 phosphorylation
between TAMs and MDSCs. While STAT3 was phosphorylated in S727 both in TAM and
MDSCs, STAT3 was preferentially Y705-phosphorylated only in TAMs.
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to the indicated pathways. (b) Same as in (a), but with MDSC-specific upregulated functional interactomes.
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Figure 4. Differentially expressed kinases in ex vivo-differentiated myeloid cells. (a) Heatmap of hierarchical clustering
representing the differentially expressed kinases identified by proteomics between M0 and tumor-polarized TAMs and
MDSCs. (b) Functional interactome of kinase networks reconstructed with the Ingenuity Pathways Analysis Tool using
the differentially-expressed proteomes in tumor-polarized myeloid cells. Direct interactions/processes are indicated with
unbroken arrows. Indirect interactions/processes by dotted arrows. Blocked arrows indicate inhibitory interactions. (c)
Western blot of STAT3 expression in ex vivo-differentiated myeloid cell types as indicated. STAT3 is resolved in two bands
corresponding to distinct phosphorylation states. (d) Western blot analyses of phosphorylated STAT3 isoforms as indicated
next to the blots, in ex vivo-differentiated myeloid cell types. Westerns were performed in the same membrane after
stripping, and equal protein loading was ensured by quantifying protein concentration in lysates using Bradford. The
numbers below the western blots indicate band intensities as measured with ImageJ.

3.4. Unique Protein Expression Profiles Discriminate Ex Vivo-Differentiated Monocytic MDSCs
from TAMs

Some studies have suggested that monocytic MDSCs are closely related to TAMs
and not so much to g-MDSCs, because TAMs and m-MDSCs share many phenotypic
and functional features. To uncover the similarities and differences between m-MDSCs
and TAMs, monocytic MDSCs were purified to homogeneity from ex vivo-differentiated
MDSCs and their proteome compared to TAMs. A total of 1536 proteins were uniquely
identified. Of these, 336 were differentially regulated supporting the evidence for these
myeloid populations are distinct from each other (Figure 5a). A total of 188 proteins were
significantly increased in m-MDSCs, while 148 proteins were highly expressed in TAMs.
Functional proteomic interactome networks were constructed with STRING and classified
by gene ontology and KEGG pathways. TAMs upregulated functions related to lysosomes
and phagosomes with a proteome indicative of an upregulated cholesterol metabolism and
increased endocytosis (Figure 5b). In contrast, m-MDSCs activated pathways regulating
leukocyte transendothelial migration, reorganization of actin cytoskeleton, upregulation
of pentose phosphate pathway, and increased glycolysis and gluconeogenesis (Figure 5c).
Significant upregulation of proteins controlling Fc-gamma receptor-mediated phagocytosis
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and activation of VEGFA-VEGFR2 signaling pathways were also detected in m-MDSCs
but not in TAMs. Finally, m-MDSCs upregulated ROS detoxification mechanisms, in
agreement with previous results [15]. The differential proteome in m-MDSCs and TAMs
exhibited different regulating networks of immune responses. TAMs up-regulated MHCII-
dependent antigen presentation, toll like receptor cascades and L1CAM (Figure 5d). In
contrast, m-MDSCs upregulated IL-17, VEGFA-VEGFR2 and chemokine signaling path-
ways (Figure 5e). Monocytic-MDSCs showed functional interactome networks associated
to ROS and RNS in phagosomes, and the expression of matrix metaloproteases MMP8
and MMP9, absent in TAMs. Interestingly, both subsets differed in production of specific
components of the complement cascade. TAMs upregulated C1q subunit b (FC > 52.61),
but on the other hand m-MDSCs significantly increased C3 expression (FC > 18.9).

Kinases were selected from the proteomes of TAMs and monocytic MDSCs and their
expression compared to identify profiles separating both populations. There were sig-
nificant differences in kinase profiles between the two subsets (Figure 5f). MAPK3 was
up-regulated in m-MDSCs compared to TAMs. We then evaluated the expression ERK1
and ERK2 by western blot, two downstream kinases of MAPK3 associated to immuno-
suppression. Indeed, ERK1 and ERK2 were strongly up-regulated in m-MDSCs but not
in TAM. As we found differences in STAT3 phosphorylation between MDSC, TAM and
M0 subsets, the status of STAT3 phosphorylation was also evaluated by western blot in
monocytic MDSCs and TAMs, confirming the differential Y705 STAT3 phosphorylation in
TAMs (Figure 5g). In this case, we used S727-phosphorylated STAT3 as a loading control,
as we found in this study not to be different between our ex vivo-differentiated myeloid
cells. We then wondered whether activities of distinct transcription factors could also
discriminate monocytic MDSCs from TAMs. Therefore, Tfacts was used to associate ac-
tivities of transcription factors with the differentially regulated proteome between these
two myeloid subsets (Figure 5h). HIF1-alpha was predicted as a principal transcription
factor upregulated in m-MDSC compared to TAMs, which was confirmed by western blot
(Figure 5h).

3.5. Key Nuclear Differential Pathways and Major Metabolic Routes Separate Monocytic from
Granulocytic MDSCs

Monocytic-MDSCs phenotypically resemble classical monocytes while granulocytic
MDSCs to neutrophils. However, others and we showed that g-MDSCs could be ex vivo
differentiated from m-MDSCs [5,10]. To highlight the differences and similarities between
the two MDSC subsets, MDSCs were produced and both populations isolated and purified
to homogeneity. To increase the sensitivity of our analyses, cytoplasmic and membrane
fractions were separated followed by quantitative proteomics and side-by-side comparisons
of proteome profiles (Figure 6a,b). A total of 6071 proteins were identified in membrane
fractions and 4576 soluble proteins with an FDR lower than 1%. From these, the expression
of 220 soluble proteins and 310 membrane proteins was differentially regulated between
the two subsets (Figure 6b). Monocytic-MDSCs had significantly increased 203 soluble
proteins and 36 membrane proteins, while g-MDSCs upregulated 17 soluble proteins and
274 membrane proteins. Functional protein networks were constructed with STRING
(Figure 6c) and the differential pathways identified by gene ontology analyses and KEGG
pathways (Figure 7a). Major differences were found on the profiles of proteins involved in
immune response modulation and metabolic interactomes, although all of them related
to negative regulation of T cell and interferon responses (Figure 7b). Monocytic MDSCs
exhibited functions related to antigen processing and presentation. In contrast, granulocytic
MDSCs had up-regulated stress-response pathways involving the mitochondrion, FGF
signaling and alternative RNA processing/metabolism in the nucleus, changes in DNA
conformation as well as upregulation of proteins involved in senescence (Figure 6c and
Supplementary Figure S3). Importantly, alternative splicing was activated together with
altered transcription regulation (Figure 6c and Supplementary Figure S3).
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Figure 5. Differential proteomes between TAM and monocytic MDSCs discriminate both populations. (a) Heat map of the
differentially expressed proteins (p < 0.01) between the indicated samples with 3 independent biological triplicates of TAM
and m-MDSC cultures. Red and green, up and down-regulated proteins, respectively. (b) The bar graphs represent the
enrichment of the differentially pathways in the TAM proteome, as analyzed by gene ontology and KEGGs pathways. (c)
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Same as (b) but using the differentially up-regulated proteome in monocytic MDSCs. (d) The bar graph represents the
fold change in expression of the indicated selected targets in the differential proteome of TAMs which modulate immune
responses in TAM. (e) Same as (d), but using the differential proteome of monocytic MDSCs. (f) Heat map representing the
differential expression of the indicated kinases identified in the TAM and m-MDSC proteomes. Kinase expression in both
subsets. (g) Western blots of the indicated kinases in TAMs and m-MDSCs as shown. (h) The dot plot graphs represent the
probability of each indicated transcription factor to be either activated (left graph) or inhibited (right graph) in monocytic
MDSCs compared to TAMs using the Tfacts algorithm. Transcription factors with statistical significance of association to
the differential m-MDSC proteome according to probability (p < 0.05) and false discovery rates (p < 0.05) are highlighted in
red. The western blot shows HIF1-alpha expression in TAMs or monocytic MDSCs as indicated.
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Figure 6. Monocytic and granulocytic-MDSCs differential pathways. (a) Heat maps of differential protein expression
profiles (FC < 2Std) between monocytic and granulocytic MDSC cell cultures (duplicate independent biological replicates
and purifications) as indicated, within the soluble fraction (left) and membrane fraction (right). Red and green, up and
down-regulated proteins, respectively. (b) Venn diagrams of differentially upregulated (red) and down-modulated (green)
proteins in membrane and soluble fractions between m-MDSCs and g-MDSCs as indicated. (c) g-MDSC-specific upregulated
functional interactomes compared to m-MDSC cells reconstructed with STRING. The color codes represent selected protein
nodes belonging to the indicated pathways.
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Figure 7. Monocytic and granulocytic-MDSCs differential pathways. (a) The bar graphs represent the enrichment of the
differentially up-regulated pathways in the g-MDSC or m-MDSC proteome as indicated, as analyzed by gene ontology and
KEGGs pathways. (b) The bar graphs represent the fold change in expression of the indicated selected immune modulators
in the differential proteome of g-MDSC or m-MDSC as indicated. (c) The dot plot graphs represent the probability of
each indicated transcription factor to be either activated (left graph) or inhibited (right graph) in g-MDSCs compared to
m-MDSCs using the Tfacts algorithm. Transcription factors with statistical significance of association to the differential
m-MDSC proteome according to probability (p < 0.05) and false discovery rates (FDR < 0.05) are highlighted in red.

To identify transcription factor profiles that could discriminate between the two
MDSC populations, the Tfacts algorithm was used with the g-MDSC differential pro-
teome. Interestingly, transcription factors associated to inflammation, immunosuppression
and TGF-beta signaling were predicted to be active in g-MDSC compared to m-MDSC
(Figure 7c).
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4. Discussion

Tumor-infiltrating myeloid subsets are known for their immunosuppressive char-
acter and oncogenic promoting activities, especially by enhancing tumor progression.
Myeloid-derived suppressor cells, tumor-associated macrophages and tolerogenic den-
dritic cells constitute the mayor players in tumor progression. As myeloid subsets are
highly plastic and share many surface markers, in many instances is difficult to identify
the subset of interest as a cellular target for therapies or studies. Numerous markers
have been proposed to describe specific subsets and differentiation stages. However, the
isolation of tumor-infiltrating myeloid cell types is a technical challenge due to their low
abundance, but also to their high degree of phenotypic plasticity. To circumvent this
caveat, we previously developed an ex vivo differentiation system of MDSCs that closely
resemble tumor-infiltrating counterparts. This system relied on differentiation of MDSCs
with conditioned medium from murine melanoma B16 cells modified to constitutively
express GM-CSF. These ex vivo-generated MDSCs have been successfully validated in
several murine cancer models by us and others, and constitute good models for bona
fide intra-tumor MDSCs [5,15,23,25–29]. Here we modified the protocol to differentiate
macrophages that resemble TAMs. These ex vivo-generated TAMs showed characteristics
identical to those published for M2-polarised TAMs and were phenotypically and mor-
phologically different from control, non-polarized macrophages. Then, by differentiating
MDSCs and purifying them to homogeneity into monocytic and granulocytic subsets,
we performed side-by-side proteomic analyses between the different subsets to uncover
their relationships and differences. The analysis of all data including validation of key
targets uncovered a hierarchy of cellular functions (Figure 8a), kinases and transcription
factors (Figure 8b) between these populations. Compared to uncommitted macrophages,
tumor-polarized myeloid TAMs and MDSCs were characterized by the predicted activities
of c-MYC, SPI and STAT3. The status of STAT3 was validated by western blot. Despite their
numerous similarities such as the expression of CD206, CD163 and others (not shown) we
found that while TAMs and MDSCs shared S727-STAT3 phosphorylation, only TAMs had
STAT3 phosphorylated in Y705 (Figure 8b). A more precise comparison between TAMs
and purified monocytic MDSCs again demonstrated TAM-specific Y705-STAT3 phospho-
rylation. STAT3 phosphorylation in Y705 is required for dimerization and transcriptional
activation [32]. In agreement with our data, this phosphorylation in STAT3 was shown to
polarize macrophages towards an M2 phenotype in models of salmonella infection, my-
ocardial infraction and cancer [33–35]. Moreover, our proteomic data indicated that LIPA
was up-regulated specifically in TAMs. LIPA is a protein that contributes to macrophage
polarization towards M2, and critical for their activation. LIPA participates in lipolysis
of fatty acids that have been up-taken by the scavenger receptor CD36 [36], also found
upregulated in this study in TAMs. On the other hand, phosphorylation of S727 in STAT3
causes its translocation to the mitochondria, where it interacts with elements of the electron
transport. This mechanism regulates mitochondrial oxidative phosphorylation and protects
cells from ROS and apoptosis [37]. It has been previously shown and our present proteomic
data corroborates this that MDSCs are highly dependent on mitochondrial metabolism.
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Figure 8. Proteome atlas of tumor-polarized myeloid cell subsets. (a) Processes associated to each
specific myeloid subset, as indicated. (b) Hierarchy of transcription factors associated to each myeloid
cell subset. Red arrows, up-regulated; green arrows, down-modulated.

Another striking difference between TAMs and m-MDSCs was the differential ex-
pression of HIF1-alpha in the latter. This information agrees with results of Corzo and
colleagues [10] on the role of HIF1-alpha in MDSC differentiation. However, it is impor-
tant to remark that myeloid subsets differentiated in our experiments were generated in
normoxic conditions, but they produce instead large amounts of NO due to increased
iNOS expression [5,27]. It has been previously published by Li and colleagues [38] that
high levels of NO and iNOS are stabilize HIF1-alpha by nitrosylation of cysteine 533. This
suggests a role of NO in stability of HIF1-alpha in our ex vivo MDSC differentiation system.
Strong up-regulation of lysosomal targets in TAMs included different cathepsins. These
results corroborated previously published data of Yang and colleagues [39] who showed
macrophage polarization towards M2, and their role in promotion of tumor progression by
up-regulation of cathepsin S-driven autophagy. The increased activity of cathepsins was
previously associated to the TAM phenotype of macrophages. Their activity is also associ-
ated to toll-like receptor cascade activation [40–42], identified as another TAM-associated
reactome in our study. In contrast to TAMs, m-MDSCs are characterized by a strongly
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up-regulated metabolism of nitrogen compounds. Numerous studies in the literature
identify high iNOS activities in m-MDSCs associated to T cell suppression [43].

Different studies have described the immunosuppressive characteristics of TAMs
and m-MDSCs. Side-to-side comparisons between TAMs and m-MDSCs revealed key
differences. While TAMs were characterized by high expression of MHCII, m-MDSCs
were deficient in it. Interestingly, TAMs overexpressed the C1q component of the com-
plement cascade, while m-MDSCs upregulated the expression of the C3 factor instead.
C1q overexpression by macrophages was recently associated with a strongly immunosup-
pressive microenvironment and up-regulation of the immune checkpoints PD-1, LAG3,
PD-L1 and PD-L2 [44]. It has been also previously shown by Ching and colleagues that
C3 is responsible for polarization and differentiation of MDSCs [45]. Additionally, TAMs
were characterized by BTN1A1 upregulation, a molecule identified as an inhibitor of T
cell proliferation [46]. Finally, we identified ILF2 upregulation in TAMs. Recently, the
PRMT6-ILF2 axis has been shown to be responsible for tumor progression and induction
of pro-tumorigenic cytokine expression (MIF, IL8) [47]. Additionally, m-MDSC upregu-
lated the expression of matrix metaloproteases MMP8 and MMP9, and proinflammatory
molecules S100a8 and S100a9. The role of these factors in the immunosuppressive activity
of MDSCs has also been studied before [48,49].

A key question in MDSC biology is to what extent monocytic MDSCs differ from
granulocytic MDSCs. To our knowledge, this is the first time that a high-resolution pro-
teomic comparison has been performed in highly-purified monocytic and granulocytic
MDSCs. This technique has advantage over others such as single-cell sequencing as the
latter considers a very limited number of expression targets in a sample of very few cells.
In our analyses, one of the major differences is that granulocytic MDSCs has altered pro-
cess regulating gene expression, reorganization of DNA structure and alternative RNA
splicing. In previous studies, alteration of these processes correlate with an immediate
inflammatory response program in neutrophils [50]. Moreover, we observed activated
pathways regulated by FGF signaling. Monocytic-MDSCs were compared to granulocytic
subsets, leading to the identification of several differentially expressed targets, as well
as transcription factors associated to their differential proteomes. When comparing the
predicted differential transcription factors, g-MDSCs showed transcription factor profiles
associated to stronger pro-inflammatory responses, such as ATF-6, EP300 and SOX9. More-
over, while m-MDSCs increased SMAD7, the g-MDSC proteome was associated to SMAD3
instead. During recent years, the body of evidence on the immunosuppressive role of the
granulocytic MDSC subset is growing. However, while there is a consensus that g-MDSCs
are different from neutrophils from healthy donors, there is still continued confusion on
their specific phenotype, as there is high variability among markers of polymorphonuclear
subsets isolated form tumor-bearing mice and cancer patients. Recent work by Veglia
and colleagues [51] characterised two subsets of polymorphonuclear granulocytic cells
present in cancer patients and tumor bearing animals with immunosuppressive character.
It has been previously published by us and others that granulocytic MDSC are matured
monocytic MDSC [5,10,52].

Overall, our ex vivo-differentiation system can produce very large numbers (up to
ten million cells per preparation) of myeloid cells that fully resemble immunosuppressive
tumor-infiltrating subsets. All tested characteristics and phenotypes are in complete
agreement with those from all published studies. Importantly, this differentiation system
does not require the induction of tumors in mice, or direct isolation of tumor-infiltrating
myeloid cells, a process that is technically challenging. Hence, these ex vivo-differentiated
myeloid cells can be used as models to study tumor-induced immunosuppression, but also
could be used as cellular therapies in experimental models of inflammatory diseases.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jpm11060542/s1, Figure S1: phenotype of bone marrow-derived non-polarized macrophages,
TAM-like macrophages and MDSC; Figure S2: predicted transcription factors for the shared TAM
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and MDSC differential proteome; Figure S3: differential nuclear proteome between monocytic and
granulocytic MDSCs.

Author Contributions: Conceptualization, G.K. and D.E.; methodology, E.B., M.I.-V., C.H., G.K., D.E.
and C.S.; formal analysis, L.D., M.G. (Maria Gato), A.B., M.Z., L.C., H.A., G.F.-H., M.G. (Maider
Garnica), M.E., L.F., P.R.-C., D.L., G.K. and D.E.; investigation, E.B., M.I.-V., C.H., P.M., G.K., D.E. and
C.S.; data curation, M.I.-V., K.A. and X.M.d.M.; writing—original draft preparation, G.K. and D.E.;
supervision, M.R.L., J.F.-I., E.S., G.K. and D.E. All authors have read and agreed to the published
version of the manuscript.

Funding: The Oncoimmunology Group is funded by the Spanish Association against Cancer (AECC,
PROYE16001ESCO); Instituto de Salud Carlos III (ISCIII)-FEDER Project Grants FIS PI17/02119,
FIS PI20/00010; COV20/00000, and TRANSPOCART ICI19/00069; Biomedicine Project Grant from
the Department of Health of the Government of Navarre-FEDER funds (BMED 050-2019); strategic
projects from the Department of Industry, Government of Navarre (AGATA, Ref. 0011-1411-2020-
000013; LINTERNA, Ref. 0011-1411-2020-000033; DESCARTHES, 0011-1411-2019-000058); European
Project Horizon 2020 Improved Vaccination for Older Adults (ISOLDA; ID: 848166).

Institutional Review Board Statement: Approval for animal studies was obtained from the Animal
Ethics Committee of the University of Navarra and of the Government of Navarra (Reference: 077-19).

Data Availability Statement: MS data and search results files were deposited in the Proteome
Xchange Consortium via the JPOST partner with the identifier PXD025708 for ProteomeXchange and
JPST001146 for jPOST (for reviewers: https://repository.jpostdb.org/preview/143364250608a8e370
fba3; Access date 29 April 2021; Access key: 4446).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Chang, C.H.; Qiu, J.; O’Sullivan, D.; Buck, M.D.; Noguchi, T.; Curtis, J.D.; Chen, Q.; Gindin, M.; Gubin, M.M.; van der Windt,

G.J.; et al. Metabolic Competition in the Tumor Microenvironment Is a Driver of Cancer Progression. Cell 2015, 162, 1229–1241.
[CrossRef]

2. Bronte, V.; Brandau, S.; Chen, S.H.; Colombo, M.P.; Frey, A.B.; Greten, T.F.; Mandruzzato, S.; Murray, P.J.; Ochoa, A.; Ostrand-
Rosenberg, S.; et al. Recommendations for myeloid-derived suppressor cell nomenclature and characterization standards. Nat.
Commun. 2016, 7, 12150. [CrossRef] [PubMed]

3. Ibanez-Vea, M.; Huang, H.; Martinez de Morentin, X.; Perez, E.; Gato, M.; Zuazo, M.; Arasanz, H.; Fernandez-Irigoyen, J.;
Santamaria, E.; Fernandez-Hinojal, G.; et al. Characterization of Macrophage Endogenous S-Nitrosoproteome Using a Cysteine-
Specific Phosphonate Adaptable Tag in Combination with TiO2 Chromatography. J. Proteome Res. 2018. [CrossRef] [PubMed]

4. Arce, F.; Breckpot, K.; Stephenson, H.; Karwacz, K.; Ehrenstein, M.R.; Collins, M.; Escors, D. Selective ERK activation differen-
tiates mouse and human tolerogenic dendritic cells, expands antigen-specific regulatory T cells, and suppresses experimental
inflammatory arthritis. Arthritis Rheum. 2011, 63, 84–95. [CrossRef]

5. Liechtenstein, T.; Perez-Janices, N.; Gato, M.; Caliendo, F.; Kochan, G.; Blanco-Luquin, I.; Van der Jeught, K.; Arce, F.; Guerrero-
Setas, D.; Fernandez-Irigoyen, J.; et al. A highly efficient tumor-infiltrating MDSC differentiation system for discovery of
anti-neoplastic targets, which circumvents the need for tumor establishment in mice. Oncotarget 2014, 5, 7843–7857. [CrossRef]

6. Veglia, F.; Perego, M.; Gabrilovich, D. Myeloid-derived suppressor cells coming of age. Nat. Immunol. 2018, 19, 108–119.
[CrossRef]

7. Bocanegra, A.; Fernandez-Hinojal, G.; Zuazo-Ibarra, M.; Arasanz, H.; Garcia-Granda, M.J.; Hernandez, C.; Ibanez, M.; Hernandez-
Marin, B.; Martinez-Aguillo, M.; Lecumberri, M.J.; et al. PD-L1 Expression in Systemic Immune Cell Populations as a Potential
Predictive Biomarker of Responses to PD-L1/PD-1 Blockade Therapy in Lung Cancer. Int. J. Mol. Sci. 2019, 20, 1631. [CrossRef]
[PubMed]

8. Ibanez-Vea, M.; Zuazo, M.; Gato, M.; Arasanz, H.; Fernandez-Hinojal, G.; Escors, D.; Kochan, G. Myeloid-Derived Suppressor
Cells in the Tumor Microenvironment: Current Knowledge and Future Perspectives. Arch. Immunol. Ther. Exp. 2017. [CrossRef]
[PubMed]

9. Friedman, A.D. C/EBPalpha in normal and malignant myelopoiesis. Trans. Int. J. Hematol. 2015, 101, 330–341. [CrossRef]
[PubMed]

10. Corzo, C.A.; Condamine, T.; Lu, L.; Cotter, M.J.; Youn, J.I.; Cheng, P.; Cho, H.I.; Celis, E.; Quiceno, D.G.; Padhya, T.; et al.
HIF-1alpha regulates function and differentiation of myeloid-derived suppressor cells in the tumor microenvironment. J. Exp.
Med. 2010, 207, 2439–2453. [CrossRef]

11. Sica, A.; Schioppa, T.; Mantovani, A.; Allavena, P. Tumour-associated macrophages are a distinct M2 polarised population
promoting tumour progression: Potential targets of anti-cancer therapy. Eur. J. Cancer 2006, 42, 717–727. [CrossRef] [PubMed]

https://repository.jpostdb.org/preview/143364250608a8e370fba3
https://repository.jpostdb.org/preview/143364250608a8e370fba3
http://doi.org/10.1016/j.cell.2015.08.016
http://doi.org/10.1038/ncomms12150
http://www.ncbi.nlm.nih.gov/pubmed/27381735
http://doi.org/10.1021/acs.jproteome.7b00812
http://www.ncbi.nlm.nih.gov/pubmed/29338241
http://doi.org/10.1002/art.30099
http://doi.org/10.18632/oncotarget.2279
http://doi.org/10.1038/s41590-017-0022-x
http://doi.org/10.3390/ijms20071631
http://www.ncbi.nlm.nih.gov/pubmed/30986912
http://doi.org/10.1007/s00005-017-0492-4
http://www.ncbi.nlm.nih.gov/pubmed/29032490
http://doi.org/10.1007/s12185-015-1764-6
http://www.ncbi.nlm.nih.gov/pubmed/25753223
http://doi.org/10.1084/jem.20100587
http://doi.org/10.1016/j.ejca.2006.01.003
http://www.ncbi.nlm.nih.gov/pubmed/16520032


J. Pers. Med. 2021, 11, 542 20 of 21

12. Tcyganov, E.; Mastio, J.; Chen, E.; Gabrilovich, D.I. Plasticity of myeloid-derived suppressor cells in cancer. Curr. Opin. Immunol.
2018, 51, 76–82. [CrossRef]

13. Kumar, V.; Cheng, P.; Condamine, T.; Mony, S.; Languino, L.R.; McCaffrey, J.C.; Hockstein, N.; Guarino, M.; Masters, G.; Penman,
E.; et al. CD45 Phosphatase Inhibits STAT3 Transcription Factor Activity in Myeloid Cells and Promotes Tumor-Associated
Macrophage Differentiation. Immunity 2016, 44, 303–315. [CrossRef]

14. Escors, D.; Lopes, L.; Lin, R.; Hiscott, J.; Akira, S.; Davis, R.J.; Collins, M.K. Targeting dendritic cell signalling to regulate the
response to immunisation. Blood 2008, 111, 3050–3061. [CrossRef] [PubMed]

15. Gato-Canas, M.; Martinez de Morentin, X.; Blanco-Luquin, I.; Fernandez-Irigoyen, J.; Zudaire, I.; Liechtenstein, T.; Arasanz,
H.; Lozano, T.; Casares, N.; Chaikuad, A.; et al. A core of kinase-regulated interactomes defines the neoplastic MDSC lineage.
Oncotarget 2015, 6, 27160–27175. [CrossRef] [PubMed]

16. Gato-Canas, M.; Zuazo, M.; Arasanz, H.; Ibanez-Vea, M.; Lorenzo, L.; Fernandez-Hinojal, G.; Vera, R.; Smerdou, C.; Martisova, E.;
Arozarena, I.; et al. PDL1 Signals through Conserved Sequence Motifs to Overcome Interferon-Mediated Cytotoxicity. Cell Rep.
2017, 20, 1818–1829. [CrossRef]

17. Zuazo, M.; Arasanz, H.; Fernandez-Hinojal, G.; Garcia-Granda, M.J.; Gato, M.; Bocanegra, A.; Martinez, M.; Hernandez, B.;
Teijeira, L.; Morilla, I.; et al. Functional systemic CD4 immunity is required for clinical responses to PD-L1/PD-1 blockade therapy.
EMBO Mol. Med. 2019, 11, e10293. [CrossRef]

18. Shevchenko, A.; Tomas, H.; Havlis, J.; Olsen, J.V.; Mann, M. In-gel digestion for mass spectrometric characterization of proteins
and proteomes. Nat. Protoc. 2006, 1, 2856–2860. [CrossRef]

19. Lachen-Montes, M.; Gonzalez-Morales, A.; Zelaya, M.V.; Perez-Valderrama, E.; Ausin, K.; Ferrer, I.; Fernandez-Irigoyen, J.;
Santamaria, E. Olfactory bulb neuroproteomics reveals a chronological perturbation of survival routes and a disruption of
prohibitin complex during Alzheimer’s disease progression. Sci. Rep. 2017, 7, 9115. [CrossRef] [PubMed]

20. Tyanova, S.; Temu, T.; Sinitcyn, P.; Carlson, A.; Hein, M.Y.; Geiger, T.; Mann, M.; Cox, J. The Perseus computational platform for
comprehensive analysis of (prote)omics data. Nat. Methods 2016, 13, 731–740. [CrossRef]

21. Ibáñez-Vea, M.; Kempf, S.J.; Larsen, M.R. Characterization of the Phosphoproteome and Sialoproteome in Brain Tissues by Mass
Spectrometry. In Current Proteomic Approaches Applied to Brain Function; Humana Press: New York, NY, USA, 2017. [CrossRef]

22. Engholm-Keller, K.; Birck, P.; Storling, J.; Pociot, F.; Mandrup-Poulsen, T.; Larsen, M.R. TiSH—A robust and sensitive global
phosphoproteomics strategy employing a combination of TiO2, SIMAC, and HILIC. J. Proteom. 2012, 75, 5749–5761. [CrossRef]

23. Liechtenstein, T.; Perez-Janices, N.; Blanco-Luquin, I.; Schwarze, J.; Dufait, I.; Lanna, A.; De Ridder, M.; Guerrero-Setas, D.;
Breckpot, K.; Escors, D. Anti-melanoma vaccines engineered to simultaneously modulate cytokine priming and silence PD-L1
characterized using ex vivo myeloid-derived suppressor cells as a readout of therapeutic efficacy. Oncoimmunology 2014, 3, e29178.
[CrossRef]

24. Karwacz, K.; Bricogne, C.; Macdonald, D.; Arce, F.; Bennett, C.L.; Collins, M.; Escors, D. PD-L1 co-stimulation contributes to
ligand-induced T cell receptor down-modulation on CD8(+) T cells. EMBO Mol. Med. 2011, 3, 581–592. [CrossRef]

25. Gato, M.; Blanco-Luquin, I.; Zudaire, M.; de Morentin, X.M.; Perez-Valderrama, E.; Zabaleta, A.; Kochan, G.; Escors, D.; Fernandez-
Irigoyen, J.; Santamaria, E. Drafting the proteome landscape of myeloid-derived suppressor cells. Proteomics 2016, 16, 367–378.
[CrossRef] [PubMed]

26. Dufait, I.; Pardo, J.; Escors, D.; De Vlaeminck, Y.; Jiang, H.; Keyaerts, M.; De Ridder, M.; Breckpot, K. Perforin and Granzyme B
Expressed by Murine Myeloid-Derived Suppressor Cells: A Study on Their Role in Outgrowth of Cancer Cells. Cancers 2019, 11,
808. [CrossRef]

27. Dufait, I.; Schwarze, J.K.; Liechtenstein, T.; Leonard, W.; Jiang, H.; Law, K.; Verovski, V.; Escors, D.; De Ridder, M.; Breckpot, K. Ex
vivo generation of myeloid-derived suppressor cells that model the tumor immunosuppressive environment in colorectal cancer.
Oncotarget 2015, 6, 12369–12382. [CrossRef] [PubMed]

28. Combes, F.; Mc Cafferty, S.; Meyer, E.; Sanders, N.N. Off-Target and Tumor-Specific Accumulation of Monocytes, Macrophages
and Myeloid-Derived Suppressor Cells after Systemic Injection. Neoplasia 2018, 20, 848–856. [CrossRef] [PubMed]

29. Merino, M.; Lozano, T.; Casares, N.; Lana, H.; Troconiz, I.F.; Ten Hagen, T.L.M.; Kochan, G.; Berraondo, P.; Zalba, S.; Garrido,
M.J. Dual activity of PD-L1 targeted Doxorubicin immunoliposomes promoted an enhanced efficacy of the antitumor immune
response in melanoma murine model. J. Nanobiotechnol. 2021, 19, 102. [CrossRef] [PubMed]

30. Sica, A.; Strauss, L. Energy metabolism drives myeloid-derived suppressor cell differentiation and functions in pathology. J.
Leukoc. Biol. 2017, 102, 325–334. [CrossRef] [PubMed]

31. Aliper, A.M.; Frieden-Korovkina, V.P.; Buzdin, A.; Roumiantsev, S.A.; Zhavoronkov, A. Interactome analysis of myeloid-derived
suppressor cells in murine models of colon and breast cancer. Oncotarget 2014, 5, 11345–11353. [CrossRef] [PubMed]

32. Huang, G.; Yan, H.; Ye, S.; Tong, C.; Ying, Q.L. STAT3 phosphorylation at tyrosine 705 and serine 727 differentially regulates
mouse ESC fates. Stem Cells 2014, 32, 1149–1160. [CrossRef] [PubMed]

33. Brodsky, I.E. JAK-ing into M1/M2 Polarization SteErs Salmonella-Containing Macrophages Away from Immune Attack to
Promote Bacterial Persistence. Cell Host Microbe 2020, 27, 3–5. [CrossRef] [PubMed]

34. Ma, Y.; Mouton, A.J.; Lindsey, M.L. Cardiac macrophage biology in the steady-state heart, the aging heart, and following
myocardial infarction. Transl. Res. 2018, 191, 15–28. [CrossRef] [PubMed]

http://doi.org/10.1016/j.coi.2018.03.009
http://doi.org/10.1016/j.immuni.2016.01.014
http://doi.org/10.1182/blood-2007-11-122408
http://www.ncbi.nlm.nih.gov/pubmed/18180378
http://doi.org/10.18632/oncotarget.4746
http://www.ncbi.nlm.nih.gov/pubmed/26320174
http://doi.org/10.1016/j.celrep.2017.07.075
http://doi.org/10.15252/emmm.201910293
http://doi.org/10.1038/nprot.2006.468
http://doi.org/10.1038/s41598-017-09481-x
http://www.ncbi.nlm.nih.gov/pubmed/28831118
http://doi.org/10.1038/nmeth.3901
http://doi.org/10.1007/978-1-4939-7119-0_12
http://doi.org/10.1016/j.jprot.2012.08.007
http://doi.org/10.4161/21624011.2014.945378
http://doi.org/10.1002/emmm.201100165
http://doi.org/10.1002/pmic.201500229
http://www.ncbi.nlm.nih.gov/pubmed/26403437
http://doi.org/10.3390/cancers11060808
http://doi.org/10.18632/oncotarget.3682
http://www.ncbi.nlm.nih.gov/pubmed/25869209
http://doi.org/10.1016/j.neo.2018.06.005
http://www.ncbi.nlm.nih.gov/pubmed/30025228
http://doi.org/10.1186/s12951-021-00846-z
http://www.ncbi.nlm.nih.gov/pubmed/33849551
http://doi.org/10.1189/jlb.4MR1116-476R
http://www.ncbi.nlm.nih.gov/pubmed/28223316
http://doi.org/10.18632/oncotarget.2489
http://www.ncbi.nlm.nih.gov/pubmed/25294811
http://doi.org/10.1002/stem.1609
http://www.ncbi.nlm.nih.gov/pubmed/24302476
http://doi.org/10.1016/j.chom.2019.12.007
http://www.ncbi.nlm.nih.gov/pubmed/31951822
http://doi.org/10.1016/j.trsl.2017.10.001
http://www.ncbi.nlm.nih.gov/pubmed/29106912


J. Pers. Med. 2021, 11, 542 21 of 21

35. Giurisato, E.; Xu, Q.; Lonardi, S.; Telfer, B.; Russo, I.; Pearson, A.; Finegan, K.G.; Wang, W.; Wang, J.; Gray, N.S.; et al. Myeloid
ERK5 deficiency suppresses tumor growth by blocking protumor macrophage polarization via STAT3 inhibition. Proc. Natl. Acad.
Sci. USA 2018, 115, E2801–E2810. [CrossRef]

36. Huang, S.C.; Everts, B.; Ivanova, Y.; O’Sullivan, D.; Nascimento, M.; Smith, A.M.; Beatty, W.; Love-Gregory, L.; Lam, W.Y.; O’Neill,
C.M.; et al. Cell-intrinsic lysosomal lipolysis is essential for alternative activation of macrophages. Nat. Immunol. 2014, 15,
846–855. [CrossRef]

37. Genini, D.; Brambilla, L.; Laurini, E.; Merulla, J.; Civenni, G.; Pandit, S.; D’Antuono, R.; Perez, L.; Levy, D.E.; Pricl, S.; et al.
Mitochondrial dysfunction induced by a SH2 domain-targeting STAT3 inhibitor leads to metabolic synthetic lethality in cancer
cells. Proc. Natl. Acad. Sci. USA 2017, 114, E4924–E4933. [CrossRef] [PubMed]

38. Li, F.; Sonveaux, P.; Rabbani, Z.N.; Liu, S.; Yan, B.; Huang, Q.; Vujaskovic, Z.; Dewhirst, M.W.; Li, C.Y. Regulation of HIF-1alpha
stability through S-nitrosylation. Mol. Cell 2007, 26, 63–74. [CrossRef]

39. Yang, M.; Liu, J.; Shao, J.; Qin, Y.; Ji, Q.; Zhang, X.; Du, J. Cathepsin S-mediated autophagic flux in tumor-associated macrophages
accelerate tumor development by promoting M2 polarization. Mol. Cancer 2014, 13, 43. [CrossRef] [PubMed]

40. Ewald, S.E.; Engel, A.; Lee, J.; Wang, M.; Bogyo, M.; Barton, G.M. Nucleic acid recognition by Toll-like receptors is coupled to
stepwise processing by cathepsins and asparagine endopeptidase. J. Exp. Med. 2011, 208, 643–651. [CrossRef] [PubMed]

41. Matsumoto, F.; Saitoh, S.; Fukui, R.; Kobayashi, T.; Tanimura, N.; Konno, K.; Kusumoto, Y.; Akashi-Takamura, S.; Miyake, K.
Cathepsins are required for Toll-like receptor 9 responses. Biochem. Biophys. Res. Commun. 2008, 367, 693–699. [CrossRef]
[PubMed]

42. Garcia-Cattaneo, A.; Gobert, F.X.; Muller, M.; Toscano, F.; Flores, M.; Lescure, A.; Del Nery, E.; Benaroch, P. Cleavage of Toll-like
receptor 3 by cathepsins B and H is essential for signaling. Proc. Natl. Acad. Sci. USA 2012, 109, 9053–9058. [CrossRef]

43. Gehad, A.E.; Lichtman, M.K.; Schmults, C.D.; Teague, J.E.; Calarese, A.W.; Jiang, Y.; Watanabe, R.; Clark, R.A. Nitric oxide-
producing myeloid-derived suppressor cells inhibit vascular E-selectin expression in human squamous cell carcinomas. J. Investig.
Dermatol. 2012, 132, 2642–2651. [CrossRef] [PubMed]

44. Roumenina, L.T.; Daugan, M.V.; Noe, R.; Petitprez, F.; Vano, Y.A.; Sanchez-Salas, R.; Becht, E.; Meilleroux, J.; Clec’h, B.L.; Giraldo,
N.A.; et al. Tumor Cells Hijack Macrophage-Produced Complement C1q to Promote Tumor Growth. Cancer Immunol. Res. 2019, 7,
1091–1105. [CrossRef] [PubMed]

45. Hsieh, C.C.; Chou, H.S.; Yang, H.R.; Lin, F.; Bhatt, S.; Qin, J.; Wang, L.; Fung, J.J.; Qian, S.; Lu, L. The role of complement
component 3 (C3) in differentiation of myeloid-derived suppressor cells. Blood 2013, 121, 1760–1768. [CrossRef]

46. Smith, I.A.; Knezevic, B.R.; Ammann, J.U.; Rhodes, D.A.; Aw, D.; Palmer, D.B.; Mather, I.H.; Trowsdale, J. BTN1A1, the mammary
gland butyrophilin, and BTN2A2 are both inhibitors of T cell activation. J. Immunol. 2010, 184, 3514–3525. [CrossRef]

47. Avasarala, S.; Wu, P.Y.; Khan, S.Q.; Yanlin, S.; Van Scoyk, M.; Bao, J.; Di Lorenzo, A.; David, O.; Bedford, M.T.; Gupta, V.; et al.
PRMT6 Promotes Lung Tumor Progression via the Alternate Activation of Tumor-Associated Macrophages. Mol. Cancer Res.
2020, 18, 166–178. [CrossRef]

48. Sinha, P.; Okoro, C.; Foell, D.; Freeze, H.H.; Ostrand-Rosenberg, S.; Srikrishna, G. Proinflammatory S100 proteins regulate the
accumulation of myeloid-derived suppressor cells. J. Immunol. 2008, 181, 4666–4675. [CrossRef]

49. Cheng, P.; Corzo, C.A.; Luetteke, N.; Yu, B.; Nagaraj, S.; Bui, M.M.; Ortiz, M.; Nacken, W.; Sorg, C.; Vogl, T.; et al. Inhibition of
dendritic cell differentiation and accumulation of myeloid-derived suppressor cells in cancer is regulated by S100A9 protein. J.
Exp. Med. 2008, 205, 2235–2249. [CrossRef] [PubMed]

50. Denholtz, M.; Zhu, Y.; He, Z.; Lu, H.; Isoda, T.; Dohrmann, S.; Nizet, V.; Murre, C. Upon microbial challenge, human neutrophils
undergo rapid changes in nuclear architecture and chromatin folding to orchestrate an immediate inflammatory gene program.
Genes Dev. 2020, 34, 149–165. [CrossRef] [PubMed]

51. Veglia, F.; Hashimoto, A.; Dweep, H.; Sanseviero, E.; De Leo, A.; Tcyganov, E.; Kossenkov, A.; Mulligan, C.; Nam, B.; Masters,
G.; et al. Analysis of classical neutrophils and polymorphonuclear myeloid-derived suppressor cells in cancer patients and
tumor-bearing mice. J. Exp. Med. 2021, 218. [CrossRef]

52. Youn, J.I.; Collazo, M.; Shalova, I.N.; Biswas, S.K.; Gabrilovich, D.I. Characterization of the nature of granulocytic myeloid-derived
suppressor cells in tumor-bearing mice. J. Leukoc. Biol. 2012, 91, 167–181. [CrossRef] [PubMed]

http://doi.org/10.1073/pnas.1707929115
http://doi.org/10.1038/ni.2956
http://doi.org/10.1073/pnas.1615730114
http://www.ncbi.nlm.nih.gov/pubmed/28584133
http://doi.org/10.1016/j.molcel.2007.02.024
http://doi.org/10.1186/1476-4598-13-43
http://www.ncbi.nlm.nih.gov/pubmed/24580730
http://doi.org/10.1084/jem.20100682
http://www.ncbi.nlm.nih.gov/pubmed/21402738
http://doi.org/10.1016/j.bbrc.2007.12.130
http://www.ncbi.nlm.nih.gov/pubmed/18166152
http://doi.org/10.1073/pnas.1115091109
http://doi.org/10.1038/jid.2012.190
http://www.ncbi.nlm.nih.gov/pubmed/22718118
http://doi.org/10.1158/2326-6066.CIR-18-0891
http://www.ncbi.nlm.nih.gov/pubmed/31164356
http://doi.org/10.1182/blood-2012-06-440214
http://doi.org/10.4049/jimmunol.0900416
http://doi.org/10.1158/1541-7786.MCR-19-0204
http://doi.org/10.4049/jimmunol.181.7.4666
http://doi.org/10.1084/jem.20080132
http://www.ncbi.nlm.nih.gov/pubmed/18809714
http://doi.org/10.1101/gad.333708.119
http://www.ncbi.nlm.nih.gov/pubmed/31919189
http://doi.org/10.1084/jem.20201803
http://doi.org/10.1189/jlb.0311177
http://www.ncbi.nlm.nih.gov/pubmed/21954284

	Introduction 
	Materials and Methods 
	Cells and Mice 
	In Vitro Differentiation and Purification of Myeloid-Derived Suppressor Cells, Tumor-Associated Macrophages and Non-Polarized Macrophages 
	Cell Staining and Flow Cytometry 
	Western Blotting 
	Mass Spectrometry-Based Quantitative (Shotgun) Proteomics and Bioinformatics Analyses 
	Proteomic Data Analysis 
	Statistical Analyses 

	Results 
	Ex Vivo Differentiation of Myeloid Cells Modeling Regulatory Subpopulations 
	Proteome Profiles of Ex Vivo-Differentiated Myeloid Subsets Separate Lineage-Regulated from Tumor-Polarized Interactome Modules 
	Kinase Profiles Associated to Cancer-Polarized Immunosuppressive Myeloid Cells 
	Unique Protein Expression Profiles Discriminate Ex Vivo-Differentiated Monocytic MDSCs from TAMs 
	Key Nuclear Differential Pathways and Major Metabolic Routes Separate Monocytic from Granulocytic MDSCs 

	Discussion 
	References

