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Abstract: Depending on local cues, macrophages can polarize into classically activated (M1) or
alternatively activated (M2) phenotypes. This study investigates the impact of polarized macrophage-
derived Extracellular Vesicles (EVs) (M1 and M2) and their cargo of miRNA-19a-3p and miRNA-425-
5p on TGF-β production in lung fibroblasts. EVs were isolated from supernatants of M0, M1, and
M2 macrophages and quantified using nanoscale flow cytometry prior to fibroblast stimulation. The
concentration of TGF-β in fibroblast supernatants was measured using ELISA assays. The expression
levels of miRNA-19a-3p and miRNA-425-5p were assessed via TaqMan-qPCR. TGF-β production
after stimulation with M0-derived EVs and with M1-derived EVs increased significantly compared
to untreated fibroblasts. miRNA-425-5p, but not miRNA-19a-3p, was significantly upregulated in
M2-derived EVs compared to M0- and M1-derived EVs. This study demonstrates that EVs derived
from both M0 and M1 polarized macrophages induce the production of TGF-β in fibroblasts, with
potential regulation by miRNA-425-5p.

Keywords: fibroblasts; TGF-β; macrophages; EVs; miRNAs

1. Introduction

Fibroblasts, derived from the embryonic mesenchyme, are the main cells that charac-
terize the connective tissue and are extensively involved in many physiological processes,
such as organ homeostasis, shaping and maintaining tissue structure through extracellular
matrix remodeling. Moreover, fibroblasts play a crucial role in inflammation and wound
healing secondary to tissue damage, supporting the recruitment and activation of immune
cells and secreting and responding to cytokines, chemokines, and other inflammatory
stimuli [1–3]. Among the different cytokines produced by fibroblasts, TGF-β holds a
key position both enhancing the recruitment of immune-inflammatory cells to the site of
inflammation and stimulating extracellular matrix deposition, thus wound healing [4].

Besides their plural physiological functions, when an abnormal fibroblast activation
occurs, it can lead to pathological inflammatory and pro-fibrotic processes that are at

Int. J. Mol. Sci. 2024, 25, 7490. https://doi.org/10.3390/ijms25137490 https://www.mdpi.com/journal/ijms

https://doi.org/10.3390/ijms25137490
https://doi.org/10.3390/ijms25137490
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-7394-5190
https://orcid.org/0000-0002-3094-5721
https://orcid.org/0000-0001-8923-7511
https://orcid.org/0000-0003-1895-6388
https://orcid.org/0000-0002-1364-9568
https://orcid.org/0000-0002-1096-0596
https://orcid.org/0000-0002-7289-1522
https://orcid.org/0000-0002-0726-0812
https://orcid.org/0000-0003-2956-0880
https://doi.org/10.3390/ijms25137490
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms25137490?type=check_update&version=2


Int. J. Mol. Sci. 2024, 25, 7490 2 of 11

the basis of various pathological conditions, among which lung diseases are extensively
involved [3,5–8]. Throughout the inflammatory process, tissue injury triggers the activation
of macrophages, which in turn release numerous pro-inflammatory mediators. These
mediators serve to stimulate the migration, proliferation, and activation of fibroblasts
themselves [4]. Consequently, fibroblasts generate a plethora of cytokines that not only
regulate the inflammatory response but also contribute significantly to tissue repair [9].

Depending on the local environments, macrophages can be polarized in two sub-
types: classically activated macrophages (M1) and alternatively activated macrophages
(M2) [10–12]. In these pathological processes, fibroblast activation induced by macrophages
is crucial, and preliminary findings suggest that extracellular vesicles (EVs) could mediate
this cell–cell interaction.

EVs are lipid bilayer-enclosed spheres released by all cell types and are abundantly
present in all extracellular fluids (circulating blood, cerebrospinal fluid, and urine). Ac-
cording to the size, origin, and surface markers [13,14], these particles were distinguished
into exosomes (the smaller EVs with a diameter < 100 nm), microvesicles (a medium/large
EV with a diameter between 100 and 1000 nm), and lastly, apoptotic bodies (with a
diameter ≥ 1000 nm) [15–18].

Recently, the knowledge of EVs and their role in health and disease have increased
drastically. These vesicles carry a variety of biological molecules, and they can communicate
with local and distant cells, changing the metabolism of these cells [19].

EV cargo can consist of different biological molecules, capable of modulating biological
effects, among which microRNAs (miRNA) are key. It is becoming evident that miRNAs
(small non-coding RNAs with an average 22 nucleotides in length) play significant roles in
regulatory mechanisms operating in various organisms, including developmental timing
and host–pathogen interactions as well as cell differentiation, proliferation, apoptosis, and
tumorigenesis [20]. miRNAs regulate gene-expression post-transcriptionally by binding
to the 3′-untranslated region on messenger RNA (mRNA). Through this, they suppress
translation or induce degradation of the target mRNA [21].

Multiple miRNAs could regulate TGF-β production, among which miRNA-19a-3p
and miRNA-425-5p play a key role targeting downstream effector SMADs, TGF-β receptors,
or TGF-β transcription [22–29].

Hence, in light of the current literature, we can hypothesize that a modulation of
miRNA-19a-3p and miRNA-425-5p in macrophage-derived EVs could determine an in-
crease in the levels of TGF-β production on fibroblast target cells, enhancing their pro-
inflammatory and pro-fibrotic activity.

The aim of the present study was to evaluate the possible effect of polarized macrophage-
derived EVs (M1 and M2) and their miRNA-19a-3p and miRNA-425-5p cargo on the
production of TGF-β by lung fibroblasts.

2. Results
2.1. Production of Macrophage-Derived EVs Quantified by Flow Cytometry

THP-1 monocytes were differentiated into M0, M1, and M2 macrophages [30].
Macrophage-derived EVs were isolated to stimulate fibroblasts. Before fibroblast stimula-
tion, the EV concentration was quantified by nanoscale flow cytometry. EVs were identified
as Calcein+ events (Figure 1A,B) and expressed as events/µL.

The total number of EVs (events/µL) was similar in M0, M1, and M2 macrophages. In
particular, the concentration of M0 macrophage-derived EVs was 17,398 ± 3331 (events/µL),
M1 macrophage-derived EVs was 16,680 ± 1635 (events/µL), and M2 macrophage-derived
EVs was 18,223 ± 2766 (events/µL; Figure 1C).
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analysis, were reported as a reference for EV identification. (B) The size distribution of Calcein+ 
events based on V-SSC: large (red square), medium (orange square), and small (blue square). (C) 
The production of macrophage-derived EVs quantified by flow cytometry. Orange bar graph = M0-
derived EVs; yellow bar graph = M1 derived EVs; green bar graph = M2-derived EVs. The data 
represent the mean ± standard deviation of the results obtained from three independent 
experiments. 

An in-depth dimensional analysis allowed us to discriminate three subsets of 
Calcein+ EVs: small (100–200 nm), medium (200–300 nm), and large (300–900 nm). The 
percentage of small Calcein+ EVs was not significantly different between M0 (56.48 ± 
5.72%), M1 (55.94 ± 5.73%), and M2 macrophages (60.43 ± 8.56%). The percentage of 
medium Calcein+ EVs was not significantly different between M0 (34.31 ± 4.27%), M1 
(34.51 ± 3.41%), and M2 macrophages (31.50 ± 6.35%). Finally, the percentage of large 
Calcein+ EVs was also not significantly different between M0 (9.20 ± 1.49%), M1 (9.20 ± 
2.01%), and M2 macrophages (7.57 ± 2.46%) (Figure 2). 

 
Figure 2. The size distribution of macrophage-derived EVs quantified by flow cytometry. The size 
distribution of each subset of macrophage-derived EVs ((A) small 100–200 nm; (B) medium 200–300 
nm; (C) large 300–900 nm) among the three groups of macrophage-derived EVs (orange bar graph 
= M0-derived EVs; yellow bar graph = M1-derived EVs; green bar graph = M2-derived EVs). The 
data represent the mean ± standard deviation of the results obtained from three independent 
experiments. 

Figure 1. The flow cytometry analysis of macrophages supernatants. (A) The violet side scatter
(SSC)/Calcein-green fluorescence profile of EVs. Dimensional gates, based on fluorescent bead analy-
sis, were reported as a reference for EV identification. (B) The size distribution of Calcein+ events
based on V-SSC: large (red square), medium (orange square), and small (blue square). (C) The produc-
tion of macrophage-derived EVs quantified by flow cytometry. Orange bar graph = M0-derived EVs;
yellow bar graph = M1 derived EVs; green bar graph = M2-derived EVs. The data represent the
mean ± standard deviation of the results obtained from three independent experiments.

An in-depth dimensional analysis allowed us to discriminate three subsets of Calcein+

EVs: small (100–200 nm), medium (200–300 nm), and large (300–900 nm). The percentage
of small Calcein+ EVs was not significantly different between M0 (56.48 ± 5.72%), M1
(55.94 ± 5.73%), and M2 macrophages (60.43 ± 8.56%). The percentage of medium Calcein+

EVs was not significantly different between M0 (34.31 ± 4.27%), M1 (34.51 ± 3.41%), and
M2 macrophages (31.50 ± 6.35%). Finally, the percentage of large Calcein+ EVs was also not
significantly different between M0 (9.20 ± 1.49%), M1 (9.20 ± 2.01%), and M2 macrophages
(7.57 ± 2.46%) (Figure 2).
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Figure 2. The size distribution of macrophage-derived EVs quantified by flow cytometry. The
size distribution of each subset of macrophage-derived EVs ((A) small 100–200 nm; (B) medium
200–300 nm; (C) large 300–900 nm) among the three groups of macrophage-derived EVs (orange bar
graph = M0-derived EVs; yellow bar graph = M1-derived EVs; green bar graph = M2-derived
EVs). The data represent the mean ± standard deviation of the results obtained from three
independent experiments.
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2.2. TGF-β Production by Human Lung Fibroblasts after Stimulation with Macrophage-Derived EVs

TGF-β levels were evaluated in cell culture supernatants after fibroblast stimulation
with medium and large macrophage-derived EVs. The ELISA assays (Figure 3) shows
that stimulation with EVs derived from macrophages increased the release of TGF-β
by fibroblasts.

In particular, fibroblast stimulation with M0- and M1-derived EVs increased sig-
nificantly the levels of TGF-β compared to untreated fibroblasts (p < 0.05). Conversely,
fibroblast stimulation with M2-derived EVs does not increase TGF-β production (p = 0.06).
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2.3. miRNA-425-5p and miRNA-19a-3p Expression in Macrophage-Derived EVs

The relative miRNA-425-5p and miRNA-19a-3p expression levels were investigated in
M0, M1, and M2 medium and large macrophage-derived EVs. miRNA-425-5p expression
was significantly upregulated in M2-derived EVs compared to M0-derived EVs and M1-
derived EVs. Conversely, miRNA-425-5p expression was not significantly different in
M1-derived EVs compared to M0-derived EVs (Figure 4).

Finally, miRNA-19a-3p expression was not significantly different in M0-, M1-, and
M2-derived EVs.
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3. Discussion

In recent years, numerous studies have elucidated the intricate cellular and molecular
mechanisms underlying fibroblast activation. Among these investigations, significant
evidence suggests that this activation is intricately linked to intercellular communica-
tion, notably involving macrophages. Particularly within the context of transforming
growth factor-beta (TGF-β) production, these studies highlight the pivotal role played
by macrophages in orchestrating fibroblast activation. It has become clear that activated
macrophages communicate with target cells (i.e., fibroblasts) to exert their immunomodula-
tory effects through extracellular vesicles (EVs).

Extensively considered as little more than cell waste, several studies have placed EVs
at the cutting edge of research into intercellular communication [31]. EVs are a group of
membrane-enclosed vesicles that are naturally released by all cell types. Recently, EVs have
been recognised as vital information carriers that transfer their cargos from parent cells
to recipient cells, modulating the physiological or pathological process. The functions of
macrophage-derived EVs have been extensively investigated, while little is known on the
effect of polarized macrophage-derived EVs on recipient cells, in particular fibroblasts. EVs’
derived macrophage contents may vary with different macrophage phenotypes or local
environments. Depending on the local environments, macrophages can be divided into two
subtypes: classically activated macrophages (M1) and alternatively activated macrophages
(M2) [10–12]. It is known that both subtypes of macrophages are capable of producing EVs,
but studies in the literature focus on the effects of a single subtype of EVs [32–35] rather
than comparing the effects of one subtype to the other.

Therefore, in the present study, we investigated whether medium and large EVs
derived from polarized macrophages (M1 and M2) are able to stimulate human lung fi-
broblasts to produce TGF-β. First, using standard stimuli (PMA, IFNγ + LPS, and IL-4),
we polarized THP-1-monocytes into three different macrophage subtypes: undifferenti-
ated macrophage M0, classically activated macrophage M1, and alternatively activated
macrophage M2, as reported by Baxter and colleagues [30]. After polarization, for the first
time, we quantified, by cytofluorimetric analysis, the total number of EVs produced by
different macrophage subtypes, and we observed that M0, M1, and M2 produced the same
amount of EVs.

Upon noting that the overall number of EVs remained consistent across the three sub-
groups of macrophages, our curiosity shifted towards exploring the possibility of distinct
size distributions among these EVs. It is well known that microvesicles (MVs), which are
part of EVs, span a variable size range (100–1000 nm) generated by the shedding of the
plasma membrane. In particular, MVs represent a heterogeneous class of vesicles compris-
ing distinct subpopulations that vary in terms of composition and molecular cargo [36,37].
Using cytofluorimetric violet SSC (VSSC) technology, we are able to distinguish three sub-
groups of microparticles: small, medium, and large. We characterized the size distribution
of MVs derived from polarized macrophages, and we found a similar prevalence of small
MVs, without statistical significance between the groups. Second, we showed that the
size distribution of all subsets of MVs was similar, indicating that the different polarized
macrophages produced the same amount of EVs with the same size distribution.

Generally, the activation of fibroblasts may be induced by the cross-talk with macrophages
as part of various physiological processes, particularly in the context of tissue repair and
immune responses. It is known that macrophages promote the proliferation and activation
of fibroblasts, which start producing TGF-β [4,9,38]. As described previously, EVs may
play a role in intercellular communication by acting as signaling complexes that directly
stimulate target cells, such as fibroblasts, and mediate the transfer of genetic information.
EVs from M1 macrophages stimulate extracellular matrix production [32], while EVs from
M2 macrophages activate the production of TGF-β and profibrotic factors (e.g., α-SMA,
Collagen I) [34,35]. Therefore, it is evident that EVs derived from polarized macrophages
exhibit different messages and different types of miRNA.
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These results revealed that compared with baseline conditions (untreated), the pro-
duction of TGF-β in lung fibroblast was higher after stimulation with EVs derived from
polarized macrophages. However, this increase was statistically significant only with EVs
derived from M0 and M1 but not with M2. To find out why the TGF-β production observed
was different, we tried to consider the different content in miRNA biological cargo. We
decided to analyze the effect of two specific miRNAs involved in the modulation of TGF-β
production: miRNA-19a-3p and miRNA-425-5p [22–29]. These miRNAs are considered
negative regulators of TGF-β production, modulating Smad2 signaling or targeting TGF-β
Receptor II.

Our results showed higher levels of miRNA-425-5p in M2 compared to both M1-
and M0-derived EVs. Conversely, miRNA-425-5p expression levels were not significantly
different in M1 compared to M0-derived EVs. This is consistent with the inhibitory func-
tion of the miRNA-425-5p and with our observation that both M0 and M1 but not M2
macrophage-derived EVs induced a significant increase in TGF-β production in fibroblasts.
These results are also congruent with previous studies that evaluated the role of miRNA-
425-5p in different experimental models and that defined miRNA-425-5p as a suppressor
of TGF-β signaling pathway [39–41].

In contrast with previous reports [22–25], our analysis of miRNA-19a-3p was not
significantly different in the subgroups of macrophage-derived EVs, thus the differences
observed in fibroblast TGF-β production are not due to miRNA-19a-3p levels. The com-
plexity of mechanisms that regulate the TGF-β pathway highlight the difficulty in defining
the real impact of EV-derived miRNAs, especially considering the numerous molecules
and miRNA that EVs can transport. While certain cell types may exhibit limited expression
of specific miRNA targets, others might possess an abundance of such targets, leading to
the dilution of the miRNAs’ impact.

It is therefore critical to assess the influence of the miRNAs in the context of a spe-
cific cell. Furthermore, it is important to underline that the different expression profiles
may indicate that the physiological functions of miRNAs could be different in different
EV subtypes.

Even though our model could partially explain the possible biological effect of
macrophage-derived EVs on lung fibroblast TGF-β production, there are some limita-
tions in the study that ought to be considered. In particular, our study has methodological
limitations. EV types were analyzed using high-resolution flow cytometry, and other
complementary techniques could be applied to complement this approach and further
expand the understanding role of EVs, as recommended by the MISEV guideline. However,
we used the next generation of flow cytometers (CytoFLEX Beckman Coulter), which can
detect EVs as small as 100 nm, to identify and separate the EV population according to
size, as suggested by the MISEV guidelines [15]. We focused our attention on the effect
of medium-to-large EVs, but it is possible that smaller EVs, such as exosomes, also affect
TGF-β production. Additionally, this study did not evaluate the transformation of fibrob-
lasts to myofibroblasts using specific markers, nor was immunofluorescence used to assess
the presence of TGF-β within the cells. The analysis of EV protein expression (i.e., M1 and
M2 macrophage population markers) might be investigated to better differentiate M1 and
M2 EVs. Due to their role in the TGF-β pathway, we chose to analyze and compare the
production of two miRNAs (miRNA-19a-3p and miRNA-425-5p) among the complex and
heterogeneous total miRNA cargo of EVs. This analysis could be integrated with an addi-
tional miRNA profile study. Finally, to demonstrate a direct link between miRNA levels and
TGF-β production, it would be necessary to perform transfection experiments with mimics
or antisense miRNAs. Further studies are needed to clarify the role of miRNA-19a-3p and
miRNA-425-5p in the lung fibroblast activation and transition.
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4. Materials and Methods
4.1. Cell Cultures: THP-1 and IMR-90

The human monocyte cell line THP-1 was obtained from ECACC (Salisbury, UK) and
cultured in standard medium RPMI media (Sigma-Aldrich, St. Louis, MO, USA) 10% Fetal
Bovine Serum (FBS), 1% penicillin-streptomycin, and 1% glutamine (Gibco) and maintained
at 37 ◦C, 5% CO2 in a humidified tissue culture incubator.

The human lung fibroblast cell line IMR-90 was obtained from ATCC (Manassas, VA,
USA) and cultured in standard medium Eagle’s Minimum Essential Medium (EMEM—ATCC)
containing 10% Fetal Bovine Serum (FBS, Gibco, ThermoFisher Waltham, MA, USA), 1%
penicillin-streptomycin, and 1% glutamine (Gibco). All experiments were performed with
cell passage between 4 and 9.

4.2. THP-1 Differentiation

THP-1 monocytes were differentiated into resting macrophages (M0), classically ac-
tivated macrophages (proinflammatory—M1), alternatively activated macrophages (anti-
inflammatory—M2) [30]. Cells were counted and seeded in 12 wells at a concentration of
400,000 cells/mL.

THP-1 monocytes are differentiated into resting macrophages (M0) with 24 h incu-
bation with 25 ng/mL phorbol 12-myristate 13-acetate (PMA, Sigma, P8139) followed by
24 h incubation in RPMI medium. After stimulation, cells were washed twice in sterile
PBS, and standard medium was replaced for cell resting for 72 h. After 72 h resting, cells
were stimulated for 48 h with IFNγ 20 ng/mL (SinoBiological; Eschborn, Germany) + LPS
250 ng/mL (Enzo Life Sciences; New York, USA) for M1 polarization or with IL-4 20 ng/mL
for M2 polarization. Surface markers of differentiation were investigated with flow cytome-
try. Surface markers of differentiation were investigated with flow cytometry. CD80+ was
used as a marker for M1 differentiation, and the percentage of CD80-positive macrophages
increased 3-fold compared with M0 and M2. CD206 expression was used as M2 marker
of differentiation, and the percentage of CD206-positive macrophages increased 3-fold
compared with M0 and M1 (Figure S1 Online Data Supplement). After 48 h, supernatant
was collected for EV isolation.

4.3. EV Characterization and Isolation

Supernatants were collected from differentiated M0, M1, and M2 macrophages and
initially centrifuged at 16,000× g for 2 min to remove dead cells and big cell fragments.
After cell debris removal, the whole supernatant containing small, medium, and large
EVs was collected for flow cytometry analysis and EV size characterization. Afterwards,
supernatant was then centrifuged at 14,000× g for 30 min at 12 ◦C to pellet and isolate
EVs [42,43]. After centrifugation, supernatant was removed, and pelleted medium–large
EVs were resuspended in standard complete fibroblast medium to stimulate fibroblasts.

4.4. Fibroblast Stimulation

Human lung fibroblasts from cell line IMR-90 were cultured in standard condition.
Cells were counted and seeded in 12 wells at a cell density of 20,000 cells/cm2. Cells
were starved in a serum-free medium for 24 h and then stimulated for 48 h with fibroblast
complete medium containing resuspended medium and large EVs derived from M0, M1,
or M2 polarized macrophages (about 7000–8000 events/µL). Afterwards, supernatant was
collected for ELISA analysis. All experiments were performed with cell passage between 3
and 6.

4.5. Elisa

TGF-β secretion in the culture medium was assayed using an ELISA kit according
to the procedure recommended by the supplier’s protocols ((RayBio® Human TGF-beta
1 ELISA Kit, RayBiotech; Peachtree Corners, GA, USA). Each experiment was conducted
in triplicate.
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4.6. Flow Cytometry

Flow cytometry analysis of EVs in the supernatant samples were performed using
a CytoFLEX flow cytometer (Beckman Coulter; Brea, CA, USA). For EV size calibration
of the flow cytometer, fluorescent polystyrene beads, Gigamix in a mix 1:1 of Megamix
FSC & SSC Plus (BioCytex, Marseille, France), were used in sizes of 0.1, 0.16, 0.2, 0.24, 0.3,
0.5, and 0.9 µm. Violet side scatter (VSSC) and FL1 channel gain were set to visualize the
beads. The side scatter (SSC) from the 405 nm violet laser (VSSC) was used as a trigger
signal to discriminate the noise. Gigamix bead solution was gated excluding background
noise. After turning the set in VSSC and forward scatter (FSC), a rectangular gate was set
between the 0.1 and 0.9 µm bead populations and defined as EV gate. To determine EV
concentration, twenty microliters of macrophage supernatants were stained with 10 µL of
calcein-AM (Sigma-Aldrich) and incubated 30 min at 37 ◦C. Buffer controls without EVs,
detergent lysis treatment performed by incubating the filtered PBS-diluted EVs samples in
1% Triton™ X-100 for 30 min at RT, and unstained samples were included in all analyses
as technical controls [44]. To confirm that EVs detected by flow cytometry were lipid
membrane vesicles, the samples were treated with 1% Triton X-100 (Sigma-Aldrich), a lipid
solubilizing detergent, for 10 min at room temperature (RT) and compare with the non-
treated samples (Figures S2 and S3 Online Data Supplement) [45–47]. Files were exported,
and data were evaluated with CytExpert (Software Version 1.2, Beckman Coulter).

4.7. miRNA Extraction and TaqMan miRNA Assay

Total microRNAs (miRNAs) were isolated from macrophage-derived EVs follow-
ing the manufacturer’s instructions using Total Exosome RNA and Protein isolation kit
(Invitrogen 4478545). Once extracted, cDNA templates were prepared following the man-
ufacturer’s instructions using TaqMan Advanced miRNA Assays (applied biosystems
A25576). Briefly, poly (A) tailing reaction of mRNA was followed sequentially by adaptor
ligation, reverse transcription, and miR-Amp reactions using manufacturer’s protocols.
On the cDNA templates obtained, qPCR was performed to evaluate hsa-miRNA-19a-3p
expression (mir 479228 sequence: UGUGCAAAUCUAUGCAAAACUGA), hsa-miRNA-
425-5p expression (mir 478094 sequence: AAUGACACGAUCACUCCCGUUGA). miRNA
expression was calculated using the ∆∆-threshold cycle (Ct) method and normalized to
miRNA-93-5p (mir 478210 sequence: CAAAGUGCUGUUCGUGCAGGUAG) used as an
endogenous normalizer.

4.8. Statistical Analysis

The data are presented as the mean ± standard deviation. For continuous variables,
normal distributions were tested using the Shapiro–Wilk test. One-way ANOVA with
Turkey’s multiple comparison test was used to evaluate the parametric data. The Kruskal–
Wallis test and Dunn test for multiple comparison were used to evaluate the non-parametric
data. All data were analyzed with SPSS statistical software (version 3.5.2). p < 0.05 was
considered statistically significant.

5. Conclusions

In conclusion, our investigation into the impact on TGF-β production by lung fibrob-
lasts stimulated with EVs derived from polarized macrophages highlight the intricate
mechanisms of intercellular communication in physiopathological processes. In particular,
these results showed that EVs produced by polarized macrophages are able to stimulate
lung fibroblasts to produce TGF-β. In our model, we observed a significant upregulation of
miRNA-425-5p in M2-derived EVs and an associated increase in TGF-β release by fibrob-
lasts. These findings may suggest a potential involvement of the miR-425-5p/TGF-β axis
in fibroblast activation, which warrants further investigation through functional studies to
confirm this regulatory mechanism. Additionally, studies on EV-mediated lung fibroblast
activation are needed to better characterize the contribution of EVs to fibrotic mechanisms
and to elucidate their potential as therapeutic targets and biomarkers.



Int. J. Mol. Sci. 2024, 25, 7490 9 of 11

Supplementary Materials: The supporting information can be downloaded at https://www.mdpi.
com/article/10.3390/ijms25137490/s1.

Author Contributions: Conceptualization, A.C. (Alvise Casara), M.C., and E.B.; methodology, A.C.
(Alvise Casara), M.C., and N.B.; formal analysis, A.C. (Alvise Casara), M.C., and E.B.; data curation,
D.B., M.T., T.N., U.S., S.B., G.T., and E.B.; writing—original draft preparation, A.C. (Alvise Casara),
M.C., N.B., T.N., D.B., and E.B.; writing—review and editing, M.G.C., M.S., P.S., and A.C. (Alessandro
Celi). All authors have read and agreed to the published version of the manuscript.

Funding: This study was funded by University of Padova, grant number BIRD221905/2022 and
BIRD204238/2021.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

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

References
1. Camelliti, P.; Borg, T.K.; Kohl, P. Structural and functional characterisation of cardiac fibroblasts. Cardiovasc. Res. 2005, 65, 40–51.

[CrossRef] [PubMed]
2. Correa-Gallegos, D.; Jiang, D.; Rinkevich, Y. Fibroblasts as confederates of the immune system. Immunol. Rev. 2021, 302, 147–162.

[CrossRef] [PubMed]
3. Wei, K.; Nguyen, H.N.; Brenner, M.B. Fibroblast pathology in inflammatory diseases. J. Clin. Investig. 2021, 131, e149538.

[CrossRef] [PubMed]
4. Van Linthout, S.; Miteva, K.; Tschöpe, C. Crosstalk between fibroblasts and inflammatory cells. Cardiovasc. Res. 2014, 102, 258–269.

[CrossRef]
5. Lynch, M.D.; Watt, F.M. Fibroblast heterogeneity: Implications for human disease. J. Clin. Investig. 2018, 2, 26–35. [CrossRef]

[PubMed]
6. Woldhuis, R.R.; Heijink, I.H.; van den Berge, M.; Timens, W.; Oliver, B.G.; de Vries, M.; Brandsma, C.A. COPD-derived fibroblasts

secrete higher levels of senescence-associated secretory phenotype proteins. Thorax 2021, 76, 508–511. [CrossRef]
7. Michalik, M.; Wójcik-Pszczoła, K.; Paw, M.; Wnuk, D.; Koczurkiewicz, P.; Sanak, M.; Pękala, E.; Madeja, Z. Fibroblast-to-
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