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malignant progression [1]. Tumour-associated macrophages 
(TAMs) are the most abundant population of tumour-infil-
trating immune cells in the TME and are crucial for regu-
lating T cell function, angiogenesis, ECM remodelling and 
metastasis [2]. Historically, TAMs have been categorized 

Introduction

The tumour microenvironment (TME), composed of can-
cer cells, immune cells, stromal cells and the extracellular 
matrix (ECM), plays an integral role in tumorigenesis and 
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Abstract
The tumour microenvironment (TME) is a highly structured ecosystem that surrounds a tumour and plays a crucial role 
in tumorigenesis. As one of the most abundant cell types in the TME, tumour-associated-macrophages (TAMs) can pro-
mote disease progression and resistance to therapy. Syndecan-3 (SDC3) is a cell-surface heparan sulphate proteoglycan 
expressed by TAMs, although its functional relevance in these cells remains unknown. Here, we demonstrated that pro-
inflammatory cytokines drive the expression of SDC3 on the cell surface of macrophages. Genetic ablation of SDC3 
in macrophages led to aberrant proliferation, adhesion and expression of CD40 and CD86 surface markers. Moreover, 
SDC3 defective macrophages exhibited distinctive gene expression patterns, leading to impaired tumour cell phagocy-
tosis and increased tumour cell proliferation. Mechanistically, a decrease in the secretion of pro-inflammatory cytokines 
was observed in SDC3 KO macrophages, concomitant with impaired T cell effector functions. Additionally, a higher 
angiogenic capacity was observed in endothelial cells when co-cultured with macrophages deficient for SDC3, possibly 
mediated through an increased release of VEGFA, PECAM-1 and IL-8 by SDC3 KO cells. Collectively, we have identi-
fied SDC3 as a modulator of macrophage functions aiming at supporting a pro-inflammatory and anti-tumour phenotype 
in these cells.
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into M1 or classically-activated macrophages, and M2 or 
alternatively-activated macrophages [3, 4]. In general, M1 
polarization has been defined by the expression of CD40, 
CD86, MHC-II and iNOS, and correlates with pro-inflam-
matory or anti-tumour functions, including cancer cell 
phagocytosis and T cell recruitment. Conversely, M2 mac-
rophages tend to exert a tumour-promoting phenotype and 
are characterized by the expression of CD206, CD163 and 
VEGFA. Nevertheless, this dichotomy is rarely reflected in 
the in vivo phenotypes of TAMs [5]. Indeed, recent stud-
ies have demonstrated that not all tumour-promoting TAMs 
present bona fide M2-like phenotypes, determining that 
TAMs exhibit a high degree of plasticity and are capable 
of displaying different phenotypes depending on their sur-
roundings [6, 7]. Given such unique roles in tumour pro-
gression and growth, TAMs have been targeted with novel 
immunotherapeutic agents, including inhibitors of macro-
phage polarisation, macrophage depletion and monoclo-
nal antibodies targeting cell-surface receptors. Overall, 
although these strategies still have to demonstrate major 
therapeutic impacts, the modulation of macrophages holds 
promise for cancer treatment [8, 9].

Syndecans (SDCs) are a family of type I transmembrane 
heparan sulphate proteoglycans (HSPGs) consisting of four 
members: SDC1-4. The core protein of these proteoglycans 
comprises a highly conserved cytoplasmic domain, a single 
transmembrane domain and a larger N-terminal extracellu-
lar domain where several glycosaminoglycan (GAG) chains 
are attached [10]. Through the GAG chains, SDCs interact 
with a range of extracellular matrix molecules, growth fac-
tors, adhesion receptors, cytokines, chemokines and other 
proteinases, mediating both cell–cell and cell–matrix inter-
actions. As a result, SDCs participate in a wide range of 
signalling events leading to cell adhesion, angiogenesis, 
tumour development, inflammation and tissue repair [11–
15]. Based on protein sequence homology, the four family 
members are divided into two sub-families, whereby SDC1 
and SDC3 form the first subfamily and SDC2 and SDC4 
form the other. However, their expression in different tissues 
is distinct from this classification. SDC1 is constitutively 
expressed in epithelial and plasma cells, whereas SDC2 is 
mainly expressed in mesenchymal cells, such as fibroblasts 
and smooth muscle cells. SDC3 has been mainly found in 
neural tissues and developing musculoskeletal tissues, and 
the expression of SDC4 is ubiquitous [16]. Enhanced under-
standing of the regulation of SDCs has led to the discovery 
of novel proteoglycan functions in the modulation of can-
cer progression, invasion and metastasis [17]. In line with 
the latter, we recently demonstrated that SDC3 is expressed 
by TAMs and endothelial cells in the TME. Moreover, its 
bulk expression correlates with a better overall survival 
on hypoxic melanoma tumours [18]. However, the role of 

SDC3 on TAMs and its possible impact on tumour develop-
ment and progression remain elusive. In this context, fur-
ther knowledge of SDC3 could facilitate the identification 
of novel therapeutic targets in TAMs for cancer treatment.

Here, we investigated the role of SDC3 in the regula-
tion of the functions of macrophages. We found that the 
expression of SDC3, but not the other members of the SDC 
family, is increased in response to pro-inflammatory/anti-
tumour cytokines. Deletion of this gene resulted in reduced 
adhesion and expression of cell surface markers in mac-
rophages. RNA sequencing analysis detected significant 
changes in pathways related to inflammation, angiogenesis 
and T cell activation in SDC3 deficient macrophages. This 
phenotype was functionally translated into an increased 
tumour spheroid formation capacity and a decreased abil-
ity to phagocytose tumour cells. Mechanistically, SDC3 
positively regulated the secretion of pro-inflammatory cyto-
kines, resulting in an enhanced capacity to eliminate patho-
genic bacteria. Moreover, SDC3 deficient TAMs showed a 
decreased ability to activate T cells and an increased angio-
genic capacity. Together, these findings reveal the ability of 
SDC3 to enhance the function of pro-inflammatory TAMs. 
Since pro-inflammatory TAMs are found to be beneficial 
as anti-tumour therapies [8], our results identify SDC3 as a 
potential target for TAM-targeted cancer immunotherapies.

Materials and methods

Cell culture

THP-1 human monocytic cell line was obtained from the 
American Type Culture Collection (ATCC Cat. #: TIB-
202) and was cultured in RPMI 1640 GlutaMAX (Gibco 
Cat. #: 61870010) supplemented with 10% FBS (Ther-
moFisher Scientific Cat. #: 10270106) and 1% Penicillin-
Streptomycin (ThermoFisher Scientific Cat. #: 15140122). 
MDA-MB-231 human breast cancer cell line (ATCC Cat. 
#: CCL-185) was cultured in DMEM F-12 K (Gibco Cat. 
#: 31331028) supplemented with 10% FBS (ThermoFisher 
Scientific Cat. #: 10270106) and 1% Penicillin-Streptomy-
cin (ThermoFisher Scientific Cat. #: 15140122). MDA-
MB-231 cells were transduced with a lentivirus expressing 
luciferase-GFP and sorted to generate MDA-MB-231-GFP 
cells, that were cultured as above. Human Umbilical Vein 
Endothelial Cells (HUVEC Promocell Cat. #: C-12203) 
were cultured in Endothelial Cell Growth Medium (ECM, 
Promocell Cat. #: C-22010) containing 10% FBS and grown 
in 1% pig gelatin (Sigma Cat. #: G9391)-coated plates. All 
cells were maintained at 37 °C in a 5% CO2 atmosphere.
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Macrophage differentiation and polarization

1.5 × 106 cells THP-1 cells were differentiated with 20 ng/
ml of phorbol 12-myristate 13-acetate (PMA, Sigma Cat. #: 
524400) for 24 h in 6-well plates. After 24 h, the medium 
was changed. The following day, differentiated THP-1 mac-
rophages were polarized adding recombinant human IFNγ 
(100 ng/mL, Biolegend Cat. #: 570206), IL-4 (20 ng/ml, 
Miltenyi Biotec S.L Cat. #: 130-112-411), or IL-13 (20 ng/
ml, Miltenyi Biotec S.L Cat. #: 130-094-117) for a further 
24, 48–72 h.

Knockout of SDC3 by CRISPR/Cas9

Deletion of SDC3 in THP-1 cells was performed using the 
following TrueGuide Synthetic gRNAs (sgRNAs) from 
ThermoFisher Scientific: CRISPR923443_SGM TrueGuide 
Synthetic sgRNA SDC3 (target DNA sequence: ​A​A​C​T​G​G​
A​T​G​A​C​C​T​C​T​A​C​T​C​G Cat. #: A35511) targeting the exon 2 
of human SDC3 gene. Ribonucleoprotein (RNP) complexes 
were generated with 30 pmol of TrueCut Cas9 protein v2 
(Invitrogen Cat. #: A36496) and 30 pmol of sgRNA. RNP 
complexes were introduced into cells using the Neon trans-
fection system (Invitrogen Cat. #: MPK 1025) following the 
manufacturer’s instructions. 72 h after transfection, single-
cell dilutions were performed in 96-well plates by sorting 
of transduced cells with a BD FACSAria Fusion sorter 
(BD Biosciences) (purity > 95%). Cells were grown and the 
absence of SDC3 was confirmed in each clone by Western 
blot.

Overexpression of SDC3

For SDC3 overexpression, the codon-optimized sequence of 
human full-length SDC3-3xFlag was synthetized and sub-
cloned into a puromycin lentiviral vector: pLV-MSCV (Gen-
script). For the generation of lentiviral particles, 50–70% 
confluent HEK293T cells were transfected with JetPEI kit 
(Polyplus transfection #101–10 N) using a mix of lentiviral 
plasmids: 4 ug of psPAX2 (Addgene plasmid Cat. #: 12260), 
1.5 ug of VSV-G (Addgene plasmid Cat. #: 8454) and 5 ug 
of SDC3 of the plasmid. After 48 h, lentiviral particles were 
harvested from the supernatant, filtered through a 0.45 μm 
filter and transduced into SDC3 KO THP-1 cells. SDC3 KO 
OE THP-1 cells were selected with 1.0 µg puromycin.

Isolation and culture of CD8+ T cells

With the approval of the Ethical and Scientific Committees 
(code CEIC E19-75), human peripheral blood mononuclear 
cells (PBMCs) were isolated from buffy coats provided by 
the Basque Biobank by Ficoll-Paque Plus (Cytiva Cat. #: 

17144003) density centrifugation (1200 g for 10 min at RT) 
using SepMat-50 tubes (StemCell Cat. #: 85450). CD8+ T 
cells were magnetically isolated using the EasySep Human 
CD8+ T Cell Isolation Kit (StemCell Cat. #: 17953RF) and 
a RoboSep cell separator (StemCell) according to the manu-
facturer’s indications. Human CD8+ T cells were grown in 
OpTmizer™ CTS medium (ThermoFisher Scientific Cat. #: 
A1048501) supplemented with CTS Immune Cell Serum 
Replacement (ThermoFisher Scientific Cat. #: A2596101) 
and hIL2 (100 IU/ml, Miltenyi Biotec Cat. #: 097–743). For 
macrophage-T cell co-cultures, on the day of the experiment, 
300.000 CD8+ T cells were added to 500.000 previously dif-
ferentiated THP-1 macrophages in media containing 5 µg/
ml of anti-CD3 (BD Biosciences Cat. #: 567118). CD8+ 
T cells were collected after 4 days and analysed by flow 
cytometry. For some of the conditions, CD8+ T cells were 
first pelleted and mixed with 5 µM of CFSE reagent (Ther-
moFisher Scientific Cat. #: C34554) for 7 min at 37 °C in 
the dark, followed by two washes, before incubation for 4 
days.

Flow cytometry

Cells were blocked with a TruStain FcX blocker (Biolegend 
Cat. #: 101320) for 10 min at RT, followed by an incuba-
tion in the presence of fluorochrome-conjugated antibodies 
(listed in Supplementary Table 1) in flow cytometry staining 
buffer (Invitrogen Cat. #: 00-4222-26) for 30  min at 4°C 
in the dark. DAPI (ThermoFisher Scientific Cat. #: D1306) 
was used as a viability dye. Cells were acquired in a BD 
FACS Symphony A3 flow cytometer.

Cytokine quantification and ELISAs

Quantification of cytokines was performed with the LEG-
ENDplex™ HU Essential Immune Response Panel. Briefly, 
beads pre-coated with antibodies for IL-4, IL-2, CXCL10 
(IP-10), IL-1β, TNF-α, CCL2 (MCP-1), IL-17  A, IL-6, 
IL-10, IFNγ, IL-12p70, CXCL8 (IL-8) and Free Active 
TGF-β1, were incubated with cell supernatants. Once the 
analyte was bound, a cocktail of biotinylated antibodies 
was added, followed by PE-Streptavidin, which served to 
quantify cytokine concentrations alongside a standard curve 
by flow cytometry. Quantification of angiogenic factors 
was performed with the LEGENDplex™ Human Angio-
genesis Panel 1. Briefly, beads pre-coated with antibodies 
for IL-6, Angiopoietin-1, Angiopoietin-2, EGF, FGF-basic, 
CXCL8 (IL-8), PECAM-1, PlGF, VEGF, TNF-α were incu-
bated with cell supernatants. Once the analyte was bound, 
a cocktail of biotinylated antibodies was added, followed 
by PE-Streptavidin, which served to quantify cytokine con-
centrations alongside a standard curve by flow cytometry. 
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Kit (ThermoFisher Scientific Cat. #: Q32855) and Agi-
lent RNA 6000 Nano Chips (Agilent Technologies Cat. #: 
5067 − 1511), respectively. A total of 1 ug of mRNA was 
isolated, fragmented and primed. The first cDNA strand 
was synthesized with SuperScript-II Reverse Transcriptase 
(ThermoFisher Scientific Cat. #: 18064-014) and libraries 
were prepared using TruSeq Stranded mRNA library Prep 
kit (Illumina Inc. Cat. #: 20020594) and TruSeq RNA CD 
Index Plate (96 Indexes, 96 samples, Illumina Inc. Cat. #: 
20019792), following the TruSeq Stranded mRNA Sam-
ple Preparation Guide (Part #15031058 Rev. E). The final 
dsDNA libraries were quantified by Qubit dsDNA HS DNA 
Kit (ThermoFisher Scientific Cat. #: Q32854) and qualified 
by an Agilent 2100 Bioanalyzer using Agilent High Sensi-
tivity DNA kit (Agilent Technologies Cat. #: 5067 − 4626). 
Illumina 100 nucleotides paired-end sequencing was per-
formed in a NovaSeq6000 (Illumina Inc.).

For the RNAseq analysis, sequencing data were converted 
into raw data (FASTQ files) using the Illumina bcl2fastq 
Conversion Software. QC and metric calculation of all fastq 
files were done with fastQC version v0.11.6. Compilation 
for inspection of all fastQC reports was done using mul-
tiQC version 1.13. Adapter trimming was performed using 
fastp version 0.23.2. Alignments of the reads into the refer-
ence genome hg38.bwa was performed using STAR version 
2.7.10b. PCR Duplicates were removed from aligned BAM 
files with picard version 2.27.5 using the MarkDuplicates 
command. Additional statistics and information on the pro-
cessed BAM files for inspection were obtained using sam-
tools version 1.16.1 using the flagstat command and picard 
version 2.27.5. Indexing aligned BAM files was done using 
samtools version 1.16.1. Reads for analysed features were 
assigned and counted from the processed BAM files using 
SubRead’s FeatureCounts version v2.0.3. Differential gene 
expression analysis was performed by the DESeq2 ver-
sion 1.40.2 [REF]. GSEA was performed in R using fgsea 
[20] and MSigDBR [21] packages. Hallmark and C2 to C7 
gene collections were used. Volcano plots were generated 
using the ggplot2 package. The data is available and has 
been uploaded into the GEO repository (GEO accession 
GSE273450).

Phagocytosis assays

For the S. aureus particle phagocytosis assay, ThermoFisher 
Scientific Nunclon Sphere (ThermoFisher Scientific Cat. #: 
174929) U-shape 96-well plate was used. 100 µl containing 
200.000 WT or SDC3 KO THP-1 cells were incubated in 
each well with 100 µl of pHrodo™ Green S. aureus biopar-
ticles (ThermoFisher Scientific Cat. #: P35367) for 1 h at 
37 °C. pHrodo bioparticles are non-fluorescent outside 
the cell at neutral pH but fluoresce brightly in acidic pH 

Levels of VEGFA on cell supernatants were analysed using 
the Human VEGF ELISA Kit (R&D Systems Cat. #: 
DVE00), as per manufacturer´s instructions. Levels of TNF 
on cell supernatants were analysed using the Human TNF-
alpha DuoSet ELISA (R&D Systems Cat. #: DY210), as per 
manufacturer´s instructions.

Western blot

Total cells were collected using 2 mM EDTA for 10 min, 
centrifuged and lysed with RIPA buffer (ThermoFisher Sci-
entific Cat. #: 89900). Protein quantification was performed 
using the Pierce BCA Protein Assay Kit (ThermoFisher Sci-
entific Cat. #: 23227). The procedure was followed as previ-
ously described [19]. Band intensities were determined by 
densitometric analysis using FIJI software.

Immunofluorescence (IF)

THP-1 cells were polarized on coverslips as described above 
and fixed in ice-cold methanol for 10 min. Next, permeabi-
lization was performed using 0.1% triton X-100 for 5 min 
at RT, followed by blocking with 3% BSA for 15 min at RT. 
SDC3 primary antibody (R&D Systems Cat. #: AF3539), 
was incubated overnight at 4 °C in blocking buffer. The next 
day, coverslips were incubated with secondary anti-goat 
555 antibody and DAPI for 2 h at RT, followed by wash-
ing and mounting with a ProLong gold antifade reagent. In 
some experiments, Phalloidin (Sigma Cat. #: P1951) was 
included with the secondary antibodies.

RT-qPCR

Total mRNA was extracted using the NucleoSpin RNA 
kit (Macherey-Nagel Cat. #: 740955.250), following 
manufacturer´s instructions. cDNA was synthesized using 
1 µg of purified mRNA with M-MLV reverse transcriptase 
(ThermoFisher Scientific Cat. #: 28025-013) and random 
primers (ThermoFisher Scientific Cat. #: 58875) following 
manufacturer’s instructions. RT-qPCR was performed in a 
Real-Time PCR System (ThermoFisher Scientific) using 
PerfeCTa SYBR Green SuperMix reagent (Quantabio Cat. 
#: 95056-500) and gene-specific primers (Supplementary 
Table 2). Data was analyzed using QuantStudio version 1.3 
(ThermoFisher Scientific), as described in previous work 
[19].

RNA sequencing and analysis (RNAseq)

Total mRNA was extracted using the NucleoSpin RNA kit 
(Macherey-Nagel Cat. #: 740955.250). RNA sample quan-
tity and quality were evaluated using Qubit RNA HS Assay 
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3 instrument (ThermoFisher Scientific product number: 
AMQAX2000).

Proteome profiler array

Differentiated WT and SDC3 KO THP-1 macrophages were 
polarized with 100 ng/ml of IFNγ for 2 h. Cells were col-
lected with TrypLE (Gibco Cat. #: 2785288) and washed 
twice with PBS. For phospho-kinase identification, the Pro-
teome Profiler Human Phospho-Kinase Array Kit was used 
(R&D Systems Cat. #: ARY003C) following the manufac-
turer’s instructions.

Tube formation assay

96-well plates (Corning Cat. #: 3595) were pre-coated with 
50 µl of Matrigel (Corning Cat. #: 356231) for 1 h at 37 
°C. HUVECs were dissociated with Trypsin-EDTA (0,25%) 
(ThermoFisher Scientific Cat. #: 25200056) and 30.000 
cells were resuspended in 150 µl of THP-1 WT/KO-condi-
tioned medium for 24 h at 37 °C. Tube formation was photo-
graphed under an Olympus IX-83 inverted microscope and 
analysed with FIJI software.

Cell migration assay

Cell migration was analysed using the xCELLigence Cell 
Invasion & Migration platform (Agilent). Briefly, THP-1 
WT/KO conditioned medium was added to the lower 
chamber of Xcelligence 16-well CIM-Plates (Agilent 
Cat#: 5665825001). On the top chamber, 20.000 HUVECs 
were seeded, and migration was measured in real-time 
using the xCELLigence platform (Agilent), according to 
manufacturer´s instructions.

Statistics

Statistical analyses were performed using GraphPad PRISM 
8 software (GraphPad). Plots show mean ± standard error 
of the mean (SEM). Comparisons between two groups 
were carried out using the paired Student’s t test. One-way 
ANOVA or two-way ANOVA with Tukey’s or Bonferroni′s 
post hoc test were performed for multiple group compari-
sons. Significant p values are indicated in Figure legends.

environments, such as those of endosomes and lysosomes. 
To inhibit phagocytosis, cells were pre-treated with 10 µM 
Cytochalasin D (ThermoFisher Scientific Cat. #: PHZ1063). 
After 1 h, cells were collected for flow cytometry analysis 
and green fluorescence within THP-1 cells was calculated, 
normalized to the WT condition. Part of the sample was col-
lected, stained with DAPI and Phalloidin, and cytospined 
onto slides. Slides were then fixed with ProLong gold 
antifade reagent (ThermoFisher Scientific, Cat. #: P3693), 
before acquisition with a Leica SP8 Lightning confocal 
microscope. For the cancer cell phagocytosis assay, 30.000 
MDA-MB-231-GFP cells and 100.000 THP-1 WT or SDC3 
KO cells were co-cultured in a U-shaped 96-well Thermo-
Fisher Scientific Nunclon Sphere plate (ThermoFisher Sci-
entific Cat. #: 174929). The mixture was incubated at 37 °C 
overnight. The next day, the cells were collected for flow 
cytometry analysis and GFP within THP-1 cells was used 
to calculate phagocytosis rate, normalised to the MDA-MB-
231-GFP cells. Part of the sample was collected, stained 
with DAPI and cytospined onto slides. Slides were then 
fixed with ProLong gold antifade reagent (ThermoFisher 
Scientific, Cat. #: P3693), before acquisition with a Leica 
SP8 Lightning confocal microscope.

Breast cancer cell spheroid formation and 
proliferation assays

2.000 MDA-MB-231-GFP and THP-1 WT or SDC3 KO 
cells were co-cultured in a 96-well U-shaped plate (Ther-
moFisher Scientific Cat. #: 174929) and incubated at 37 °C 
to let spheroids naturally form. Pictures were taken every 
day in a Nikon Eclipse TS100 microscope. After 7 days of 
incubation, spheroids were collected for proliferation analy-
sis by flow cytometry using counting beads (Invitrogen Cat. 
#: C36950).

Cell adhesion assay

THP-1 cells (150.000 cells/well) were cultured using a 
48-well plate (Corning Cat #: 3548) in medium without 
FBS containing 2mM CaCl2, 2mM MgCl2 and 20 ng/ml of 
PMA for 1 h at 37 °C, followed by washing and staining 
with 0.2% crystal violet (Sigma Cat #: C6158). Stained cells 
were further lysed with 10% acetic acid and the optical den-
sity (OD) was measured at 595 nm in a PerkinElmer Victor 
Nivo multi-plate reader.

Cell proliferation

1 × 106 THP-1 WT, SDC3 KO and SDC3 KO OE cells were 
cultured in 7  ml of culture medium. Cell numbers were 
counted daily using an automated cell counter Countess 
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that pro-inflammatory cytokines may induce SDC3 expres-
sion in macrophages.

Syndecan-3 regulates the proliferation and 
adhesion of macrophages

To further explore the role of SDC3 in TAMs, we gener-
ated SDC3 KO THP-1 cells using CRISPR/Cas9 (Fig. 2a). 
Here, the expression of SDC3 was completely abolished in 
SDC3 KO macrophages, which was further confirmed by 
flow cytometry (Fig. 2b and Supplementary Fig. 2a). These 
cells showed no difference in the percentage of live cells 
compared to WTs, and the activation of common signalling 
pathways remained unchanged (Supplementary Fig. 2b and 
c). Nevertheless, the phosphorylation of PYK2, RSK1/2/3 
and HSP27 kinases was increased in SDC3 KO THP-1 cells 
compared to WT macrophages (Supplementary Fig. 2d).

To functionally assess the impact of SDC3 deletion, we 
first analyzed the expression of the other members of the 
SDC family in SDC3 KO macrophages. The expression 
of SDC1, 2 and 4 was not altered upon SDC3 deletion in 
macrophages (Supplementary Fig. 2e). Next, we evaluated 
the phenotype of IFNγ-stimulated SDC3 WT vs. KO THP-1 
macrophages. While IFNγ stimulation promoted flat and 
pancake-like shaped macrophages characteristic of a pro-
inflammatory phenotype [26], this identity was lost in SDC3 
KO macrophages, that displayed a more rounded phenotype 
(Fig.  2c). Moreover, SDC3 KO THP-1 cells proliferated 
more compared to WT cells (Fig. 2d), in line with previously 
demonstrated SDC3-dependent effects in the proliferation 
of other cell types [27–29]. Next, given the well-established 
role of SDCs in cell adhesion [11], we evaluated the loss 
of proliferative function and increased adhesion ability of 
THP-1 cells in response to PMA. Here, SDC3-deficient 
macrophages showed significantly reduced adhesion capac-
ity in response to PMA, when compared to WT THP-1 
cells (Fig. 2e). To directly assess the contribution of SDC3 
to the above functions, we overexpressed SDC3 in SDC3 
KO THP-1 cells (Supplementary Fig. 3a). Here, the expres-
sion of SDC3 was greatly increased compared to SDC3 KO 

Results

IFNγ promotes the expression of Syndecan-3 on 
human macrophages

The plethora of cytokines produced in the TME play impor-
tant roles in cancer pathogenesis. They can either promote 
tumour growth and facilitate metastasis, or alternatively, 
inhibit tumour development and progression [22]. IFNγ, 
a long-recognized player during cancer progression, can 
stimulate the cytotoxic activity of immune cells against 
tumour cells, resulting in anti-tumour immune responses. 
Additionally, it can stimulate the activity of pro-inflamma-
tory macrophages within the TME, to inhibit tumour pro-
gression [23]. Instead, IL-4 and IL-13 promote polarization 
of macrophages towards an anti-inflammatory state, result-
ing in a tumour promoting activity [24]. To investigate the 
potential role of IFNγ in inducing the expression of SDCs 
in human macrophages, we differentiated THP-1 human 
monocytic cells to macrophages and analyzed the levels 
of expression of all members of the SDC family (Fig. 1a). 
Here, the expression of SDC1 was significantly downregu-
lated in response to IFNγ, while SDC2 and SDC4 remained 
unchanged following 24 h of stimulation. Interestingly, the 
expression of SDC3 was robustly increased after IFNγ treat-
ment, with ∼ 5-fold higher expression compared to control 
macrophages. Of note, SDC2, SDC3 and SDC4 showed 
comparable absolute gene expressions, whereas the amount 
of SDC1 message was notably decreased (Supplementary 
Fig. 1a). Given the cell surface expression of SDCs, we next 
sought to investigate the presence of SDC1-4 at the protein 
level on the cell surface of control and IFNγ-treated THP-1 
macrophages by flow cytometry. IFNγ-treated macrophages 
showed a significant increase in cell surface expression of 
SDC3 at 24, 48 and 72 h, but not the other members of the 
family (Fig. 1b and Supplementary Fig. 1b). Notably, PMA 
activation has previously been associated to an induction 
of SDC shedding in other cell types [25], however, treat-
ment with PMA did not induce a decrease in cell surface 
SDC protein levels in THP-1 cells (Supplementary Fig. 1c). 
To confirm the expression of SDC3 in response to pro-
inflammatory cytokines, THP-1 macrophages were subse-
quently immunostained following 24 h of stimulation with 
IFNγ, revealing a clear membrane localization of SDC3 
(Fig. 1c). Importantly, stimulation of macrophages with the 
anti-inflammatory/pro-tumour cytokine cocktail IL-4/IL-13 
showed no immunostaining of SDC3. Similarly, expres-
sion of SDC3, but not the other SDCs, was upregulated in 
response to IFNγ in THP-1 macrophages. Interestingly, this 
effect was not found with IL-4/IL-13 treatment (Fig. 1d and 
Supplementary Fig. 1d). Overall, IFNγ induced an upregula-
tion of SDC3, but not the other family members, suggesting 

Fig. 1  SDC3, but not the other syndecans, is upregulated in response 
to IFNγ in human macrophages. (a) SDC1, SDC2, SDC3 and SDC4 
mRNA levels in control and IFNγ-treated THP-1 macrophages, as 
assessed by RT-qPCR (n = 4–6). (b) Representative flow histograms 
(upper panel) and pooled data (lower panel) showing the protein 
expression of SDC1, SDC2, SDC3 and SDC4 in control and IFNγ-
treated THP-1 macrophages (n = 4–6). (c) Representative confocal 
images (n = 3) of control, IFNγ- or IL-4/IL-13-treated THP-1 mac-
rophages immunostained for DAPI and SDC3 (scale bar 5 μm). (d) 
SDC3 mRNA levels in control, IFNγ- and IL-4/IL-13-treated THP-1 
macrophages, as assessed by RT-qPCR (n = 3). Means ± SEM. Sta-
tistically significant difference from controls or between indicated 
groups is shown by ns: not significant, **p < 0.01, ***p < 0.001 and 
****p < 0.0001
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SDC3 KO macrophages in response to PMA (Supplemen-
tary Fig. 3c and d), suggesting a regulatory role for SDC3 
in these macrophage functions. Furthermore, to gain insight 

macrophages (Supplementary Fig. 3b). This strategy signifi-
cantly reverted the excessive proliferation observed in SDC3 
KO cells, and partially recovered the impaired adhesion of 
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Fig. 2  SDC3 deficient macrophages exhibit aberrant proliferation, 
adhesion and expression of cell surface markers. (a) Representative 
immunoblots (n = 3) of WT or SDC3 KO THP-1 macrophages stimu-
lated with either 100 ng/ml of IFNγ or 20 ng/ml of IL-4/IL-13 cocktail. 
(b) SDC3 mRNA levels in control, IFNγ- and IL-4/IL-13-treated WT 
or SDC3 KO THP-1 macrophages, as assessed by RT-qPCR (n = 3) (c) 
Representative brightfield images of WT or SDC3 KO THP-1 macro-
phages (scale bar 20 μm, n = 3). (d) Proliferation of WT or SDC3 KO 

THP-1 cells up to 5 days (n = 3). (e) Adhesion activity of WT or SDC3 
KO THP-1 macrophages, as quantified by Crystal Violet (n = 2–3). 
(f) Flow cytometry data showing the expression of CD40, CD86 and 
CD163 in WT or SDC3 KO THP-1 macrophages stimulated with 100 
ng/ml of IFNγ (n = 7). Means ± SEM. Statistically significant difference 
from controls or between indicated groups is shown by ns: not signifi-
cant, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001
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Syndecan-3 defective macrophages show distinctive 
gene expression patterns

To understand the transcriptional changes governed by 
SDC3, we next performed RNA sequencing of WT and 
SDC3 KO THP-1 macrophages in response to IFNγ. Here, 
several genes were found to be differentially expressed in 
SDC3 KO macrophages (Fig. 3a), confirming a distinctive 
gene expression signature upon SDC3 deletion. In order to 
understand whether these genes participated in the same 
biological processes, we performed gene set enrichment 
analysis (GSEA) (Fig. 3b and Supplementary Fig. 4) [30]. A 
total of 1.325 gene sets based on prior published data were 
analyzed, including biological pathways, response to drug 

into potential changes in the expression of macrophage 
markers upon SDC3 deletion, we applied flow cytometry to 
the study of classical M1- and M2-like membrane markers 
(Fig.  2f and Supplementary Fig.  2f). Results showed that 
IFNγ-stimulated SDC3-deficient macrophages exhibited a 
decrease in classical M1 markers CD40 and CD86 expres-
sion, when compared to IFNγ-stimulated WT cells. Addi-
tionally, the upregulation of CD163 observed in response 
to IFNγ in WT macrophages was lost in SDC3 KO THP-1 
macrophages. Altogether, SDC3-deficient macrophages 
exhibited aberrant proliferation, adhesion and expression of 
typical activation markers, revealing SDC3 as an effective 
modulator of macrophage functions.

Fig. 3  SDC3-defective macrophages show distinctive gene expression 
patterns. (a) Heatmap of differentially expressed genes in IFNγ-treated 
THP-1 WT and SDC3 KO macrophages (n = 3, purple represents 
upregulation and green represents downregulation). (b) Differentially 
expressed pathways in IFNγ-treated THP-1 WT and SDC3 KO macro-
phages where blue represents pathways upregulated in SDC3 KO mac-

rophages, and orange represents downregulated pathways in SDC3 KO 
macrophages (n = 3). (c) TNF, IL10, iNOS, PD-L1, CD86, and VEGFA 
mRNA levels in IFNγ-treated THP-1 WT and SDC3 KO macrophages, 
as assessed by RT-qPCR (n = 3). Means ± SEM. Statistically signifi-
cant difference from controls or between indicated groups is shown by 
*p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001
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macrophages is protective during tumour progression and 
growth.

Syndecan-3 enhances macrophage pro-
inflammatory functions

Macrophages are vital players of the innate immune response 
and play pivotal roles in the regulation of inflammation 
[37]. As phagocytes, one of their best-established roles is to 
ingest and eliminate pathogens, essential for tissue homeo-
stasis, inflammation and host defence [38]. To understand 
whether SDC3 may play a role in bacterial phagocytosis, 
the uptake of S. aureus bioparticles was analyzed in IFNγ-
stimulated WT or SDC3 KO THP-1 macrophages. Here, 
SDC3-deficient cells exhibited reduced phagocytosis of 
the Gram-positive bacteria compared to controls (Fig. 5a). 
Of note, while IFNγ-stimulated WT macrophages showed 
reduced phagocytic capacity, as previously described [39–
41], the phagocytosis of S. aureus exerted by SDC3-defi-
cient cells remained unchanged in response to IFNγ. This 
suggests that, upon SDC3 deletion, the effect of IFNγ in the 
phagocytic capacity of macrophages is lost. The engulfment 
of foreign agents by macrophages is accompanied by the 
production and release of cytokines to mediate an effective 
immune response [31]. In aiming to investigate the effect of 
SDC3 deletion in the release of cytokines by macrophages, 
we analyzed a portfolio of proteins by flow cytometry in the 
supernatants of IFNγ-stimulated WT or SDC3 KO THP-1 
macrophages (Fig. 5b and Supplementary Fig. 5a). MCP-
1, one of the key chemokines that regulates migration and 
infiltration of monocytes and macrophages [42], was drasti-
cally reduced in response to IFNγ in SDC3 deficient mac-
rophages. Moreover, supernatants from SDC3 KO THP-1 
macrophages neglected to show IL-10 secretion, critical 
in limiting immune-mediated pathology [43]. In addition, 
the pro-inflammatory cytokine TNF was also decreased 
in supernatants from SDC3-deficient THP-1 macrophages 
(Supplementary Fig.  5b). Nevertheless, secretion of the 
neutrophil chemoattractant IL-8 was increased in IFNγ-
stimulated SDC3 KO THP-1 macrophages when compared 
to controls. These results are in line with the previously 
identified gene expression patterns observed in SDC3 KO 
macrophages (Fig. 3c).

Some cytokines are sentinels of the innate immune system 
and mediate the transition from innate to adaptive immunity, 
acting as chemoattractants for T and B cells. Additionally, 
macrophages express major histocompatibility complex 
molecules on their membranes, and as such, also present 
antigens to lymphocytes [31]. To clarify the role of macro-
phage SDC3 in the regulation of T cells, we established co-
cultures of IFNγ-stimulated WT or SDC3 KO macrophages 
and CD8+ T cells. Here, SDC3-deficient macrophages 

treatments, metabolic pathways, transcriptional programs 
and stress responses. GSEA analysis revealed that SDC3 KO 
macrophages showed an upregulation of pathways related 
to angiogenesis, protein secretion, TNF signalling and pro-
liferation and differentiation such as IL6/STAT3. However, 
pathways involved in inflammatory responses, epithelial-to-
mesenchymal transition (EMT) and apical junctions were 
downregulated. To confirm these results, gene expression 
was measured in IFNγ-treated WT and SDC3 KO THP-1 
macrophages by RT-qPCR (Fig. 3c). The expression of genes 
related to inflammation such as TNF, IL-10 or iNOS [31] 
was significantly decreased in macrophages deficient for 
SDC3. Additionally, SDC3 KO THP-1 macrophages exhib-
ited an upregulation of the expression of PD-L1, a pivotal 
immune checkpoint that, through binding to PD-1, controls 
the induction and maintenance of immune tolerance [32]. In 
line with this, CD86, an essential co-stimulatory signal for 
T cell activation [33], was downregulated in SDC3-deficient 
macrophages. Finally, expression of VEGFA, the quintes-
sential angiogenic factor [34], was significantly higher in 
SDC3 KO macrophages. Collectively, pathways related 
to inflammation, T cell activation and angiogenesis were 
altered in SDC3-deficient macrophages. These processes 
regulate TME-mediated tumour progression and growth, 
suggesting a role for SDC3 in tumorigenesis.

Syndecan-3 in macrophages plays a role in tumour 
cell phagocytosis and proliferation

Hypothesizing a link between macrophage SDC3 and 
tumour progression, we next assessed macrophage-medi-
ated tumour cell phagocytosis, a key process for tumour 
cell-killing, antibody-dependent cellular cytotoxicity and 
vascular damage [35]. With this aim, IFNγ-stimulated WT 
or SDC3 KO THP-1 macrophages were co-cultured with 
MDA-MB-231-GFP breast cancer cells, and phagocytosis 
was measured by flow cytometry. IFNγ-stimulated SDC3-
deficient macrophages showed significantly decreased 
phagocytic capacity, with ∼ 3-fold lower phagocytosis rate 
compared to WT cells (Fig. 4a). To investigate the role of 
SDC3 in tumour development in a more relevant setting, we 
took advantage of organoid-spheroid models that provide an 
in vitro 3D platform resembling tumour growth [36]. Briefly, 
MDA-MB-231-GFP cells were co-cultured with IFNγ-
stimulated WT or SDC3 KO THP-1 macrophages and after 
1, 3, and 6 days, the spontaneous formation of spheroids 
was quantified by flow cytometry. Upon IFNγ-stimulation, 
SDC3 KO macrophages promoted a significant increase in 
MDA-MB-231-GFP cell spheroid proliferation compared to 
WT cells (Fig.  4b). Overall, SDC3 deficient macrophages 
exhibited reduced cancer cell phagocytic capacity and pro-
moted tumour-cell proliferation, suggesting that SDC3 in 
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Fig. 4  SDC3 promotes macrophage phagocytic capacity and inhibits 
tumour-spheroid formation. (a) Left: Representative images of IFNγ-
stimulated WT or SDC3 KO THP-1 macrophages co-cultured with 
MDA-MB-231-GFP breast cancer cells. Images were taken with a 
Leica SP8 Lightning confocal microscope (scale bar 20.5 μm, n = 3). 
Right: Quantification of phagocytosis rate by flow cytometry normal-
ized to WT, using the inhibitor of actin polymerization Cytochalasin D 
as control (n = 3). (b) Left: Representative images of IFNγ-treated WT 
or SDC3 KO THP-1 macrophages forming spheroids with MDA-MB-

231-GFP cells. Images were taken using Nikon Eclipse TD 100 micro-
scope at the indicated times (scale bar 100 μm, white colour represents 
GFP+ tumour cells). Right: Proliferation of MDA-MB-231-GFP + 
tumour cells in each condition normalized to MDA-MB-231 condi-
tion, calculated after acquiring single cell suspensions of spheroids by 
flow cytometry (n = 3). Means ± SEM. Statistically significant differ-
ence from controls or between indicated groups is shown by *p < 0.05, 
**p < 0.01 and ****p < 0.0001
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Fig. 5  SDC3 plays a role in macrophage pro-inflammatory functions. 
(a) Left: Representative confocal microscopy images of WT or SDC3 
KO THP-1 macrophages stimulated with 100 ng/ml of IFNγ and incu-
bated with pHrodo™ Green S. aureus bioparticles. Images were taken 
using a Leica SP8 Lightning confocal microscope (scale bar 10 μm). 
Right: Flow cytometry quantification of S. aureus phagocytosis nor-
malized to WT, using the inhibitor of actin polymerization Cytocha-
lasin D as control (n = 3). (b) Cytokine quantification in cell super-
natants from WT or SDC3 KO THP-1 macrophages stimulated with 

100 ng/ml of IFNγ, using the LEGENDplex™ HU Essential Immune 
Response Panel (n = 5). (c) Quantification of T cell proliferation index 
using CellTrace CFSE staining (n = 5) in CD8+ T cells co-cultured with 
IFNγ-treated WT or SDC3 KO THP-1 macrophages. (d) Quantifica-
tion of T cell activation markers PD-1 and CD95 by flow cytometry in 
CD8+ T cells co-cultured with IFNγ-treated WT or SDC3 KO THP-1 
macrophages (n = 5). Means ± SEM. Statistically significant difference 
from controls or between indicated groups is shown by ns: not signifi-
cant, *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001
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angiogenic factors in IFNγ-stimulated WT or SDC3 KO 
macrophages. Macrophages deficient for SDC3 showed a 
significant increase in the secretion of PECAM-1 and IL-8 
that, together with VEGFA, could account for the increased 
migration and tube formation observed in HUVECs (Fig. 6f). 
Collectively, SDC3 deficient macrophages exerted a pro-
migratory and proliferative effect on endothelial cells, sug-
gesting a role for macrophage SDC3 during angiogenesis.

Discussion

Despite our growing understanding of the role of macro-
phages in the development and progression of tumours, 
details of the mechanisms that mediate this response remain 
unclear. Here, we have identified SDC3 as a modulator 
of macrophage functions, with potential implications in 
inflammation and tumour progression (Fig. 7). Specifically, 
we have demonstrated that SDC3 is expressed by macro-
phages in response to IFNγ, and that genetic ablation of this 
proteoglycan leads to altered macrophage functions, result-
ing in increased tumour cell proliferation. Mechanistically, 
SDC3 was necessary for the secretion of pro-inflammatory 
cytokines, activation of T cells, and inhibition of angiogen-
esis. These results present SDC3 as a positive regulator of 
pro-inflammatory/anti-tumour functions in macrophages.

The molecular regulation of macrophage functions is 
complex and multifactorial. While pro-inflammatory cyto-
kines can trigger the activation of macrophages to unleash an 
effective inflammatory response, anti-inflammatory media-
tors can bias the fate of macrophages into a regulatory role 
in tissue homeostasis. The roles of SDC1, 2 and 4 as essen-
tial regulators of inflammation are well established [14], 
but details about the association of inflammation and SDC3 
are scarce. Nonetheless, recent studies suggest that SDC3 
is important for inflammatory disorders such as rheumatoid 
arthritis and infection [48–50]. Our findings demonstrated 
the expression of SDC3 in macrophages in response to the 
pro-inflammatory cytokine IFNγ, but not the anti-inflam-
matory cocktail IL-4/IL-13. SDC3-deficient macrophages 
neglected to show the archetypal shape of pro-inflammatory 
macrophages in response to IFNγ and exhibited, instead, 
a more rounded phenotype, a feature of undifferentiated 
macrophages [51]. In line with this, previous studies have 
explored the role of SDCs in cellular differentiation. For 
instance, glycosylated SDC1-4 ectodomains determine 
osteoclast differentiation through binding to M-CSF [52]. 
SDC4 has also been shown to be crucial for muscle cell dif-
ferentiation, and SDC1 plays a role in endothelial cell dif-
ferentiation [53, 54]. Notably, loss of SDC3 did not impact 
the expression of the other members of the family, sug-
gesting that the role of this proteoglycan in macrophage 

inhibited T cell proliferation (Fig. 5c) and reduced the acti-
vation of CD8+ T cells, evidenced by a decrease in PD-1 and 
CD95 surface markers in T cells (Fig. 5d and Supplemen-
tary Fig.  5c). Together, these data support the notion that 
SDC3 is a central regulator of macrophage inflammatory 
functions and can modulate CD8+ T cell activation. Given 
the essential role of pro-inflammatory cytokines and CD8+ 
T cells as effectors of anticancer immune responses, SDC3 
postulates as a possible target for cancer immunotherapies.

Syndecan-3 deficient macrophages promote 
angiogenesis via the release of pro-angiogenic 
factors

Vital for cancer progression and growth is tumour vascu-
larization. Tumour angiogenesis involves the recruitment of 
new blood vessels that support tumour growth and promote 
metastasis and is orchestrated by a range of secreted factors 
and signalling pathways [44]. Since SDC3 has been previ-
ously ascribed a role during angiogenesis [45], and given the 
upregulation of angiogenesis pathways observed in SDC3 
KO macrophages (Fig.  3b), we investigated the potential 
influence of macrophage SDC3 in the regulation of blood 
vessel migration and growth. With this aim, we assessed 
the effect of IFNγ-stimulated WT or SDC3 KO macrophage 
supernatants on the migration of Human Umbilical Vein 
Endothelial Cells (HUVECs), by measuring endothelial 
cell impedance in real-time (Fig.  6a). Media from IFNγ-
stimulated SDC3-deficient macrophages promoted signifi-
cantly higher migration of HUVECs, as compared to media 
from WT cells (Fig. 6b). Again, treatment with supernatants 
from unstimulated WT vs. KO macrophages showed no dif-
ference in HUVEC migration, suggesting that IFNγ-induced 
upregulation of SDC3 is critical for this effect. In an attempt 
to model the reorganization stage of the angiogenic process, 
we next measured the ability of endothelial cells to form 
capillary-like structures using the tube-formation assay 
(Fig. 6c). Here, conditioned medium from IFNγ-stimulated 
SDC3-deficient macrophages supported the formation of 
higher tube number compared to supernatants from WT 
macrophages (Fig. 6d).

VEGFA and its two tyrosine kinase receptors, VEGFR1 
and VEGFR2, represent a key signalling pathway mediat-
ing physiological and pathological angiogenesis [34]. Its 
secretion by stromal cells and macrophages is a hallmark of 
tumour angiogenesis [46]. As such, we investigated VEGFA 
levels in the supernatants of IFNγ-stimulated WT or SDC3 
KO macrophages. Macrophages deficient for SDC3 showed 
a significant increase in the secretion of VEGFA into the 
medium (Fig.  6e). Moreover, given the previously estab-
lished role of VEGFA in the release of other pro-angiogenic 
markers [47], we analyzed the potential secretion of other 
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roles of SDCs in various cell types/tissues. SDC3 binding 
to the ECM could conceivably explain the mechanism by 
which it controls the phosphorylation of PYK2, RSK1/2/3 
and HSP27. PYK2 is a key protein tyrosine kinase local-
ized at podosomes, which are actin-rich structures present 
in highly motile cells such as macrophages. These structures 

differentiation is mediated through SDC3-intrinsic mecha-
nisms. The role of the SDC family in cellular differentiation 
could potentially be regulated through the interaction with 
ECM molecules [55]. Indeed, GAG substitutions on SDCs, 
through which binding to ECM molecules occur, are likely 
to be cell type and tissue dependent [45], accounting for the 
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In line with this, an increase in the secretion of IL-8, a clas-
sical pro-inflammatory cytokine, was also observed upon 
loss of SDC3. Together, these results outline the simplic-
ity of the historically assumed M1/M2-paradigm, and sup-
port the current prevailing macrophage spectrum model, in 
which M1 and M2 macrophages are present at the opposing 
ends of the spectrum, while other subtypes of macrophages 
are still present in between [62].

In analysing how SDC3 may influence the expression 
of other key genes related to macrophage functions, we 
observed an enrichment of pathways related to angiogen-
esis and protein secretion, while inflammatory responses 
and genes related with immune system recognition were 
downregulated. Accordingly, when investigating CD8+ T 
cell functions upon co-culture with SDC3 KO macrophages, 
a reduction in cell proliferation was observed, essential for 
CD8+ T cell-mediated cancer cell cytotoxicity. In line with 
this, HSP27 phosphorylation, previously related to the 
induction of severe unresponsiveness in T cells [61], was 
also increased in SDC3 KO macrophages. Our results fur-
ther demonstrated a reduction of the immune checkpoint 
molecule PD-1 in CD8+ T cells when co-cultured with 
SDC3 KO macrophages, concomitant with an increased 
PD-L1 gene expression in SDC3-deficient macrophages. 
CD86, besides a pro-inflammatory marker, is also a T cell 
co-stimulatory molecule [63], and was found downregu-
lated in SDC3 KO macrophages. Altogether, these data 
suggest that SDC3 in macrophages promotes the acquisi-
tion of an effector phenotype by T cells. Hypothesizing that 
SDC3 on macrophages may play a role in angiogenesis, we 
observed that SDC3-deficient macrophages promoted the 
migration and proliferation of endothelial cells. In line with 
this, thrombin-mediated cleavage of endothelial SDC3 has 
been reported to promote angiogenesis [29]. Nevertheless, 
a bacterially expressed GST fusion protein consisting of the 
entire mature SDC3 ectodomain has been shown to block 
angiogenesis in a number of in vitro and ex vivo models 
[64]. Given the lack of GAG substitutions in the bacteri-
ally generated SDC3 ectodomain, it is conceivable that the 
anti-angiogenic role of SDC3 is an intrinsic property of the 
core protein and, instead, the pro-angiogenic processes are 
dependent of GAG substitutions. In fact, heparan-sulphate, 
a type of GAG, is known to bind growth factors including 
VEGFA, PECAM-1 and IL-8 [65–67], which would suggest 
that in the absence of SDC3, an increase of free VEGFA, 
PECAM-1 and IL-8 would occur, in line with the observed 
increase in these angiogenic factors in the supernatants of 
SDC3 KO macrophages shown here.

Notably, angiogenic, inflammatory and immune recog-
nition processes are essential for TME-mediated tumour 
progression [46], proposing macrophage-derived SDC3 
as a potential molecular basis for the regulation of tumour 

are surrounded by actin filaments, and contain ECM-
binding molecules and receptor tyrosine kinases (RTKs), 
among others [56]. SDC3 could potentially be localized at 
these structures, and therefore, upon loss of SDC3, bind-
ing to the ECM is lost and phosphorylation of PYK2 could 
increase, resulting in decreased adhesion and migration, in 
line with previously observed inhibition of phosphorylation 
of PYK2 in response to cell adhesion [57]. Furthermore, 
HSP27 has been found to form complex with actin, sug-
gesting its potential presence within these structures [58], 
in line with co-localization of SDC3 and actin shown previ-
ously [59]. Finally, RTKs within podosomes could activate 
the RAS/ERK pathway, resulting in the phosphorylation of 
RSK1/2/3, supporting the expression of chemokines, cyto-
kines, and other plasma membrane markers characteristic 
of M2 polarization [60], as observed here. Loss of SDC3 
could concomitantly be activating RTKs through the release 
of growth factors, cytokines and chemokines, previously 
bound to the GAG chains of SDC3.

Changes in the shape of macrophages as a consequence 
of adhesive cues can lead to alterations of key molecular 
pathways that are responsible for regulating the pro-inflam-
matory or pro-healing state of these cells. Here, we discov-
ered that the classical pro-inflammatory markers CD40 and 
CD86, characteristic of M1-like macrophages [37], were 
drastically reduced upon deletion of SDC3. Simultaneously, 
iNOS and TNF also showed a decreased gene expression, 
and MCP-1, a pro-inflammatory cytokine, was also reduced 
in the supernatants from SDC3 KO macrophages. These 
data points towards a loss of M1-like/pro-inflammatory 
phenotype in SDC3-deficient macrophages. Phosphoryla-
tion of HSP27 was increased in SDC3 KO macrophages, 
in line with previous roles for this kinase in the acquisition 
of M2-like phenotypes in TAMs [61]. Nevertheless, genes 
related to an M2-like/anti-inflammatory state such as CD206 
or CD163 were not upregulated in SDC3 KO macrophages. 

Fig. 6  SDC3 deficient macrophages regulate EC migration and tube 
formation. (a) HUVEC migration over the indicated times in response 
to conditioned media (CM) from WT or SDC3 KO THP-1 macro-
phages stimulated with 100 ng/ml of IFNγ. Serum-free media (SFM) 
was used as negative control (n = 4). (b) Quantification of HUVEC 
migration (Cell Index) shown in (a) at 48 h (n = 4). (c) Representative 
images of Matrigel-grown HUVECs treated with supernatants from 
WT or SDC3 KO THP-1 macrophages stimulated with 100 ng/ml of 
IFNγ. Tube formation was imaged using an Olympus IX-83 inverted 
microscope (scale bar 1  mm, n = 4). (d) Quantification of total tube 
number shown in (c) at 24 h, relative to WT untreated control (n = 4). 
(e) VEGFA quantification by ELISA in the supernatants of WT or 
SDC3 KO THP-1 macrophages stimulated with 100 ng/ml of IFNγ 
(n = 4). (f) Angiogenic factor quantification in cell supernatants from 
WT or SDC3 KO THP-1 macrophages stimulated with 100 ng/ml of 
IFNγ, using the LEGENDplex™ HU Angiogenesis Panel 1 (n = 4). 
Means ± SEM. Statistically significant difference from controls or 
between indicated groups is shown by ns: not significant, *p < 0.05 
and ***p < 0.001
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progression. Indeed, macrophage-SDC3 was necessary for 
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