
Vol.:(0123456789)1 3

Histochemistry and Cell Biology 
https://doi.org/10.1007/s00418-021-02052-2

ORIGINAL PAPER

Exosomes produced by melanoma cells significantly influence 
the biological properties of normal and cancer‑associated fibroblasts

Karolína Strnadová1,2 · Lucie Pfeiferová3,8 · Petr Přikryl4 · Barbora Dvořánková1,2 · Erik Vlčák5 · Jana Frýdlová4 · 
Martin Vokurka4 · Jiří Novotný3,8 · Jana Šáchová3 · Miluše Hradilová3 · Jan Brábek6 · Jana Šmigová6 · Daniel Rösel6 · 
Karel Smetana Jr.1,2 · Michal Kolář3,8 · Lukáš Lacina1,2,7 

Accepted: 5 November 2021 
© The Author(s) 2021

Abstract
The incidence of cutaneous malignant melanoma is increasing worldwide. While the treatment of initial stages of the disease 
is simple, the advanced disease frequently remains fatal despite novel therapeutic options . This requires identification of 
novel therapeutic targets in melanoma. Similarly to other types of tumours, the cancer microenvironment plays a prominent 
role and determines the biological properties of melanoma. Importantly, melanoma cell-produced exosomes represent an 
important tool of intercellular communication within this cancer ecosystem. We have focused on potential differences in the 
activity of exosomes produced by melanoma cells towards melanoma-associated fibroblasts and normal dermal fibroblasts. 
Cancer-associated fibroblasts were activated by the melanoma cell-produced exosomes significantly more than their nor-
mal counterparts, as assessed by increased transcription of genes for inflammation-supporting cytokines and chemokines, 
namely IL-6 or IL-8. We have observed that the response is dependent on the duration of the stimulus via exosomes and 
also on the quantity of exosomes. Our study demonstrates that melanoma-produced exosomes significantly stimulate the 
tumour-promoting proinflammatory activity of cancer-associated fibroblasts. This may represent a potential new target of 
oncologic therapy .

Keywords Melanoma · Cancer-associated fibroblasts · Exosomes · IL-6 · IL-8 · Proinflammatory cytokine

Introduction

Cancer incidence has reached a pandemic-like extent in 
numerous developed countries worldwide. The explana-
tion for this phenomenon is not straightforward: numer-
ous factors ranging from environmental pollution and food Karolína Strnadová, Lucie Pfeiferová and Petr Přikryl have 
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contamination, through excessive caloric intake to civilisa-
tion-associated stressful lifestyle seem to contribute to this 
trend. Another critical factor is ageing of the population 
(Smetana et al. 2016). Cutaneous malignant melanoma 
(CMM) follows the trend of other cancers. Moreover, 
climate and lifestyle changes represent another impor-
tant contribution to the increasing incidence of CMM, as 
tumour initiation and progression is strongly facilitated by 
ultraviolet (UV) irradiation (Jobe et al. 2018).

Despite remarkable progress in CMM-targeted therapy 
and immunotherapy, the metastatic disease represents a 
therapeutic challenge and leaves patients with an uncertain 
prognosis (Smetana et al. 2020). From this perspective, 
identification of new therapeutic targets is critical to man-
age CMM successfully (Brustugun et al. 2014). Similarly 
to other types of tumours, CMM is not only composed of 
cancer cells, but also contains other cell types. The tumour 
forms a malignant organ that evolves in the patient’s body 
(Alberts et al. 2002; Egeblad et al. 2010). Among non-
cancerous cells forming the cancer ecosystem within the 
tumour niche, one has to emphasise the prominent role of 
different subtypes of immune cells and also cancer-associ-
ated fibroblasts (CAFs) (Lacina et al. 2015; Falcone et al. 
2020). These non-malignant cells can substantially influ-
ence the biological properties of cancer cells, resulting in 
their locally aggressive growth and increased migratory 
potential leading to metastatic spread (Kodet et al. 2020). 
The cells shaping the landscape of the tumour microenvi-
ronment must be precisely coordinated, similarly to cell 
populations forming a normal organ. Cancer cells and 
the surrounding stromal elements communicate by their 
mutual intercellular contacts, in an autocrine and paracrine 
signalling manner. It necessitates production of bioactive 
agents that include extracellular matrix molecules, growth 
factors, cytokines and chemokines, frequently with proper-
ties supporting chronic inflammation. A distinct position 
in the regulation of the cancer ecosystem is held by IL-6 
and IL-8 (Jobe et al. 2016; Brábek et al. 2020).

The role of extracellular vesicles, including exosomes, 
as versatile communication tools mediating intercellular 
interactions is well accepted (Zebrowska et  al. 2020), 
and they represent a significant component of the tumour 
microenvironment in cancer biology. The activity of 
exosomes depends on their cargo. It is formed by bioactive 
proteins (e.g., PD-L1, IL-6, IL-10, TNF-α, TGF-β1) and 
a broad range of microRNAs or mRNAs that can control 
the functional properties of targeted cells (Zebrowska et al. 
2020). As expected, these substances were also detected 
in biological fluids of melanoma patients (Pfeffer et al. 
2015; Kučera et al. 2019). All cell populations forming the 
tumour ecosystem secrete extracellular vesicles, and their 
activity is broad. Exosomes, via their cargo, can modulate 

functions of cancer stem cells, cancer-associated fibro-
blasts, immune cells, and endothelium.

Interestingly, exosomes deliver cargoes that can both be 
of cancer-supporting and cancer-inhibiting nature (Cavallari 
et al. 2020). The melanoma-produced exosomes promote 
proinflammatory signalling important for tumour local pro-
gression and metastasis (Gener Lahav et al. 2019; Kodet 
et al. 2020). Moreover, exosomes can suppress the antitu-
moural activity of infiltrating CD8 + T lymphocytes (Shu 
et al. 2020). Further, melanoma-derived exosomes have a 
distinct role in the transformation of fibroblasts to cancer-
associated fibroblasts (la Shu et al. 2018; Hu and Hu 2019). 
All these findings have highlighted the prominent role of 
exosomes in the tumour microenvironment. Therefore, 
exosomes are in the focus of interest of clinical oncology 
and represent a potential therapeutic target in anticancer 
research.

We need to understand the contribution of exosomes in 
the progression of malignant melanoma within the tumour 
microenvironment and in the course of metastatic spread in 
the organism. In this study, we aimed to demonstrate in vitro 
the different effect of melanoma-produced exosomes on 
the functional properties of normal dermal fibroblasts and 
cancer-associated fibroblasts isolated from CMM (mCAFs). 
This knowledge could be critically important for deeper 
insight into the mechanisms supporting local progression 
and metastatic spread to remote body sites. It also opens 
further discussion on whether exosomes in the tissue micro-
environment and circulating in body fluids could serve as 
biomarkers for melanoma diagnosis and disease prognosis.

Material and methods

Cell culture for exosome isolation

Authenticated melanoma cell line G361 (CRL-1424, ATCC, 
Manassas, VA, USA) was chosen as an efficient exosome 
producer. The cells were routinely maintained in McCoy’s 
5A medium (BioConcept, Allschwil, Switzerland) with 
antibiotics (100 × concentrated penicillin and streptomycin) 
and with 10% of foetal bovine serum (FBS, both Biosera, 
Nuaille, France). Six million G361 cells were inoculated 
to each of eight 150-cm2 flasks (Corning, Glendale, AZ, 
USA) in McCoy’s 5A medium with 10% FBS for 24 h. 
For exosome harvesting, we replaced the medium using 
35 ml of Dulbecco’s modified Eagles medium (DMEM, 
Biosera, Nuaille, France) with 5% exosome-depleted foetal 
bovine serum (EDS, A27208-01, Thermo Fisher Scientific, 
Waltham, MA, USA). We kept the flasks for the next 72 h 
in a humidified incubator (37 °C, 5%  CO2). From eight 150-
cm2 flasks, we collected a total of 280 ml of conditioned 
growth medium for exosome isolation.
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Other tested melanoma cell lines, A2058 (CRL-11147, 
ATCC, Manassas, VA, USA) and BLM (a generous gift 
provided by Prof. JHJM van Krieken, Radboud University, 
Nijmegen, Netherlands) (Quax et al. 1991) were maintained 
in DMEM supplemented by 10% FBS and used as above. All 
experiments were performed in three independent replicates.

To test the non-specific effect of extracellular vesicles 
(unrelated to melanoma) as an additional control for some 
of our experiments, we also isolated exosomes from FBS 
used for cell culture.

Exosome isolation and characterisation

Exosome isolation by density gradient ultracentrifugation

Exosomes were isolated by cushioned-density gradient 
ultracentrifugation as previously described by Li et al. with 
partial modifications (Li et al. 2018). This protocol maxim-
ises exosome recovery and allows for better preservation of 
their physical integrity and biological activity. Briefly, the 
conditioned medium was centrifuged at 300×g for 10 min 
at 4 °C to pellet cells and debris. The supernatant was then 
centrifuged at 2000×g for 15 min at 4 °C, transferred to 
new tubes, centrifuged for 30 min at 10,000×g at 4 °C and 
filtered through a 0.22 μm Steriflip-GP sterile filter (Merck 
Millipore, Burlington, MA, USA). Then, six aliquots of 
28 ml of this cleared conditioned media (CM) were under-
lain with 2 ml of 60% OptiPrep density gradient medium 
(Alere Technologies AS, Oslo, Norway) and concentrated in 
ultracentrifuge tubes using cushioned ultracentrifugation at 
140,000×g for 3 h with an SW 28 Ti swinging-bucket rotor 
in an Optima XPN 80 ultracentrifuge (Beckman-Coulter, 
Brea, CA, USA). Two ml of Optiprep and 1 ml of super-
natant above the cushion were aspirated from the bottom 
by a blunt-point needle to obtain 3 ml of cushioned con-
centrate per tube. Concentrates were placed to the bottom 
of the tubes below a discontinuous gradient composed of 
the top 3 ml of 5%, then 3 ml of 10%, and 3 ml of 20% 
Optiprep solution. The ultracentrifuge tubes with the gradi-
ent were then spun at 140,000×g for 18 h at 4 °C using an 
SW 28.1 Ti swinging-bucket rotor. After centrifugation, the 
tube content was divided into 12 1 ml fractions and col-
lected starting from the top of the tube. Individual fractions 
nos. 6, 7 and 8, containing purified exosomes, from the six 
tubes were pooled together, diluted with filtered phosphate-
buffered saline (PBS) and re-centrifuged again at 140,000×g 
for 2 h at 4 °C. Finally, these washed and concentrated frac-
tions were resuspended in 50 μl of PBS, combined, filled to 
a volume of 200 μl in a protein LoBind tube (Eppendorf, 
Hamburg, Germany) and stored at 4 °C or −80 °C. Buoyant 
densities of the gradient fractions were estimated by measur-
ing the absorbance at 340 nm using a multi-well plate reader. 
Contamination of fractions with non-exosomal proteins was 

monitored using the Qubit Protein Assay Kit and a Qubit 2.0 
fluorometer (Thermo Fisher Scientific, Waltham, MA, USA) 
(Li et al. 2018). Exosomes present in fractions 6–8 were 
confirmed by western blot, transmission electron microscopy 
and nanoparticle tracking analysis.

Detection of exosome protein concentration

For the purposes of experiment normalisation, the quantity 
of exosomes was determined as the total protein concentra-
tion using a Pierce BCA Protein Assay Kit (23,225 Thermo 
Fisher Scientific, Waltham, MA, USA). Briefly, exosomes 
were disrupted using 25% Triton X-100 in PBS (25 µl exo-
some suspension and 1 µl Triton) by agitation on a shaker 
(300 RPM) at room temperature for 15 min. Then, the sam-
ple was processed following the manufacturer’s instructions. 
Absorbance was measured at 562 nm using a SpectraMax 
iD3 (Molecular Devices, San Jose, CA, USA), and the con-
centration of total protein was extrapolated from the calibra-
tion curve. For cell culture applications, we used exosomes 
in a quantity corresponding to 10 µg/ml of total protein 
diluted in culture medium (unless otherwise specified).

Exosome characterisation by SDS‑PAGE and western blot 
analysis

Exosomal fractions were supplemented with a protease 
inhibitor cocktail and lysed for at least 15 min in RIPA 
buffer. We followed by adding 4 × Laemmli sample buffer 
(Bio-Rad, Hercules, CA, USA) and boiling at 95 °C for 
5 min. Proteins (2 μg per well) were loaded to 12% SDS 
polyacrylamide gel and electrophoresed at 125 V for 70 min. 
Separated proteins were transferred from gels onto 0.45 μm 
PVDF membranes at 20 V for 60 min. The membranes were 
blocked in 5% skim milk in TBS containing 0.1% Tween 20 
for 1 h and probed overnight at 4 °C in blocking solution 
containing primary antibodies against classical exosome 
markers CD9, CD63 and CD81 (all Thermo Fisher Scien-
tific, Waltham, MA, USA—see Supplementary Table 1). 
Then, the membranes were washed five times for 5 min in 
TBS-Tween buffer and incubated at room temperature for 
1 h with HRP-conjugated secondary antibody. Probed mem-
branes were then washed five times in TBS-Tween buffer. 
Chemiluminescent detection using LumiGLO Reagent (Cell 
Signaling Technology) was performed in the ChemiDoc MP 
Imaging System (Bio-Rad, Hercules, CA, USA).

Exosome characterisation by nanoparticle tracking analysis 
(NTA)

The size and concentration of extracellular vesicles were 
analysed by NTA using the NanoSight NS300 instrument 
(Malvern Panalytical, Malvern, Great Britain). To achieve 
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a concentration range of  108 −  109 particles per ml, isolated 
exosome fractions were diluted in PBS filtered through a 
0.1 μm Stericup filter. Each sample was analysed with a 
optimised auto-setup camera level and a detection threshold 
value of 5. Five replicate video recordings of 180-s duration 
per fraction were collected. Statistical analysis and graph 
plotting of resulted data was performed with NanoSight 
NTA software version 3.2.

Electron microscopy of exosomes

Ultrathin sections of collagen‑embedded exosomes 
and their electron microscopic analysis

Melanoma-derived exosomes were mixed with neutralised 
rat tail collagen-1 (2 mg/ml; Advanced BioMatrix, San 
Diego, CA, USA) to reach the final exosome protein con-
centration of 10 µg/ml and cast into a cap of a 0.5 ml Eppen-
dorf tube. The polymerised collagen block with embedded 
exosomes was removed and fixed using 2.5% glutaraldehyde 
in 0.1 M Sörensen’s sodium–potassium phosphate buffer 
(SB) with adjusted pH 7.2–7.4 (all Thermo Fisher Scien-
tific, Waltham, MA, USA). After several gentle washes in 
SB, samples were postfixed with 1% osmium tetroxide in SB 
for 2 h at room temperature. Samples were then dehydrated 
in a series of acetone (Lach-Ner, Neratovice, Czech Repub-
lic) with increasing concentration and embedded in Epon-
Durcupan resin (Sigma-Aldrich, St. Louis, MO, USA). After 
polymerisation for 72 h at 60 °C, resin blocks with embed-
ded samples were cut into 80 nm ultrathin sections using 
a Ultramicrotome Leica EM UC6 (Leica Microsystems, 
Wetzlar, Germany) with a diamond knife (Diatome, Biel, 
Switzerland) and mounted on 200 mesh size copper grids. 
Sections were examined in a JEOL JEM-1400Flash trans-
mission electron microscope operated at 80 kV equipped 
with a Matataki Flash sCMOS camera (JEOL, Akishima, 
Tokyo, Japan).

Negative staining of isolated exosomes

Undiluted suspensions were applied to glow-discharged 
400 mesh size copper grids with thin formvar/carbon film 
and allowed to absorb for 20 min. Excess was blotted away 
with filter paper, and the absorbed sample was fixed in a 
drop of 1% formaldehyde (all Thermo Fisher Scientific, 
Waltham, MA, USA) for 20 min. Grids were then quickly 
washed in double-distilled water and negatively stained 
with 2% methylcellulose (Sigma-Aldrich, St. Louis, MO, 
USA) and 0.4% uranyl acetate (Honeywell, Charlotte, NC, 
USA) for 10 min. Excess solution was blotted away, and 
grids were air-dried. Samples were examined in a JEOL 
JEM-1400Flash transmission electron microscope operated 

at 80 kV equipped with a Matataki Flash sCMOS camera 
(JEOL, Akishima, Tokyo, Japan).

Establishment of fibroblast cell lines

Fibroblasts were isolated as published elsewhere 
(Dvořánková et al. 2019). For this purpose, we used two 
different fibroblast types, mCAFs and human dermal fibro-
blasts (HDFs); two biological replicates of each type were 
used in all experiments. Briefly, these fibroblasts were iso-
lated earlier from the residual tissue from the operation, 
and both samples were of the dermal origin from the trunk 
region. Tissues were collected after local ethics committee 
approval following the ethical standards of the Institutional 
and National Research Committee and according to the 1964 
Helsinki Declaration and its later amendments or compara-
ble ethical standards. The patient’s informed consent was 
obtained.

Transcriptome analysis

Transcriptome analysis after 24 h of cultivation

Cell suspensions were inoculated in DMEM + 10% foe-
tal bovine serum and cultured for 24 h. The next day, the 
medium was replaced by DMEM + 10% EDS without/with 
G361-derived exosomes. The cells were cultured for an addi-
tional 24 h. Cells were washed in PBS and digested in 0.25% 
trypsin + EDTA solution (1:1) (all Sigma-Aldrich, St. Louis, 
MO, USA) at room temperature. The viability of cells was 
assessed by trypan blue and counted in an automated TC20 
cell counter (Bio-Rad, Hercules, CA, USA). Both samples 
had cell viability above 99%.

Single-cell RNA-seq libraries were prepared using a 
Chromium controller instrument and Chromium Next Gem 
single-cell 3’ reagent kit (version 3.1) according to the man-
ufacturer’s protocol (both 10 × Genomics, Pleasanton, CA, 
USA) targeting at 4000 cells per sample. The quality and 
quantity of the resulting cDNA and libraries were deter-
mined using an Agilent 2100 Bioanalyzer (Agilent Technol-
ogies, Santa Clara, CA, USA). The libraries were sequenced 
in two runs of a NextSeq 500 sequencer using a NextSeq 
500/550 high output kit v2.5 (75 cycles) (both Illumina, San 
Diego, CA, USA) according to the manufacturer’s protocol.

Raw sequencing data were processed by CellRanger 
software v. 4.0.0 (10 × Genomics, Pleasanton, CA, USA). 
The resulting raw feature barcode matrices were analysed 
in the R/Bioconductor statistical environment (R Core 
Team 2020). Empty droplets containing only ambient RNA 
were removed using DropletUtils (Lun et al. 2018). Subse-
quently, dead or damaged cells were filtered out, and features 
expressed in less than 5% of cells were removed from the 
barcode matrix, resulting in 4207, 3955, 2390 and 3098 cells 
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in the HDFs control, HDF EXO G361, mCAFs control and 
mCAFs EXO G361 sample, respectively, and, in the same 
sample order, 11,832, 11,796, 11,860 and 11,918 features. 
The data were normalised, log2-transformed, and features 
within each sample were averaged to produce pseudo-bulk 
expression values. Heatmaps were produced by the Com-
plexHeatmap package (Gu et al. 2016).

All transcriptomic data were deposited in the ArrayEx-
press database (http:// www. ebi. ac. uk/ array expre ss) under 
accessions E-MTAB-10278 and E-MTAB-10290.

Transcriptome analysis after 72 h of cultivation

Both fibroblast types (mCAFs and HDFs) were inoculated 
in DMEM with 10% FBS at the density of 3500 cells/cm2 
in 6-well plates. After 24 h, culture medium was changed 
for: (a) DMEM with 10% exosome-depleted serum (EDS, 
Gibco/ Thermo Fisher Scientific, Waltham, MA, USA) (con-
trol); (b) DMEM with 10% EDS + G361-derived exosomes; 
and (c) DMEM with 10% EDS + exosomes from FBS (also 
10 µg/ml), and the cells were cultured for 72 h. Then, the 
cells were washed twice with PBS, and the cell lysates were 
harvested by 350 µl buffer RLT (Qiagen GmbH, Hilden, 
Germany) and 2-mercaptoethanol (Sigma-Aldrich, St. Louis, 
MO, USA; Merck KGaA, Darmstadt, Germany), immedi-
ately frozen and stored at −80 °C. Total RNA was isolated 
from 180 μl of the cell lysate according to the RNeasy Micro 
Kit (Qiagen GmbH, Hilden, Germany) manufacturer’s pro-
tocol, including treatment by DNase I. The quantity and 
quality of isolated RNA were measured by a NanoDrop 
ND-1000 (Thermo Fisher Scientific, Waltham, MA, USA) 
and Agilent 2100 Bioanalyzer (Agilent Technologies, Santa 
Clara, CA, USA). The RNA integrity number (RIN) ranged 
between 8.6 and 10. For the sequencing library construction, 
a KAPA mRNA HyperPrep kit with poly(A) mRNA selec-
tion (Roche, Basel, Switzerland) was used, starting with 1 μg 
of total RNA. Libraries were sequenced on a NextSeq 500 
platform (Illumina, San Diego, CA, USA) using the 75-bp 
single-end configuration. The sequencing yielded an average 
of 30 million reads per sample.

Technical quality control and gene quantification were 
done using the nf-core/rnaseq v2.0 bioinformatics pipeline 
(Ewels et al. 2020), with HISAT2 mapping (Kim et al. 2015) 
and featureCounts read counting (Liao et al. 2014). GRCh38 
(Ensembl assembly version 95) was chosen as the reference 
genome (Yates et al. 2020). Genes expressed in a single sam-
ple only were discarded. The DESeq2 (v1.30.1) (Love et al. 
2014) Bioconductor (v3.12) R package was used to identify 
differentially expressed genes. Significant changes in gene 
expression were defined by two-fold change and false dis-
covery rate (FDR) < 0.1. Shrunken log-fold change estimates 
were used (adaptive shrinkage estimator; Stephens 2017). 
The gene set enrichment analysis was performed in Gene 

Ontology terms (Ashburner et al. 2000) using the goseq 
package (Young et al. 2010). The mevalonate pathway was 
visualised using PathView software (Luo and Brouwer 
2013).

Proteomic analysis of cultured medium and ELISA

For proteomic analysis, mCAFs and HDFs (3 500 cells/
cm2) were cultured in (a) DMEM with 10% EDS (control) 
or (b) DMEM with 10% EDS + G361-derived exosomes. 
After 72 h, we collected the conditioned culture media for 
proteomic analysis using a Proteome Profiler Human XL 
Cytokine Array (R&D Systems, Minneapolis, MN, USA). 
Briefly, we used the membrane-based antibody array for par-
allel determination of the relative levels of selected human 
cytokines and chemokines according to the manufacturer’s 
instructions. Freshly prepared conditioned media were cen-
trifuged to remove the debris and incubated overnight with 
the Proteome Profiler™ Human XL Cytokine Array mem-
brane. The membranes were washed to remove unbound 
analytes, followed by incubation with a cocktail of bioti-
nylated detection antibodies. Streptavidin-HRP and chemi-
luminescent detection reagents provided by the manufacturer 
were then applied. Finally, the signal produced at each cap-
ture spot corresponding to the amount of protein bound was 
detected using a C-DiGit Blot Scanner and analysed using 
the Image Studio software (LI-COR Biosciences GmbH, 
Bad Homburg, Germany).

Quantification of IL-6 and CXCL-8 was performed 
according to protocol using the AssayMax™ Human IL-6 
ELISA Kit and AssayMax™ Human Interleukin 8 (IL-8) 
ELISA Kit (both BioVendor, Brno, Czech Republic).

Cell culture of mCAFs and HDFs influenced 
by G361‑derived exosomes

Evaluation of the effect of exosomes on cell proliferation 
and MTT assay

Using the iCELLigence instrument (Agilent Technologies, 
Santa Clara, CA, USA), we studied the growth of fibroblasts 
influenced by exosomes. Briefly, we seeded 5000 fibroblasts 
in DMEM with 10% EDS to each well (0.7  cm2) in a plate 
compatible with iCELLigence (two biological replicates of 
each, three technical experiments per run). Then, we added 
the suspension of exosomes. To determine efficient exo-
some concentration, we used a scale of concentrations (data 
obtained with 3 µg/ml and 10 µg/ml are presented). We used 
Dulbecco’s PBS (BioConcept, Allschwil, Switzerland) for 
control experiments. The final volume of the culture medium 
was equalised to 450 µl in each well. We monitored the cell 
proliferation for the next 96 h. Finally, we evaluated the 
viability of cells by MTT in the wells (Mosmann 1983).

http://www.ebi.ac.uk/arrayexpress
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Evaluation of the effect of exosomes on HDF and mCAF 
adhesion and migration (velocity) in 2D and 3D

Cell adhesion area measurement was performed by moni-
toring electrical impedance (cell index value) in real time 
using the xCELLigence RTCA System (Agilent Tech-
nologies, Santa Clara, CA, USA). Cells were incubated 
in DMEM with 10% EDS + G361-derived exosomes on a 
rotator for 4 h at 37 °C and then seeded into a pre-treated 
xCELLigence plate (Hamidi et al. 2017). Cell adhesion 
was monitored every 2 min for the first 30 min and every 
5 min for the next 90 min. Further, measurement was per-
formed every 15 min for the next 11 h.

Cell migration was studied using time-lapse micros-
copy of cells seeded in glass-bottom Ibidi 8-well plates 
(Ibidi GmbH, Gräfelfing, Germany) coated with fibronec-
tin. Cells were incubated with G361-derived exosomes 
for 8 h and afterwards recorded at 15-min intervals for 
13 h. The images were captured as tile scans using a Leica 
Thunder system (Leica Microsystems, Wetzlar, Germany) 
equipped with an LAS-X Navigator software module. Data 
analysis was done using ImageJ/Fiji in three consecutive 
sets of steps (data not shown). First, the collected series 
of images were stitched using the Stitching plug-in of 
ImageJ/Fiji. Second, the stitched imaged were processed 
for cell visualisation using the Edge Finder Tool, back-
ground suppression and binary masking. Third, cell track-
ing was performed at 16 time points with ~ 55 cells using 
the TrackMate plug-in of ImageJ/Fiji. All experiments 
were performed in parallel with a control (DMEM with 
10% EDS) and exosome-treated (DMEM with 10% EDS 
and exosomes) mCAFs and HDFs. The step-by-step sum-
mary of this protocol is presented in Supplementary Fig. 5 
with minimal and maximal velocity assessment.

The mobility of HDFs and mCAFs treated with 
exosomes was also evaluated using a 3D spheroid assay. 
3D fibroblast spheroids were formed of ~ 700 cells an in 
agarose mould for 72 h. The spheroids were embedded into 
rat tail collagen (1 mg/ml) and covered with DMEM + 10% 
EDS with or without G361-derived exosomes. The images 
were captured at time 0, 24 and 48 h using a Leica Thunder 
system. The spheroid area was outlined using the Thresh-
old or Edge Finder tool of ImageJ/Fiji. The invasion index 
was calculated as a normalised ratio of the spheroid area 
of interest to the starting spheroid area. The normalisa-
tion was done to the average spheroid area of control cells 
measured at time 0 h.

Statistical significance was evaluated using GraphPad 
Prism software (version 8.0.0 for Windows, GraphPad 
Software, San Diego, CA, USA, www. graph pad. com) by 
a two-tailed Student’s t test after ascertaining normality 
of the data (p value ≤ 0.05).

Evaluation of the effect of G361‑derived exosomes on 3D 
melanoma spheroid invasion

Heterogeneous spheroids were prepared from melanoma cell 
line G361 with HDFs or mCAFs using the hanging drop 
method (Novotný et al. 2020). Briefly, mixed-cell spheroids 
were formed of 50,000 cells in a 1:1 ratio. Drops of mixed-
cell suspension (each 25 µl) were placed on the inner side 
of a 100 mm Petri dish lid for 48 h, while the bottom of the 
dish was filled with 15 ml of PBS (Biosera, Nuaille, France). 
Afterwards, spheroids were gently transferred by a Pasteur 
pipette to non-adhesive Petri dishes with complete culture 
medium for an additional 24 h. To test the invasion, hetero-
geneous spheroids were transferred onto 1% low-melting-
point agarose-coated dishes (Promega, Madison, WI, USA) 
and covered with neutralised collagen-1 from rat tails (2 mg/
ml; Advanced BioMatrix, CA, USA) with or without G361-
derived exosomes. For optimal stability during the extended 
experiment, the polymerised collagen was overlaid with 1% 
low-melting-point agarose. Finally, it was gently overlaid 
with DMEM + 10% EDS. The culture medium was changed 
every 48 h for 1 week. The endpoint images were captured 
after 144 h using an Olympus IX71 (Olympus, Shinjuku, 
Japan). The spheroid area was outlined using the Thresh-
old and Edge Finder plug-in of ImageJ/Fiji. The invasion 
index was calculated as a normalised ratio of the spheroid 
of interest to the final outgrowth area to the initial spheroid 
area. Statistical significance was tested as above.

Immunocytochemistry

Fibroblasts were seeded in the µ-Slide 8 Well system (Ibidi 
GmbH, Gräfelfing, Germany) at a density of 10,000/cm2 
in DMEM + 10% EDS with or without G361-derived 
exosomes. Cells were fixed in 2% paraformaldehyde and 
permeabilised by TBS with 0.2% Tween. Endogenous 
peroxidase was blocked by incubation with 3% hydrogen 
peroxide in TBS at room temperature for 20 min. To block 
non-specific protein binding and primary antibody dilution, 
we used Universal IHC Blocking/Diluent (Leica, Wetzlar, 
Germany). After overnight incubation at 4 °C, the slides 
were washed, and the immunohistochemical reaction was 
developed using Histofine High Stain™ HRP (MULTI) 
and AEC substrate (both Nichirei Biosciences Inc, Tokyo, 
Japan). Slides were counterstained in Gill’s haematoxylin 
and mounted in Hydromount. Negative controls were per-
formed using isotype control antibodies (Thermo Fisher Sci-
entific, Waltham, MA, USA). The imaging was performed 
using the Leica DM2000 system (Leica Microsystems, Wet-
zlar, Germany) equipped with the LAS software. Primary 
antibodies were validated by producers and provided proof 
of validation on the technical specifications. All antibodies 
are listed in Supplementary Table 1.

http://www.graphpad.com
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Results

Characterisation of melanoma‑derived exosomes

Using cushioned-density gradient ultracentrifugation, we 
achieved high-quality exosome purification (Fig. 1). This 
procedure resulted in elimination of non-exosomal vesicles 
and also protein contaminants (Supplementary Figure 1), 
meaning around 90% of total proteins (Li et  al. 2018). 
The exosome production was studied in three malignant 

melanoma cell lines: A2058, BLM and G361. Surprisingly, 
only the G361 melanoma line cells produced exosomes 
in amounts sufficient for further analysis and subsequent 
experiments (Fig. 1a). Therefore, G361-derived exosomes 
were characterised and complied with the size distribution 
and morphological criteria typical of exosomes by NTA 
and electron microscopy (Fig. 1b). Exosomes were domi-
nantly present in density gradient fractions nos. 6–8 (Sup-
plementary Figure 1a) having an expected exosome density 
of 1.08–1.13 g/cm3 (Brennan et al. 2020). All exosomes 
from studied cell lines exhibited surface protein markers 
CD9, CD63 and CD81 (Supplementary Figure 1b). Based 
on these observations, we confirmed that vesicles produced 
by G361 meet the criteria for being recognised as exosomes, 
and thus, we employed them for further experiments with 
HDFs and mCAFs. The quantity of exosomes produced by 
G361 is also followed proportionally by increased total pro-
tein concentration (Supplementary Figure 1c). We have not 
detected any significant residual contamination in commer-
cially exosome-depleted serum (Supplementary Fig. 1a, lane 
1). Therefore, we conclude that the observed effects can be 
attributed to G361-produced exosomes in our models.

Effect of G361‑derived exosomes on HDF and mCAF 
adhesion, proliferation and velocity in 2D and 3D

The RTCA iCELLigence™ instrument uses non-invasive 
electrical impedance monitoring to quantify attachment 
quality in a label-free, real-time manner. As fibroblast seed-
ing density was identical, the measured values reflect the 
physical interaction of adherent cells with the surface of the 
electrode, primarily via surface receptors.

Generally, the adhesive properties of mCAFs were lower 
than those of HDFs. In both fibroblast types, the addition 
of exosomes flattened the adhesion curves, suggesting 
decreased cell adhesion and spreading. This effect was more 
prominent in HDFs than in mCAFs, and the difference was 
statistically significant at the endpoint (Fig. 2). Moreover, 
the exosome-treated cells did not reach the maximum cell 
indices of control cells before reaching the curve plateau 
stage. This suggested that the lower adhesion of exosome-
treated cells is not only a temporary post-seeding issue, but 
is persistent and cannot be rescued by subsequent exchange 
of media without exosomes (data not shown).

Once the cells are adjusted to their new environment, 
their proliferation can start again. The proliferation activ-
ity of fibroblasts is usually low within the initial 24 h after 
subculture. Starting day 2, changes of electrical impedance 
can reflect the increasing number of cells in culture wells. 
Similarly to the above-mentioned, the extent of proliferation 
of fibroblasts treated by exosomes was lower than that in 
the non-treated controls. This phenomenon was dependent 
on the concentration of applied exosomes (Fig. 3). Based 

Fig. 1  Characterisation of exosomes according to total protein detec-
tion, size and electron microscopy. a The graph shows that only 
G361 cells produced a sufficient quantity of exosomes; data repre-
sent quantification of three independent isolation experiments with 
A2058, BLM and G361 melanoma cell lines, respectively; error bars 
represent standard deviations of observed values; statistical signifi-
cance calculated by non-parametric Tukey’s honest significance test 
(p value ≤ 0.05 was regarded as statistically significant). b Exosomes 
produced by G361 cells were homogenous concerning their size and 
morphology. Inset represents electron microscopic image presenting 
purified extracellular vesicles of usual exosomal size and morphology
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on that, we decided to use a concentration of 10 µg/ml of 
exosomes as a reference in our experiments.

Evaluation of the effect of exosomes on the velocity of 
the migration of both types of fibroblasts demonstrated no 
significant effect on mCAFs. However, we observed a signif-
icant increase in the velocity of HDFs (Fig. 4). This observa-
tion in 2D can be somewhat extended by results observed 
in 3D. In the collagen gel, application of G361-derived 
exosomes significantly increased the normalised invasion 
index of both types of fibroblasts, i.e., mCAFs and HDFs, 
in the 3D collagen gel (Fig. 5).

Effect of exosomes on the invasion from composite 
melanoma spheroids in 3D collagen gels

For a long-term experiment maintained for 1 week, we 
mixed G361 melanoma cells with HDFs and mCAFs, respec-
tively, to form heterogeneous spheroids as a more reliable 
3D model of melanoma (Fig. 6a). These spheroids invaded 
collagen (Fig. 6b) and remained viable for 1 week (MTT 
test-based images not presented). To mimic the exosome-
enriched microenvironment, the spheroids were embed-
ded into collagen gels containing G361-derived exosomes 
(Fig. 6c). Indeed, the collagen gel casting procedure did not 
adversely impact the exosomes (Fig. 6c, arrow). Both cell 
types, i.e., melanoma cells as well as fibroblasts, migrated 
readily from composite spheroids (highlighted in green) to 
the collagen gel. These two invading cell types could be eas-
ily distinguished based on their cytological characteristics 

(Fig. 7a). Fibroblasts formed sparse outgrowths of predomi-
nantly individual cells (similar as presented in Fig. 5). Mela-
noma cells migrated mostly in densely packed outgrowths 
(highlighted in orange). G361-derived exosomes lowered 
invasion of melanoma cells from HDF-containing spheroids. 
Reversely, exosomes facilitated melanoma cell migration in 
the case of mCAF-containing spheroids. However intrigu-
ing, these differences were not statistically significant. Of 
note, we also observed a statistically significant difference 
between the extent of invasion from mCAF- and HDF-con-
taining spheroids, respectively.

Influence of exosomes on the HDF and mCAF 
transcriptome

In our previous work (Novotný et al. 2020), we observed 
three distinct subpopulations in otherwise homogeneous 
cultures of fibroblasts (HDFs and mCAFs) exposed to mel-
anoma cells in a 3D model. Therefore, we have decided 
to use single-cell RNA sequencing to study potentially 
diverse effects of exosomes on different fibroblast subpop-
ulations of HDFs and mCAFs. Surprisingly, the effect of 
G361 exosomes on the transcriptome of HDFs and mCAFs 
was not rapid, and we observed only modest changes at 
24 h after stimulation by exosomes (Fig. 7a). However, 
72 h after exosome application, notable changes in gene 
expression were observed in fibroblasts (Fig. 8b). The 
results were also compared with application of exosomes 

Fig. 2  Exosomes decrease cell adhesion and spreading. a The graph 
shows cell adhesion as a mean cell index. Time point 0 represents 
the point of cell addition onto the xCELLigence plate. Before that, 
the cells were treated for 4 h with melanoma exosomes or with the 

medium without exosomes. b The rate of cell growth was determined 
by calculating the slope of the line between two given time points 
using xCelligence software. p values indicate statistical significance 
calculated by a two-tailed Student’s t test
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isolated from the normal foetal bovine serum, which 
resulted in a weaker effect in both HDFs and mCAFs (Sup-
plementary Figure 2).

In transcriptomic analysis, we have primarily focused 
on three important aspects potentially related to our above-
mentioned findings. We have summarised in Supplementary 
Table 2 differentially regulated genes in KEGG pathways for 
(a) focal adhesion, (b) cell migration and (c) cell prolifera-
tion. We have highlighted genes which were significantly 
deregulated in both HDF and mCAF fibroblasts.

Exosomes influenced organisation of extracellular matrix 
in both types of fibroblasts. We have observed discordant 
deregulation of tenascin C (TNC) where mCAF increased 
expression after exosome stimulation. Similar effect was 
observed for integrin alpha-8 (ITGA8). We have also 
observed a significant increase of podoplanin (PDPN) in 
mCAFs.

In contrast to HDFs, exosomes significantly influenced 
the inflammatory response and cytokine-mediated signalling 
pathways and cholesterol synthesis in mCAFs (Fig. 8a, b). 

Exosomes also significantly stimulated mevalonate pathways 
in CAFs (Supplementary Figure 3).

Previously, we have demonstrated (Novotný et al. 2020) 
that cancer-associated fibroblasts differ from normal cells by 
excessive expression of IL-6, CXCL-8 and their receptors. 
Upon this ground, we focused our interest on these proteins 
in the experiment of 24-h exosome exposure to HDFs and 
mCAFs. Employing immunocytochemistry, we detected 
no presence of IL-6 in all cultured fibroblasts before and 
after G361 exosome treatment (Fig. 9a–d). A low but spe-
cific signal of IL-6R was present in cultured cells except for 
non-treated HDFs (Fig. 9e–h). Only insignificant differences 
were observed in the IL-6R gene on a mRNA level (not 
shown). CXCL-8 was not detected (Fig. 9i–l). Both recep-
tors CXCR1 and CXCR2 (Fig. 9m–t) were low to negative 
in all cultured fibroblasts. This is in good agreement with 
the absence of IL-6, CXCL-8, CXCR1 and CXCR2 at the 
mRNA level before and after G361 exosome treatment.

Our further interest was focused on detailed analysis of 
the influence of both types of exosomes, i.e., from foetal 
bovine serum and G361 melanoma cells, on both HDFs and 
mCAFs after 72 h of treatment. We present here representa-
tives of interleukins (Fig. 10a), matrix metalloproteinases 
(Fig. 10b), chemokines (Fig. 10c) and extracellular matrix 
molecules (Fig. 10d). Interestingly, the effect of exosomes 
on the activity of some genes such as IL1A, IL6, MMP3, 
CCL5, CXCL8 or TNC is different in HDFs and mCAFs. 
On the other hand, it is similar in the case of MMP11 and 

Fig. 3  Exosomes decrease fibroblast proliferation. a The graph shows 
cell proliferation (90  h) of HDF as a mean cell index. b The graph 
shows mCAF proliferation (90  h) as a mean cell index. Time point 
0 represents the point of cell addition onto the iCELLigence plate 
with exosomes (3 μg/ml blue, 10 μg/ml green) or without exosomes 
in DMEM + 10% EDS (red). Statistical significance (at the endpoint) 
was tested by Dunn’s post hoc multiple comparison test with Bonfer-
roni correction (significant comparison with p value < 0.05 indicated 
by asterisk)

Fig. 4  Exosomes increase the speed of cell migration in 2D. The box 
plot graph shows the cell speed differences between untreated and 
exosome-treated cells. p values indicate statistical significance calcu-
lated by a two-tailed Student’s t test
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COL1A1. To support the validity of these mRNA profiles, 
we have tested protein levels of IL-6 and CXCL8 released 
in fibroblasts -conditioned media by ELISA (Fig. 9u–v). We 
observed initially high IL-6 in mCAFs-conditioned media 
and further increase upon exosome stimulation. The IL-6 
level in HDF control was initially lower, and differences 
induced by exosomes were subtle. In mCAFs, CXCL8 fol-
lowed a similar trend. Of note, we also detected the effect of 
exosomes isolated from FBS, but these were not so potent as 
in the case of G361-derived exosomes (Fig. 10a–d).

Using the Proteome Profiler XL kit, we analysed super-
natants prepared from fibroblast cell cultures with or with-
out G361-derived exosomes for secretion of 105 cytokines. 
Selected data are presented in a bar graph (Fig. 11a). The 
IL1RL1 protein was present only in the non-treated HDFs 
and G361 exosome-treated mCAFs. On the other hand, throm-
bospondin-1 was present in the G361 exosome-treated HDFs 

and non-treated mCAFs. Dickkopf-1 was observed in both 
types of fibroblasts, and it was downregulated by exosomes 
in HDFs and upregulated by application of exosomes in 
mCAFs. The same and pronounced trend was also observed 
in the expression of angiogenin. Application of exosomes 
strongly increased the presence of IL-6 and CXCL-8, espe-
cially in mCAFs (Fig. 11a). The expression of both IL1R1 and 
thrombospondin-1 was also compared at the mRNA level. We 
observed a very similar trend in the activity of the THSD1 gene 
for both types of fibroblasts, corresponding well to proteomic 
results. There was a partial similarity in the case of 1L1RL1 
gene in HDFs (Fig. 11b).

Fig. 5  Exosomes enhance cell invasion in 3D. a 3D fibroblast sphe-
roids formed of mCAF cells were treated with or without exosomes 
and imaged at time points 0, 24 and 48 h. The bar indicates 1 mm. 
b 3D fibroblast spheroids formed of HDF cells were treated with or 
without exosomes and imaged at time points 0, 24 and 48  h. c Bar 

graphs show the mean invasion index of mCAF cells at time points 
24 and 48  h. d Bar graphs show the mean invasion index of HDF 
cells at time points 24 and 48 h. The p values in (c) and (d) indicate 
statistical significance calculated by two-tailed Student’s t test
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Discussion

We isolated extracellular vesicles produced by melanoma 
cells, which meet the criteria of exosomes (Théry et al. 
2006; Xu et al. 2015). It was observed earlier that mela-
noma cell lines produce exosomes (Lazar et al. 2015); how-
ever, their cargo and function may vary significantly. In our 
experiments, only one melanoma cell line, G361, produced 

exosomes in sufficient quantity, despite its lower migratory 
and invasive capability in comparison to cell line A2058 
(Kim et al. 2017).

Of note, G361 was established from a primary malignant 
melanoma of a 31-year-old male Caucasian (Peebles et al. 
1978). G-361 thus represents a model potentially more sensi-
tive to microenvironmental cues (Preisner et al. 2018) than 
other commonly used melanoma cell lines, which frequently 
originate from metastatic lesions. It was hypothesised (Hsu 
et al. 2000) that loss of microenvironmental dominance 
over early melanoma cells correlates with downregulation 
of adhesive molecules and results consequently in increased 
invasiveness of the tumour. In contrast, cells from metastatic 
lesions are highly invasive and already less sensitive to the 
influence of the microenvironment. Exosomes can represent 
such microenvironmental stimuli.

Exosomes secreted by malignant cells are an integral part 
of the tumour microenvironment. They can interact with 
collagen fibres, the most abundant ECM molecules in the 
dermis, and likely with numerous other ECM molecules. It 
was hypothesised earlier by others (Vlodavsky et al. 1990) 
that ECM provides a storage depot for biologically active 
agents that are stabilised, protected and gradually released. 
The exosome cargo can provide a persistent mode of action 
compared to the same molecules in a fluid phase. It can lead 
to stable tuning of the microenvironment facilitating cancer 
progression.

The interaction of exosomes with ECM was described 
in many cancer types and other pathological conditions 
(Buzás et al. 2018; Xu et al. 2019). In our experiments, 
G361-derived exosomes immobilised in high concentration 
to collagen non-significantly suppressed migration of cancer 
cells from spheroids containing normal fibroblasts. How-
ever, in the context of the highly permissive microenviron-
ment represented here by mCAFs in composite spheroids, 
exosomes revealed an opposite trend.

Application of these exosomes to 2D culture of HDFs 
or mCAFs inhibited their adhesion and proliferation in a 
concentration-dependent manner. Similarly, umbilical cord 
stem cell-derived or oral epithelial cell-derived exosomes 
have an inhibitory effect on fibroblast proliferation (Sjöqvist 
et al. 2019; Yao et al. 2020). Regarding mobility, exosomes 
were not able to influence the velocity of mCAFs, but they 
stimulated the migration of HDFs. Ovarian- or prostate can-
cer-derived exosomes also reduce adhesion and stimulate 
the velocity of fibroblast migration (McAtee et al. 2019; 
Lee et al. 2020).

However, in the 3D system in collagen gel, we observed 
that exosomes positively influenced cell migration of both 
HDFs and mCAFs. These differences between 2D and 
3D cultures are well known (Duval et al. 2017). We must 
highlight here that collagen gels do not represent a com-
plex architecture of dermal extracellular matrix. This model 

Fig. 6  Exosomes enhance melanoma cell invasion in 3D. a 3D mixed 
spheroids formed of G-361 melanoma cells with fibroblasts (mCAFs 
and HDFs, respectively) were embedded in 3D collagen gel with or 
without exosomes and imaged at time points 0  h (green mask) and 
144  h (orange mask with outline). b Box and whisker graphs show 
the mean invasion of G-361 cells at time point 144  h. c Electron 
microscopy of collagen gel with embedded exosomes (black arrow) 
and collagen fibril (white arrowhead). The bar in (a) indicates 1 mm 
and in (c) 100 nm. The p values in (b) indicate statistical significance 
calculated by non-parametric Tukey’s honest significance test (p 
value ≤ 0.05 was regarded as statistically significant)
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can be in fact much closer to the stochastic arrangement 
observed during early wound healing. This migration-
enhancing effect of exosomes seems to be particularly 
important, because fibroblasts can lead to tumour cell inva-
sion (Liu et al. 2019). Inhibition of the motility of fibroblasts 
and their adhesion to tumour cells can be achieved by appli-
cation of INFγ. Of note, fibroblasts modified by DNA pre-
sent in exosomes from uveal melanoma acquire properties 
of cancer cells, and they proliferate more and migrate more 
readily after application of cancer-derived exosomes (Tser-
ing et al. 2020). Our observations harmonise well with these 
findings and indicate broad activity of cancer cell-derived 
exosomes on both normal and cancer-associated fibroblasts. 
We must acknowledge here that this effect is not uniform 
and highlights the functional diversity of fibroblasts under 
normal (Rodemann and Rennekampff 2011) and pathologi-
cal (Bu et al. 2020) conditions. Such diversity can be docu-
mented by genes deregulated discordantly in comparison of 
HDF and mCAF after stimulation (Supplementary Table 2).

As fibroblast seeding density was identical in RTCA 
experiments, the measured values reflect the physical inter-
action of adherent cells with the surface of the electrode, 

primarily via surface receptors like integrins. Various cells 
can significantly differ in the types and numbers of these 
surface receptors. We have observed changes in expres-
sion of various integrins (ITGA2, ITGA7, ITGA10) in both 
fibroblast types in the same direction. Of note, ITGA8 was 
deregulated discordantly and was increased in mCAFs 
in response to exosome stimulation. Identical trend was 
observed for TNC—it is known that this integrin is the 
receptor for tenascin.

The physical adherence of a cell can also be signifi-
cantly modified by the environment and surface physi-
ochemical features, e.g., substrate stiffness. Due to these 
factors, even cells of equal physical volume can spread 
to different extents and thus occupy an area of unequal 
size. There is no generally accepted precise timing that 
would allow us to separate the initial cell adhesion from 
consecutive cell spreading to achieve optimal surface 
attachment. This can also lad to differences in activity of 
focal-adhesin kinase (FAK) signalling pathways. One of 
these discordantly deregulated genes is PDPN. PDPN is 
known for induction of major reorganisation of the actin 

Fig. 7  G-361-derived exosomes influenced the fibroblast transcriptome. a The heatmap presents the transcriptomic profile of HDFs and mCAFs 
24 h after exosome stimulation. b The heatmap presents the transcriptomic profile of HDFs and mCAFs 72 h after exosome stimulation
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Fig. 8  Comparison of the influence of G-361-derived exosomes on 
HDFs and mCAFs. The results of gene set enrichment analysis indi-
cate that the G-361-derived exosomes influence extracellular matrix 
organisation in mCAFs (a) and HDFs (b). The exosomes also influ-

ence the inflammatory response and cytokine-mediated signalling 
pathway in mCAFs (a). The top ten GO terms for a and b are pre-
sented in tables below (based on p value)



 Histochemistry and Cell Biology

1 3

cytoskeleton, increased motility and decreased cell adhe-
sion in tumours (Martín-Villar et al. 2005).

Histologic observations of desmoplastic reaction 
surrounding proliferating tumour buds were initially 
understood as a response of the host tissue against inva-
sive cancer cells. It was taken as a thick tissue barrier 
against cancer invasion and potential metastasis. To 
initiate this fibroplasia, paracrine signalling across the 

tissue microenvironment is necessary, and it should 
facilitate alterations of cell proliferation and differentia-
tion. Exosomes are an efficient tool for this information 
exchange across the niche. Indeed, HDFs in the G361 
exosome-enriched environment slowed down melanoma 
cell invasion in our experiments. The naïve fibroblast 
population in real tissue, represented here by HDFs in 
spheroids, once stimulated by exosomes possibly acts as a 

Fig. 9  Immunocytochemical 
analysis of HDFs and mCAFs 
treated for 24 h with exosomes 
in culture medium. a–d IL-6 
was not detected in cells; e–h 
low–medium signal of IL-6R 
in fibroblasts; i–l) detection 
of CXCL-8 (negative); m–p: 
detection of CXCR1 (low–nega-
tive); q–t CXCR2 (low–nega-
tive). Bar represents 50 μm. u 
IL-6 was detected in condi-
tioned media after 72 h (pg/
ml) by ELISA. v CXCL-8 was 
detected in conditioned media 
after 72 h (pg/ml) by ELISA. 
Error bars represent standard 
deviation (two independent 
experiments, three technical 
replicates for each. p values 
indicate statistical significance 
calculated by a two-tailed Stu-
dent’s t test
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defensive mechanism to insulate the tumour (Schäfer and 
Werner 2008). However, this is just a temporary advan-
tage. In an extended time frame, the exosomes can also 
contribute to fibroblast recruitment and their transforma-
tion into myofibroblasts, e.g., by TFG-β-dependent mecha-
nisms described in detail by others (Webber et al. 2010). 
It was suggested recently that α8β1 integrin enhances 
cellular contractility and TGFβ activity in liver fibro-
sis (Nishimichi et al. 2021). Similar can be expected in 
cancer. Hence, the defender can be easily corrupted and 
become a cancer abettor (Fiori et al. 2019).

G361-derived exosomes significantly influenced tran-
scription profiles of both normal HDFs and mCAFs. Inter-
estingly, the effect of exosomes observed on the HDF and 
mCAF transcriptomes was not the same. For example, the 
activity of genes for cytokines/chemokines such as IL1, IL6, 
IL24, IL32, IL34, CCL2, CCL5, CCL8, CCL11, CXCL1, 
CXCL2, CXCL3, CXCL5, CXCL6, CXCL8 and CXCL10 was 
upregulated in mCAFs and not affected/downregulated in 
HDFs. It suggests that mCAFs under exosomal stimuli shift 
the microenvironment to a chronic proinflammatory setting 
typical of cancer. On the other hand, the activity of genes for 

Fig. 10  Transcriptional changes in HDFs and mCAFs after 72  h of 
exosomal stimulation (G361-derived vs FBS-derived exosomes). 
Panel a presents global changes with emphasis on interleukins, b rep-

resents matrix metalloproteinases, c represents chemokines and d rep-
resents extracellular matrix molecules. The overall trend is indicated 
by the orange (HDFs) or purple arrow (mCAFs)
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matrix metalloproteinases MMP1, MMP3, MMP7, MMP8, 
MMP11, MMP13, MMP14 and MMP15 was upregulated in 
mCAFs, and in the case of MMP7, MMP11, MMP14 and 
MMP15, also in HDFs. It highlights the potential of the 
tumour microenvironment for dynamic structural changes 
allowing tumour invasion. Concerning the genes encod-
ing production of extracellular matrix proteins, activation 
of genes for tenascin-C (TNC) or laminins (LAM3, LAM4) 
was observed after the application of exosomes to mCAFs. 

The activity of genes encoding collagen type 1 (COL1A1, 
COL1A2) and collagen type 3 (COL3A1) was reduced in 
both mCAFs and HDFs. These data have demonstrated that 
G361-derived exosomes enhance the remarkable properties 
of cancer-associated fibroblasts in mCAFs.

In closer detail, CAFs are not functionally uniform either. 
CAFs represent a heterogeneous population where distinct 
subpopulations differ in production of ECM and secretion 
of bioactive cytokines/chemokines/growth factors, as was 

Fig. 11  Panel a presents bar 
graphs representing changes in 
selected proteins in fibroblast-
conditioned media after 72 h of 
stimulation by G-361 exosomes 
(detected in the Proteome 
Profiler Human XL Cytokine 
Array). Data represent an 
average of two capture spots 
for a particular analyte, and for 
purposes of comparison were 
normalised to the HDF level; 
error bar represents standard 
deviation. b The expression of 
both IL1R1 and thrombospon-
din-1 was also compared at the 
mRNA level, and a very similar 
trend was shown in the activity 
of THSD1 gene for both types 
of fibroblasts and in the case of 
1L1RL1 gene for HDFs. The 
overall trend is indicated by the 
orange (HDFs) or purple arrow 
(mCAFs)
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demonstrated for example in melanoma, urothelial carci-
noma or adenocarcinoma of the pancreas (Lin et al. 2020; 
Tsering et al. 2020; Novotný et al. 2020). Inflammation-
supporting factors, predominantly IL-6 secreted by CAFs, 
enhance the aggressiveness of tumours, including cutane-
ous malignant melanoma. A biologically relevant increase 
in cancer cell proliferation and metastasis formation was 
observed in many types of malignant tumours due to the 
CAF activity (Lacina et al. 2019; Plzák et al. 2019; Kodet 
et al. 2020; Brábek et al. 2020). A similar tumour-promoting 
effect can be assigned to activation of the gene for ECM 
protein tenascin-C. This ECM protein is rich in the micro-
environment of many types of tumours, including malignant 
cutaneous melanoma, where it seems to be associated with 
cancer cell survival and invasion (Grahovac et al. 2013; Shao 
et al. 2015).

The effect of exosomes on activation of matrix metal-
loproteinases also stimulated cancer cell invasiveness by 
degradation of ECM proteins. The exosome-activated 
mCAFs upregulate the activity of genes for MMP-1, MMP-
2, MMP-7, MMP-8, MMP-13 and MMP-14 that are asso-
ciated with cancer growth and progression. Part of them 
(MMP-1, MMP-2, MMP-7 and MMP-13) also participate 
in inflammatory processes under the control of IL-1, IL-6 
and CXCL-8 that are upregulated in mCAFs treated with 
exosomes (Cabral-Pacheco et al. 2020). The functional link 
of MMP with IL-1, IL-6 and CXCL-8 in mCAFs is shown 
in Supplementary Figure 4. This orchestration supports the 
role of exosomes in inflammation and of its mediators in the 
progression of cutaneous malignant melanoma.

Two proteins, IL1RL1 and thrombospondin-1, are 
expressed differentially with or without exosome applica-
tion in both HDFs and mCAFs. IL1RL1, the receptor for 
IL-33, is present in non-stimulated HDFs and exosome-
stimulated mCAF. Its role in cancer progression is highly 
probable (Zhou et al. 2020). Thrombospondin is up/down-
regulated in different tumours (Wang et al. 2020). In cuta-
neous melanoma, thrombospondin seems to be a marker of 
poor prognosis stimulating tumour vascularisation (Trotter 
et al. 2003). The stimulation of angiogenin in mCAF after 
exosome application can also be associated with tumour 
vascularisation (Gorain et al. 2019). Dickkopf-1 is a Wnt 
inhibitor. It is strongly expressed in both HDFs and mCAFs. 
The interpretation of this finding is complicated because its 
role as tumour-promoting and tumour-inhibiting factor was 
described (Li et al. 2020). Since the knockdown of Dick-
kopf-1 has a suppressive role in apoptosis induced by the 
combination of temsirolimus and temozolomide in vitro, it 
should be hypothesised that its role in cutaneous melanoma 
is tumour suppressing (Niessner et al. 2017).

The upregulation of the mevalonate pathway in exo-
some-stimulated mCAFs may be associated with RHO-
GTPases and actin cytoskeleton biology that may influence 

mCAF formation and function. It was suggested that in 
fibroblast-led collective invasion of tumour cells, leading 
and following cells differ in activity and roles of RhoGT-
Pases (Gaggioli et al. 2007). The proposed employment 
of statins in the therapeutic manipulations of the tumour 
ecosystem harmonises with this observation (Emelyanova 
et al. 2019; Ji et al. 2020; Yu et al. 2021).

Based on these data, it can be concluded that exosomes 
derived from G361 melanoma cells have a stimulatory 
effect on mCAF prepared from human cutaneous mela-
noma. It might be understood that fibroblasts turn into 
CAFs in the niche of the tumour microenvironment by the 
process of gradual and slow recruitment. This paradigm 
can also be extended to other tumour-supporting popula-
tions, including macrophages (Gok Yavuz et al. 2019).

Exosomes produced by cancer cells contribute to the 
co-evolution of cancer cells with their microenvironment 
during cancer formation and propagation (Valcz et  al. 
2020). Hu and Hu observed that exosomes prepared from 
melanoma cells re-programme NIH/3T3 to CAFs (Hu and 
Hu 2019). However, it must be highlighted in this context 
that 3T3 cells were established from mouse embryonic 
tissue (Todaro and Geen 1963), and they greatly differ 
from normal adult dermal fibroblasts. In the broader view 
of the whole organism, melanoma-derived exosomes are 
released to body fluids and thus influence distant fibro-
blasts to develop a premetastatic microenvironment (la 
Shu et al. 2018). This positive systemic effect of mela-
noma cell-derived exosomes should be reflected by tumour 
biology research in the nearest future. Because CAFs 
are very important players in information transfer in the 
tumour microenvironment, their therapeutic targeting may 
be beneficial for patient therapy in the future.
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