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Abstract

During inflammatory responses, monocytes are recruited
into inflamed tissues, where they become monocyte-de-
rived macrophages and acquire pro-inflammatory and tis-
sue-damaging effects in response to the surrounding envi-
ronment. In fact, monocyte-derived macrophage subsets
are major pathogenic cells in inflammatory pathologies.
Strikingly, the transcriptome of pathogenic monocyte-de-
rived macrophage subsets resembles the gene profile of
macrophage colony-stimulating factor (M-CSF)-primed
monocyte-derived human macrophages (M-M@). As M-M@
display a characteristic cytokine profile after activation (IL-
10M9h TNF'ow |23/ | 6'oW), we sought to determine the tran-

scriptional signature of M-M@ upon exposure to pathogenic
stimuli. Activation of M-M@ led to the acquisition of a distinc-
tive transcriptional profile characterized by the induction of
a group of genes (Gene set 1) highly expressed by patho-
genic monocyte-derived macrophages in COVID-19 and
whose presence in tumor-associated macrophages (TAM)
correlates with the expression of macrophage-specific mark-
ers (CD163,SPIT) and IL10.Indeed, Gene set 1 expression was
primarily dependent on ERK/p38 and STAT3 activation, and
transcriptional analysis and neutralization experiments re-
vealed that IL-10 is not only required for the expression of a
subset of genes within Gene set 1 but also significantly con-
tributes to the idiosyncratic gene signature of activated
M-M@. Our results indicate that activation of M-CSF-depen-
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dent monocyte-derived macrophages induces a distinctive
gene expression profile, which is partially dependent on IL-
10, and identifies a gene set potentially helpful for macro-
phage-centered therapeutic strategies.

© 2021 The Author(s).
Published by S. Karger AG, Basel

Introduction

Under physiological conditions, tissue-resident mac-
rophages perform homeostatic functions in the dermis,
heart, gut, liver, spleen, and serous cavities (reviewed in
[1]). However, tissue-resident and monocyte-derived tis-
sue-infiltrating macrophages play distinct functional roles
during inflammatory responses [2]. Results from mouse
models of inflammation have revealed that native resident
macrophages exhibit reparative and anti-inflammatory
ability, whereas infiltrating macrophages display a more
pathogenic and pro-inflammatory signature [3-6]. Like-
wise, and in human pathology, recruited monocyte-de-
rived macrophages are primarily engaged in promoting
inflammation [7-9]. In fact, monocyte-derived macro-
phage subsets (FCN1+, SPP1+) have been identified as
major pathogenic cells in severe COVID-19 [10, 11], lung
fibrosis [4, 12-15], and inflammatory diseases such as
rheumatoid arthritis, Crohn’s disease, ulcerative colitis,
and lupus [16]. Of note, the gene expression profile of
these pathogenic macrophage subsets resembles that of
macrophage colony-stimulating factor (M-CSF)-primed
monocyte-derived human macrophages exposed to IFNy
and/or TNF [16], and shows an enrichment of genes regu-
lated by MAFB and MAF [17], the transcription factors
that drive the anti-inflammatory/immunosuppressive po-
larization of M-CSF-primed monocyte-derived human
macrophages [18-20] and tumor-associated macrophages
(TAM) [21, 22]. Indeed, and in the case of pulmonary fi-
brosis, M-CSF signaling is required for the persistence of
the pathogenic monocyte-derived macrophages [23].

Although M-CSF and granulocyte macrophage colo-
ny-stimulating factor (GM-CSF) promote macrophage
differentiation and survival [24], both factors exert oppo-
site instructing effects on macrophages [25, 26] and dif-
ferentially regulate polarization in TAM [25]. M-CSF is
constitutively present in serum, is indispensable for tis-
sue-resident and monocyte-derived macrophage differ-
entiation and survival [24, 27, 28], and primes macro-
phages (M-MQ@) for trophic activity [28] and for the
acquisition of an anti-inflammatory and immunosup-
pressive profile (IL10M8" TNF'°W IL23"" TL6'°%) upon
stimulation with pathogenic agents [25, 29-34]. Con-
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versely, GM-CSF is found mostly at sites of tissue inflam-
mation [24, 28] and primes macrophages (GM-M®) for
robust antigen-presenting and pro-inflammatory (IL-
10w TNFhish TL23Migh TL6Meh) activity in response to
pathogenic stimuli. Accordingly, M-M@ and GM-MQ
exhibit different and unique transcriptional profiles [29,
31, 35-37], which are useful to discriminate macrophage
subsets under inflammatory conditions in vivo [38, 39].

Macrophage reprogramming has been already pro-
posed as a therapeutic strategy for chronic inflammatory
diseases [40]. However, the identification of subset-specif-
ic markers to distinguish newly recruited macrophages
from tissue-resident macrophages in inflamed tissues is a
requisite for the development of macrophage-directed
therapeutic interventions for human pathologies without
altering host protection or inflammation resolution. Thus,
given the role of M-CSF in the generation of pathogenic
monocyte-derived macrophages in inflammatory pathol-
ogies, we have now determined the signaling and cytokine
requirements for the acquisition of the gene expression
profile of M-M@ in response to pathogenic stimuli. In this
manner, we have identified a set of genes that are exclu-
sively co-expressed by M-M@ under inflammatory condi-
tions, and whose expression relies on ERK/p38and STAT3
activation, and is partly dependent on IL-10.

Materials and Methods

Generation of Monocyte-Derived Macrophages and ELISA

GM-CSE-polarized macrophages (hereafter termed GM-MQ)
and M-CSF-polarized macrophages (hereafter termed M-MQ)
were generated from CD14 + monocytes, as previously described
[18]. For macrophage activation, cells were treated with 10 ng/mL
E. coli 055: B5 lipopolysaccharide (LPS; Sigma-Aldrich, MO,
USA), 10 pg/mL N-palmitoyl-S-(2,3-bis [palmitoyloxy]-[2RS]-
propyl)-(R)-cysteinyl-(S)-seryl-(S)-lysyl-(S)-lysyl-(S)-lysyl-(S)-
lysine (PAM3CSK4; Invivogen), 10 ug/mL disulfide-HMGBI
(HMGB1; HMGBiotech), 100 ng/mL CL264 (Invivogen), or 200
uM palmitate prepared as described [41]. Generation of monocyte-
derived M-M@ in the presence of tumor-conditioned medium was
done as previously described [42], and the neutralizing monoclo-
nal antihuman IL-10 antibody (R&D Systems) was added at a final
concentration of 2.5 pg/mL. For intracellular signaling inhibition,
macrophages were exposed to p38MAPK inhibitor BIRB0796 (0.1
uM), MEK inhibitor U0126 (2.5 pM), or JNK inhibitor SP600125
(30 um) for 60 min before treatment with LPS. Cytokine detection
was carried out with ELISA kits for human TNF, IL12p40 (BD Bio-
sciences, San Jose, CA, USA), IL-6 (Sigma-Aldrich), CCL19 (Sig-
ma-Aldrich),IL-10 (Biolegend), and IFN (PBL Interferon Source)
according to the manufacturers’ protocols.

Quantitative Real-Time RT-PCR
RNA was quantified as described [18] using the Universal Hu-
man Probe library and custom-made microfluidic gene cards
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(Roche Diagnostics, Mannheim, Germany). Gene-specific oligo-
nucleotides were designed using the Universal Probe Library soft-
ware (Roche Diagnostics). Assays were made in duplicate on 3 in-
dependent samples of each type and the results normalized accord-
ing to the mean of the expression level of endogenous reference
genes HPRT1, TBP, and RPLPO. In all cases, the results were ex-
pressed using the AACT method for quantitation.

Western Blot

Western blot was carried out following previously described
procedures [18] and using antibodies against phosphorylated and
total ERK1/2, p38MAPK, and JNK (Cell Signaling); phosphory-
lated and total STAT1 and STAT3 (BD Biosciences); IkBa, phos-
phorylated IRF3, and phosphorylated CREB (Cell Signaling); and
SOCS2 (sc-9022, Santa Cruz, CA, USA). Protein loading was nor-
malized using a monoclonal antibody against GAPDH (sc-32233,
Santa Cruz, CA, USA), B-actin (Sigma-Aldrich), or a-tubulin
(sc-58667, Santa Cruz, CA, USA).

Microarray and RNAseq Analysis

Global gene expression analysis was performed on RNA ob-
tained from 3 independent samples of untreated (M-M® or GM-
M@) or LPS-treated human monocyte-derived macrophages (4 h,
M-MQ + LPS or GM-M® + LPS). RNA isolation, microarray anal-
ysis (whole human genome microarray, Agilent Technologies, Palo
Alto, CA, USA), and statistical treatment of microarray data were
performed following previously described procedures [18]. Micro-
array data were deposited in Gene Expression Omnibus (GEO)
(http://www.ncbi.nlm.nih.gov/geo/) underaccessionno. GSE99056.
The differentially expressed genes were analyzed for annotated gene
set enrichment using the online tool ENRICHR (http://amp.pharm.
mssm.edu/Enrichr/) [43]. For gene set enrichment analysis (GSEA)
(http://software.broadinstitute.org/gsea/index.jsp) [44], the gene
sets available at the website, as well as previously defined gene sets
[37], were used. For RNAseq, total RNA was extracted from 3 inde-
pendent preparations of M-M@ exposed to LPS, CL264, or palmi-
tate (C16:0) for 0.5, 2, 4, or 12 h, and library preparation, fragmen-
tation, and sequencing were performed at BGI (https://www.bgi-
techsolutions.com) using the BGISEQ-500 platform, and data were
deposited in GEO (http://www.ncbi.nlm.nih.gov/geo/) under ac-
cession no. GSE156921. An average of 4.48 Gb clean reads were
generated per sample and, after filtering, the clean reads were
mapped to the reference (UCSC Genome assembly hg38) using
Bowtie2 (average mapping ratio 91.82%) [45]. In addition, RNAseq
(https://www.bgitechsolutions.com, BGISEQ-500 platform) was
done on 3 independent preparations of M-M@ exposed to LPS for
4 h after transfection with either a control siRNA or an STAT3-
specific siRNA (Dharmacon), and data were deposited in GEO un-
der accession no. GSE180897. A similar procedure was used to per-
form RNAseq on 3 independent preparations of M-M@ exposed to
LPS for 4 h in the presence of either an anti-IL-10 neutralizing
monoclonal antibody (2.5 ug/mL, R&D Systems) or an isotype-
matched antibody, and data were deposited in GEO under acces-
sion no. GSE181250. Gene expression levels were calculated by us-
ing the RSEM software package [46], and differential gene expres-
sion was assessed by using the R-package DESeq2 algorithms using
the parameters Fold Change >2 and adjusted p value <0.05. Seman-
tic similarities and enrichment analysis among DO terms and clus-
ter 1 gene set were assessed by using the R packages DOSE and
clusterProfiler [47, 48]. As universe genes (background genes), all
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annotated genes derived from the limma microarray analysis com-
paring M-M@ versus M-M@ + LPS and with signal intensity values
above background values were considered.

Immunohistochemistry

Human biopsied samples were obtained from patients under-
going surgical treatment and following the Medical Ethics Com-
mittee procedures of Hospital General Universitario Gregorio
Maranon. For fluorescence and confocal microscopy, cryosections
and imaging were performed as previously described [18]. Quan-
tification of in vivo protein expression, using the mean fluores-
cence intensities of the proteins of interest (SOCS2, BMP6, CCL19,
and PDGFA), was done as reported [18]. The antibodies used were
the following: mouse monoclonal anti-CD163 (K0147-4, MBL),
rabbit polyclonal anti-PDGFA and rabbit polyclonal anti-SOCS2
(sc-127 and sc-9022; Santa Cruz, CA, USA), goat polyclonal anti-
BMP6 (AF507; R&D Systems), and rabbit polyclonal anti-CCL19
(13397-1-AP; Proteintech). Double-immunofluorescence for
CD163 and CCL19 was performed on tissue microarrays from ar-
chival formalin-fixed paraffin-embedded (FFPE) resection speci-
mens from patients with breast tumor who underwent curative
intent surgery (mastectomies and segmental resections) at Hospi-
tal Universitario Virgen del Rocio (HUVR, Seville, Spain). All
samples were histopathologically verified and selected by a special-
ized surgical pathologist prior to analysis. Ethical permission for
the study was approved by the Ethical Committee at HUVR. After
deparaffinization, rehydration, and antigen-retrieval using the au-
tomated PT Link system (Dako, Agilent Technologies), tissue mi-
croarray slides were incubated with a mixture of a mouse mono-
clonal antihuman CD163 (NB110-59935; Novus Biologicals) and
a rabbit polyclonal antihuman CCL19 (NBP2-56275; Novus Bio-
logicals) overnight at 4°C. Samples were washed 3 times with PBS
and then incubated with Alexa-488-conjugated goat anti-mouse
IgG and Alexa-568-conjugated donkey-anti-rabbit IgG (Invitro-
gen). The slices were incubated at 37°C for 45 min, and nuclear
staining was performed with DAPI. Coverslips were mounted with
fluorescent mounting medium onto glass slides and examined
with confocal microcopy (Leica TCS SP2 AOBS; Leica Microsys-
tems).

Statistical Analysis

For comparison of means, and unless otherwise indicated, sta-
tistical significance of the generated data was evaluated using the
Student’s ¢ test. In all cases, p < 0.05 was considered as statistically
significant.

Results

Differential Activation of ERK and p38 Underlies

the Opposite Cytokine Profiles of Activated

M-CSF-Primed (M-Mg) and GM-CSF-Primed

(GM-Mp) Monocyte-Derived Macrophages

To determine the molecular basis for the acquisition of
the cytokine profile of activated M-M@ (IL10Msh
TNFY IL12'°Y TL6'°Y) [29-31], we analyzed the kinetics
of cytokine production of both M-M® and GM-M® mac-
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Fig. 1. Cytokine profile and intracellular signaling of activated
M-M@ and GM-M®. a Experimental design. b, ¢ Kinetics of LPS-
induced cytokine mRNA (b) and protein (c) expression of M-M@
and GM-MQ. Results are expressed relative to the maximal level
of cytokine mRNA (b) and the concentration of the indicated cy-
tokines (c¢) in GM-M® (TNF, IL-12p40, IL-6, IFNf) or M-MQ
(IL-10). Shown are the means and SD of 3 independent experi-
ments (n = 3; %, p < 0.05; **, p < 0.005). d PAM3CSK4 (PAM)-in-
duced cytokine production of M-M@ and GM-M@. Shown are the
means and SD of 6 independent experiments (n = 6; *, p < 0.05;
R p < 0.0005). e, f M-M@ and GM-MQ were treated with LPS,
and cell lysates were obtained at the indicated time points and as-
sayed for the expression of phosphorylated and total STATI (e),
IkBa, phosphorylated CREB, and phosphorylated IRF3 (f) by
Western blot using specific antibodies. Protein loading was nor-
malized usingamonoclonalantibodyagainst GAPDH or a-tubulin.

rophage subtypes after exposure to LPS (Fig. 1a). After
3-5 h, LPS induced significantly elevated levels of IL-10
mRNA only in M-M@, a time at which IL12B, IL6, and
IFNBI mRNA were significantly higher in GM-M®
(Fig. 1b), with all these transcriptional changes preceding
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g, h M-M©® and GM-MO were treated with LPS or PAM3CSK4,
and cell lysates obtained at the indicated time points were assayed
for the expression of phosphorylated and total ERK1/2 (g, h),
p38MAPK (g), and JNK (g) by Western blot using specific anti-
bodies. i, j Total and phosphorylated ERK, p38MAPK, and JNK
levels in untreated and LPS-treated M-M® in the absence (-) or
presence of the MEK inhibitor U0126 (U0) (i), the p38MAPK in-
hibitor BIRB0796 (BIRB) (i), the JNK inhibitor SP600125 (SP600)
(j), or DMSO as a vehicle control. k LPS-induced cytokine mRNA
levels in M-M@ in the absence () or presence of U0126 (UO0),
BIRB0796 (BIRB), SP600125 (SP600), or DMSO as a vehicle con-
trol. Results are expressed relative to the level of each cytokine
mRNA after LPS + DMSO treatment. Shown are the means and
SD of 4 independent experiments (n = 4; *, p < 0.05; **, p < 0.005;
ok p < 0.0005). LPS, lipopolysaccharide; M-M®, monocyte-de-
rived human macrophages.

the characteristic LPS-induced cytokine production of
GM-MO@ and M-MO (Fig. 1¢). Of note, the IL10high cyto-
kine profile of activated M-M( was similarly gained upon
exposure to the TLR2 ligand PAM3CSK4 (Fig. 1d). Next,
we compared the LPS-induced intracellular signaling in
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Fig. 2. Identification of genes differentially regulated by LPS in
M-M@ and GM-M®. a Experimental design. b Normalized fluo-
rescence intensity of the indicated cytokine mRNA in untreated
and LPS-treated M-M@ and GM-MQ. c Scatter plot of microarray
results, showing the LPS-induced gene expression changes in
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against the difference in the LPS-induced gene expression changes
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[GM-M® + LPS/GM-M@Q)]) (y-axis). The relative position of some
informative genes is indicated. d GSEA on the ranked list of genes
obtained from the comparison of the transcriptome of M-MQ +
LPS versus GM-M® + LPS using Gene set 1 genes. The identity of
the genes within the leading edge is shown. e Identification of the
gene sets including genes with the highest differential LPS respon-
siveness in M-M@ (Gene set 1) and GM-M@ (Gene set 2). The
number of genes in each gene set and associated gene ontology
terms (Enrichr) are indicated. f Expression of selected members of
Gene set 1 in untreated and LPS-treated M-M® and GM-M® (left
panel), untreated and HMGBI1-treated M-M@ and GM-M@ (mid-

M-M@ and GM-MQ. LPS triggered similar levels of NFxB
and STAT1 activation in both GM-M@ and M-MQ
(Fig. 1e, f, online suppl. Fig. la; for all online suppl.
material, see www.karger.com/doi/10.1159/000519305),
whereas LPS induced CREB phosphorylation exclusively

IL-10-dependent Profile of Activated
M-CSE-Primed Macrophages

dle panel), and untreated and PAM3CSK4-treated M-MQ (right
panel), as determined by qRT-PCR on 4 independent samples. Re-
sults are indicated as the mRNA levels of each gene in activated
cells relative to the level of the same mRNA in untreated cells (n =
3-4; %, p < 0.05; **, p < 0.005; ***, p < 0.0005). g SOCS2 protein
levels in GM-M@ and M-MQ stimulated with LPS for the indi-
cated times, as determined by Western blot. Shown is 1 representa-
tive experiment (n = 2). hCCL19 mRNA and CCL19 protein levels
in untreated (—) and LPS-treated M-M@ and GM-M@. Shown are
the means and SD of 5 independent experiments (n = 5; *, p < 0.05).
i Expression of the indicated Gene set 1 genes in M-M@ stimu-
lated with LPS (4 h) in the presence of U0126, BIRB0796, or
BIRB0796 and U0126. Results indicate the expression of each gene
relative to its expression in LPS-stimulated M-M@. Shown are the
means and SD of 3-4 independent experiments (n = 3-4; *, p <
0.05; **, p < 0.01; ***, p < 0.005). LPS, lipopolysaccharide; GSEA,
gene set enrichment analysis; M-M@, monocyte-derived human
macrophages.

in M-MO (Fig. 1, online suppl. Fig. 1a), and LPS-induced
phosphorylation of IRF3 [49] was higher in GM-M® (Fig.
1f, online suppl. Fig. 1a), in accordance with their higher
production of IEN. In addition, phosphorylation of ERK,
JNK, and p38 was higher in LPS- or PAM3CSK4-treated
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M-MO@ than in activated GM-M® (Fig. 1g, h, online sup-
pl. Fig. 1b). Since IL-10 is preferentially produced by LPS-
treated M-MQ (Fig. 1b, ¢), and given that ERK and p38
activation contribute to LPS-induced IL-10 expression
(50, 51], we tested whether pretreatment of M-M@ with
inhibitors of MEK-ERK (U0126), JNK (SP600125), or
p38MAPK (BIRB0796) (Fig. 1i, j) affected the production
of cytokines from LPS-treated M-M@. Importantly, the
simultaneous inhibition of ERK and p38 activation sig-
nificantly impaired the LPS-induced IL10 mRNA expres-
sion but enhanced LPS-induced TNF mRNA levels
(Fig. 1k). Therefore, LPS-induced activation of ERK and
p38 underlies the paradigmatic cytokine profile of M-M.

Identification of a Set of Genes Specifically Modulated

upon M-Mp Activation

To find out whether the distinct LPS-induced intracel-
lular signaling in LPS-activated GM-M@ and M-MQ re-
sults in wider transcriptional differences, we next deter-
mined their respective gene signatures after a 4-h expo-
sure to LPS (Fig. 2a). Transcriptional data (deposited in
GEO, GSE99056) confirmed the distinct cytokine mRNA
profile of LPS-treated M-M@ and GM-M® (Fig. 2b), and
revealed extensive differences in their respective LPS-
triggered gene signatures, thus allowing the identification
of genes whose LPS responsiveness greatly differed be-
tween M-M@ and GM-MO (Fig. 2¢). Specifically, and us-
ing an 8-fold difference between the LPS-induced upreg-
ulation in M-M® and GM-M® as a threshold, 85 genes
were found to be preferentially upregulated by LPS in
M-MO (termed Gene set 1) (Fig. 2d), while 63 genes were
preferentially upregulated by LPS in GM-M@ (termed
Gene set 2) (Fig. 2¢; online suppl. Table 1). Although both
gene sets were enriched in LPS-responsive genes, Gene
set 1 was significantly enriched in IL-10-responsive genes,
in line with the anti-inflammatory and immunosuppres-
sive functions of M-M® (Fig. 2e). Conversely, Gene set 2
was enriched in IL-1B-regulated genes (Fig. 2e), in agree-
ment with the pro-inflammatory capabilities of GM-M®.
Analysis of independent validation samples confirmed
the restricted upregulation of the genes with the strongest
M-M@-specific LPS-inducibility of Gene set 1 (Fig. 2f)
that, in fact, were also preferentially upregulated in
M-M® upon activation with the alarmin HMGBI1 [52],
and also upregulated after exposure to the TLR2 ligand
PAM3CSK4 (Fig. 2f). Further confirming their activa-
tion-induced expression, GSEA and clustering analysis
showed that global Gene set 1 expression was significant-
ly upregulated in M-M® upon activation by LPS, the
TLR7 ligand CL264, or palmitate (online suppl. Fig. 2a-
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¢), 3 stimuli which differ in their IL-10-inducing capacity
(online suppl. Fig. 2d) [41, 53].

Besides, and in line with the transcriptional data, the
M-M@-specific LPS-inducibility of Gene set 1 was veri-
fied at the protein level. As representative examples,
SOCS2 protein was exclusively detected in LPS-treated
M-M®, which also secreted detectable levels of CCL19
(Fig. 2g, h). Therefore, M-M@ activation results in the
acquisition of a transcriptome that differs from that of
GM-MOQ and that is best characterized by the expression
of the Gene set 1 group of genes. Interestingly, and like
the case of IL-10 (Fig. 1k), upregulation of the genes with
the strongest M-M@-specific LPS-inducibility of Gene
set 1 was impaired in the presence of inhibitors of ERK
and p38 activation (Fig. 2i). Therefore, the M-M@-specif-
ic LPS-mediated upregulation of Gene set 1 expression is
primarily dependent on the activation of ERK and p38.

Pathological Correlates of Gene Set 1 Expression in

vivo

To address the potential significance of Gene set 1 ex-
pression in settings where monocyte-derived macro-
phages contribute to pathology, Gene set 1 expression in
COVID-19 and hyperproliferative diseases was analyzed
. In the case of COVID-19, the gene profile of M-MO +
LPS showed a significant overrepresentation of genes
overexpressed in macrophages from severe COVID-19
patients’ bronchoalveolar lavage (BALF) [54-56]
(Fig. 3a). Moreover, M-M@ + LPS exhibited an overrep-
resentation of the genes that characterize the COVID-19
pathogenic monocyte-derived alveolar macrophage sub-
sets that have been identified in 3 independent studies
(groups 1-3, MoAM1-3, CXCL10+/CCL2+) [10, 11, 16]
(Fig. 3b). Conversely, the transcriptome of GM-MQ +
LPS appeared enriched in genes that characterize subsets
of resident alveolar macrophages in the same reports [ 10,
11, 16] (Fig. 3b). In agreement with these correlations,
Gene set 1 was significantly enriched in various “COV-
ID-19-related gene sets” (Enrichr, Fig. 3c) as well as in
the transcriptome of peripheral blood mononuclear cells
from COVID-19 patients [57] (Fig. 3d). Regarding hy-
perproliferative diseases, analysis of proteins encoded by
Gene set 1 genes with a strong M-M@-specific LPS-in-
ducibility (e.g., CCL19, BMP6, SOCS2, PDGFA) revealed
the expression of CCL19 in breast cancer CD163" TAM,
which are M-CSF-dependent [58] (online suppl. Fig. 3a);
the co-expression of SOCS2 and BMP6 in CD163* mela-
noma TAM (online suppl. Fig. 3b); and the co-expres-
sion of CCL19, PDGFA, BMP6, and SOCS2 proteins in
CD163* nevus-associated macrophages (online suppl.
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Fig. 3. In vivo co-expression of Gene set 1. a, b Summary of GSEA
on the ranked list of genes from the comparison of the transcrip-
tome of M-M@ + LPS and GM-M® + LPS using previously de-
fined gene sets for (a) COVID-19 BALF macrophages [54-56] or
(b) COVID-19 pathogenic monocyte-derived macrophage subsets
[10, 11, 16]. c Gene ontology of Gene set 1 on the “COVID-19-re-
lated gene sets” database using Enrichr. d GSEA on the ranked list
of the comparison of the transcriptome of PBMC from COVID-19
patients versus control PBMC [57], using Gene set 1 genes. The

Fig. 3c), where a high correlation among the expression
of the 4 proteins was found (online suppl. Fig. 3d). Fur-
thermore, Gene set 1 expression was overrepresented in
several neoplasms (DisGenet database, online suppl. Fig.
3e) as well as in synovial macrophages from RA patients
[59] (online suppl. Fig. 3f) and alveolar macrophages af-

IL-10-dependent Profile of Activated
M-CSE-Primed Macrophages

identity of the genes within the leading edge is shown. e Correla-
tion of the expression on Gene set 1 genes with the expression of
CD163 or SPII in breast carcinoma, as calculated using TIMER
(http://timer.cistrome.org), with indication of the percentage of
Gene set 1 genes whose positive correlation with the indicated gene
is p < 0.05. LPS, lipopolysaccharide; GSEA, gene set enrichment
analysis; BALF, bronchoalveolar lavage; PBMC, peripheral blood
mononuclear cells; M-M@, monocyte-derived human macro-
phages.

ter in vivo LPS instillation in humans [60] (online suppl.
Fig. 3g). In fact, Tumor Immune Estimation Resource
(TIMER; https://cistrome.shinyapps.io/timer/) [61]
analysis revealed a very good correlation between the ex-
pression of characteristic macrophage-specific genes
(CD163, SPI1) and the expression of most Gene set 1
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genes (86—-87%) in breast invasive carcinoma (TCGA co-
hort, Fig. 3e), where M-CSF and M-CSF-conditioned
macrophages have a well-established pathological role
[58, 62, 63]. Taken together, all these evidences support
the in vivo co-expression of Gene set 1 genes in macro-
phages within inflammatory and hyperproliferative set-
tings.

STAT-3 and IL-10 Mediates the LPS-Induced

Acquisition of a Subset of Gene Set 1: Pathological

Significance

Since ERK and p38 activation mediates the LPS-induc-
tion of IL-10 [50, 51] (Fig. 1k) and Gene set 1 expression
(Fig. 2i), we next conjectured that IL-10 itself might con-
tribute to the expression of Gene set 1. In support of this
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hypothesis, phosphorylation of STAT3, a critical effector
of IL-10 [51], was detected at late time points after LPS
stimulation in M-M® but not in GM-M® (Fig. 4a). Thus,
we first assessed the involvement of STAT3 in the LPS-
inducibility of Gene set 1 genes by knocking down the ex-
pression of STAT3 before LPS stimulation (Fig. 4b). De-
termination of the STAT3-dependent transcriptome of
both M-M® and M-M@+LPS evidenced that STAT3 has
a significant effect on the gene expression profile of LPS-
treated M-M@, as STAT3 knockdown significantly (log-
2FC <1; adjp <0.05) altered the expression of 183 genes (83
downregulated; 100 upregulated) (Fig. 4c). Ofnote, STAT3
knockdown significantly impaired the expression of 20%
of the genes within M-M@ + LPS-specific Gene set 1 (17
out of 85) and, concomitantly, enhanced the expression of
15% of the GM-M® + LPS-specific Gene set 2 (Fig. 4e-g).
Indeed, GSEA revealed that the transcriptome of LPS-
treated M-M@ was greatly enriched in genes whose ex-
pression is dependent on STAT3 (Fig. 4h) and that knock-
down of STATS3 results in a very significant downregula-
tion of genes within Gene set 1 (Fig. 4i). Conversely, the
transcriptome of LPS-treated GM-M@ showed an over-
representation of genes whose expression increases upon
STAT3 knockdown (Fig. 4h) and that knockdown of
STATS3 leads to a significant upregulation of Gene set 2
genes (Fig. 4i). Taken together, this set of experiments il-
lustrates that the activation of STAT3 notably contributes
to the acquisition of the LPS-treated M-M® transcriptome
and, more specifically, to the expression of Gene set 1.

Fig. 4. Contribution of STAT3 to the acquisition of Gene set 1 ex-
pression. (a) M-M@ and GM-M@ were treated with LPS, and cell
lysates obtained at the indicated time points and assayed for the
expression of phosphorylated and total STAT3 by Western blot
using specific antibodies. (Lower panel) Densitometric analysis of
the experiment shown above. b Experimental design for the RNA-
seq analysis on M-MQ transfected with a control (siCNT) or a
STAT3-specific siRNA (siSTAT3) before exposure to LPS for 4 h
(GSE180897) (lower panel) STAT3 protein expression in M-M@
transfected with control siRNA (siCNT) or a STAT3-specific siR-
NA (siSTAT3), and either before (untreated) or after LPS stimula-
tion (n = 3). ¢ Number of genes whose expression is significantly
(logoFC > [1]; adjusted p < 0.05) enhanced or reduced in either
M-M@ or M-M@ exposed to LPS. d Gene ontology of the 83
STAT3-dependent genes in M-M@ + LPS on the “ARCHS4 Tis-
sues” and “Ligand Perturbations from GEO UP” databases using
Enrichr. e Heatmap of the expression of genes significantly (log-
2FC >1; adjp <0.05) modulated by STAT3-specific siRNA in 3 in-
dependent samples of untreated or LPS-treated M-M@, as deter-
mined by RNAseq and using Genesis (https://genome.tugraz.at/
genesisclient/genesisclient_description.shtml). Selected genes for
each cluster are indicated, highlighting those within Gene set 1

IL-10-dependent Profile of Activated
M-CSE-Primed Macrophages

Since STAT3 is a major effector of IL-10 [51], we next
tested the involvement of IL-10 in Gene set 1 expression.
To that end, M-M® were exposed to LPS (4 h) in the pres-
ence of an anti-IL-10 neutralizing monoclonal antibody,
and the resulting transcriptomes were compared (Fig. 5a).
Blockade of IL-10 significantly (adjp <0.05) reduced the
LPS-inducibility of 254 genes and potentiated the LPS-
mediated upregulation of 248 genes (Fig. 5a), with most
of the 254 IL-10-upregulated genes being strongly in-
creased by LPS in M-MO (Fig. 5b). Noteworthy, the LPS-
upregulated expression of one-third (22) of the genes in
Gene set 1 was significantly inhibited in the presence of a
blocking antibody against anti-IL-10 (Fig. 5¢, d), imply-
ing that the expression of a significant number of genes
within Gene set 1 is IL-10-dependent. Furthermore, a
good overlap was seen between IL-10-dependent and
STAT3-dependent Gene set 1 genes, as the expression of
76% of genes affected by STAT3 knockdown was also im-
paired by the presence of the neutralizing anti-IL-10 an-
tibody (13 out of 17, Fig. 5¢c). However, analysis of the
IL-10-dependency of Gene set 1 also evidenced the exis-
tence of genes within Gene set 1 whose expression is IL-
10-independent (Fig. 5e). The IL-10-dependency of the
genes identified in Fig. 5c—e was further validated through
the use of the anti-IL-10 blocking antibody on an inde-
pendent set of M-M® validation samples (Fig. 5f). Note-
worthy, these confirmatory set of experiments not only
substantiated the presence of IL-10-dependent and inde-
pendent genes in Gene set 1 but also revealed the relevant

(blue) or Gene set 2 (red). f Venn diagram comparing the genes in
Gene set 1 or Gene set 2 with the genes whose expression in M-M@
+ LPS is significantly (log2FC >1; adjp <0.05) modulated by
STAT3-specific siRNA. g Expression of the indicated Gene set 1
genes in M-MQ transfected with control siRNA (siCNT) or a
STAT3-specific siRNA (siSTAT3) either before or after stimula-
tion with LPS (4 h) (GSE180897). h GSEA (http://software.
broadinstitute.org/gsea/index.jsp) of the ranked comparison of
the transcriptomes of M-M@ + LPS versus M-M@ + LPS, using the
genes whose expression in M-M@ + LPS is significantly (log2FC
>1; adjp <0.05) modulated (upregulated or downregulated) by
STAT3-specific siRNA. NES and FDRq are indicated in each case.
The identity of the genes within the leading edge is shown. i GSEA
(http://software.broadinstitute.org/gsea/index.jsp) of the ranked
comparison of the transcriptomes of siSTAT3-M-M® + LPS ver-
sus siCNT-M-M@ + LPS, using Gene set 1 or Gene set 2. NES and
FDRq are indicated in each case. The identity of the genes within
the leading edge is shown for Gene set 1, with indication of IL-
10-dependent genes indicated in Fig. 5 (blue). LPS, lipopolysac-
charide; FDRgq, false discovery rate q value; NES, normalized en-
richment score; GSEA, gene set enrichment analysis; M-M,
monocyte-derived human macrophages.
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Fig. 5. Contribution of IL-10 to the acquisition of Gene set 1 expres-
sion. a Experimental design for the RNAseq analysis on M-M© ex-
posed to LPS in the presence of a blocking anti-IL-10 antibody (anti-
IL-10) or an isotype-matched antibody (IgG) (GSE181250). (Lower
panel) Number of genes whose LPS-regulated expression is signifi-
cantly (log,FC> [1]; adjusted p < 0.05) enhanced or reduced in M-MQ
exposed to LPS in the presence of a blocking anti-IL-10 antibody
(anti-IL-10). b GSEA (http://software.broadinstitute.org/gsea/index.
jsp) of the statistics-ranked list of genes obtained from the M-MQ +
LPS versus untreated M-M@ limma analysis, using the genes whose
LPS-inducibility is significantly reduced by anti-IL-10 as data set.
Normalized Enrichment Score (NES) and FDRq are indicated in each
case. ¢ (Upper panel) Venn diagram comparing the genes in Gene set
1 with the genes whose LPS regulation is significantly affected by a
blocking anti-IL-10 antibody. (Lower panel) Venn diagram compar-
ing the genes in Gene set 1 with the genes whose LPS regulation is
downregulated by either STAT3 knockdown or a blocking anti-IL-10
antibody. d List of IL-10-dependent genes in Gene set 1. e Scatter plot
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on the genes with the highest M-M®@-specific LPS-upregulation,
showing their LPS-induced gene expression change (log,FC MMO +
LPS - log,FC GMMO + LPS, y-axis) plotted against their respective
susceptibility to the presence of a blocking anti-IL-10 antibody
(log,FC (anti-IL10/IgG2b), x-axis). The position of some informative
genes is indicated. f Expression of the indicated Gene set 1 genes in
LPS-stimulated M-M@ in the presence of a blocking anti-IL-10 anti-
body (anti-IL-10) or an isotype-matched antibody (IgG). Results in-
dicate the expression of each gene relative to its expression in non-
stimulated M-M@. Shown are the means and SD of 3 independent
experiments (n = 6; *, p < 0.05; ***, p < 0.005). g Correlation of the
expression on Gene set 1 genes with the expression of IL10 in breast
carcinoma (right panel) and head and neck cancer (left panel), as cal-
culated using TIMER (http://timer.cistrome.org), with indication of
the percentage of Gene set 1 genes whose positive correlation with the
indicated gene is p < 0.05. LPS, lipopolysaccharide; FDRq, false dis-
covery rate q value; GSEA, gene set enrichment analysis; M-M,
monocyte-derived human macrophages.
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contribution of IL-10 to the expression of genes like
IL21IR and CCLI19 (Fig. 5f), whose IL-10-dependency
could be seen when less stringent filtering (paired analy-
sis) was applied on the RNAseq data described in Fig-
ure 5a-e. Of note, and lending further relevance to this
finding, expression of most genes within Gene set 1 (both
IL-10-dependent and independent) very significantly
correlated with IL10 expression in breast invasive carci-
noma, where M-CSF-conditioned macrophages are path-
ological [58, 62, 63], as well as in head and neck cancer
(Fig. 5g). Therefore, IL-10 and STAT3 significantly con-
tribute to the expression of genes included within M-M@
+ LPS-specific Gene set 1, whose co-expression correlates
with that of IL-10 in vivo.

Discussion

Macrophages in inflamed tissues display a wide array
of polarization states, whose acquisition is driven by the
integration of extracellular cues and depends on macro-
phage ontogeny [64, 65]. In this regard, tissue-resident
and blood-borne tissue-infiltrating macrophages appear
to play distinct functional roles during inflammatory re-
sponses [2], with tissue-resident macrophages exhibiting
reparative and anti-inflammatory capabilities. Transcrip-
tional analysis of macrophage activation states in mice
and humans [26, 29, 66, 67] has mainly focused on mac-
rophages primed toward the pro-inflammatory side and
mostly after long-term exposure to activating stimuli.
However, since the transcriptome of pathogenic mono-
cyte-derived macrophages in various inflammatory pa-
thologies (COVID-19, rheumatoid arthritis, and fibrosis)
[4, 10-16] is under the control of factors that mediate the
generation of M-CSF-primed macrophages (M-MQ)
[17-20], we undertook the determination of the tran-
scriptome of M-MO after short-term exposure to activat-
ing agents. In this manner, we have identified a novel
gene set (Gene set 1) whose acquisition is partly depen-
dent on IL-10 and correlates with the expression of mac-
rophage-specific genes in inflammatory settings in vivo.

Single-cell sequencing of BALF immune cells from pa-
tients with COVID-19 has allowed the identification of
monocyte-derived macrophages as the pathologic mac-
rophage subsets that drive inflammation in severe CO-
VID-19 and other chronic inflammatory diseases (groups
1-3, MoAM1-3, CXCL10+/CCL2+) [10, 11, 16]. The
present study reveals that the genes that identify these
pathologic monocyte-derived macrophage subsets are
highly overrepresented in the transcriptome of LPS-treat-

IL-10-dependent Profile of Activated
M-CSE-Primed Macrophages

ed M-M@. Conversely, the transcriptome of GM-MQ +
LPS is enriched in genes that characterize subsets of resi-
dent alveolar macrophages (group 4, TRAM1-2, MRC1+
FABP4+) [10, 11, 16]. Actually, the significance of the
“M-M@ + LPS/GM-MQ + LPS” dichotomy was also evi-
dent when comparing the gene profiles of BALF cells
from COVID-19 patients with different degrees of sever-
ity [54-56], as the transcriptome of M-M® + LPS showed
an overrepresentation of genes associated to the severe
pathology. In addition, these results agree with the fact
that the gene profiles of pathologic monocyte-derived
macrophage subsets in severe COVID-19 are significant-
ly enriched in MAFB- and MAF-regulated genes [17], as
these 2 factors shape the transcriptome of M-CSE-primed
monocyte-derived human macrophages [18-20].

Among the genes within Gene set 1, the presence of
CCL19 and SOCS2 is worth noting as they might signifi-
cantly determine the effector functions of activated M-
CSF-dependent monocyte-derived macrophages. The
higher level of SOCS2 in LPS-activated M-M@ is particu-
larly relevant because SOCS2 acts as an anti-inflammato-
ry factor that promotes TRAF6 degradation [68], inhibits
TLR4 signaling in macrophages [69], and mediates the
anti-inflammatory actions of lipoxins [70, 71] and type I
IFN [72], and its levels are diminished in certain inflam-
matory pathologies [73]. Therefore, the higher levels of
SOCS2 could favor the acquisition of a state of refractori-
ness to TLR stimulation in LPS-activated M-M@. Re-
garding CCL19, its elevated production by activated
M-MO is reminiscent of the parallel expression of both
CCL19 and IL-10 in the anti-inflammatory response of
myeloid cell lines to certain gut-derived bacterial strains
[74] and has implications for the role of tissue-resident
macrophages during antitumor responses. CCL19 en-
codes a ligand for CCR7 [75], which determines T-lym-
phocyte recirculation and dendritic cell migration into
lymph nodes [76]. Unlike the alternative CCR7 ligand
(CCL21), CCL19 binding to CCR7 leads to receptor de-
sensitization [77, 78]. Therefore, CCL19 produced by ac-
tivated M-CSF-primed macrophages might impair emi-
gration of dendritic cells and T lymphocytes from tissues
toward the lymph nodes, thus inhibiting the generation
of immune responses, an activity that would be compat-
ible with the immunoregulatory (IL-10-producing) abil-
ity of activated M-CSF-dependent macrophages.

With respect to the mechanism underlying the acqui-
sition of Gene set 1, our results indicate that IL-10 de-
rived from activated M-MO significantly contributes to
the expression of 25% of the genes (22 out of 85) in Gene
set 1, a contribution that is higher if a lower statistical
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significance threshold is applied. IL-10 is a pleiotropic
cytokine with potent immunosuppressive ability on the
innate and adaptive immune systems, and strong anti-
inflammatory effects [79]. However, IL-10 exerts contra-
dictory actions on tumor immunity because it not only
contributes to an immunosuppressive tumor microenvi-
ronment but also inhibits the growth of numerous tu-
mors and induces CD8+ T-cell infiltration and cytotox-
icity within preestablished tumors [80, 81]. The ability of
IL-10 to exert tumor-promoting or tumor-suppressive
effects appears to depend on the timing of its secretion
and the cellular target [82]. Thus, although the role of the
IL-10-dependent Gene set 1 genes in tumor progression
is hard to predict, it is tempting to speculate that they
globally contribute to tumor progression because their
expression also correlates with the expression of the M-
CSF-encoding gene CSF1, which also potently promotes
progression of several tumor types [58, 83] (data not
shown). Indeed, and apart from ILIRN, CISH, SOCS2,
and SOCS3, Gene set 1 includes genes like CD274, which
codes for the PDL1 ligand of the immune checkpoint
PD1 to trigger co-inhibitory signals, and SLAMF1, which
regulates T-cell co-stimulation and cytokine production
[84].

In summary, our results demonstrate the existence of
a set of genes (Gene set 1) whose expression is exclusive
for activated M-CSF-primed monocyte-derived macro-
phages and that can be detected in vivo in various inflam-
matory conditions. The identification of Gene set 1 pro-
vides a useful set of tools to assess the prevailing state of
macrophage polarization in diseases where deregulated
macrophage polarization is pathologically relevant. Fur-
ther, as macrophage reprogramming has been proposed
as a therapeutic strategy for chronic inflammatory dis-
eases [40], the availability of Gene set 1 might facilitate
the design or evaluation of therapeutic protocols based on
macrophage reprogramming.
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