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Abstract
The persistence of activated myofibroblasts is a hallmark of 
fibrosis of many organs. Thus, the modulation of the genera-
tion/functionality of these cells may represent a strategical 
anti-fibrotic therapeutic option. Bone marrow-derived mes-
enchymal stromal cell (MSC)-based therapy has shown 
promising clues, but some criticisms still limit the clinical use 
of these cells, including the need to avoid xenogeneic com-
pound contamination for ex vivo cell amplification and the 
identification of appropriate growth factors acting as a pre-
conditioning agent and/or cell delivery vehicle during trans-
plantation, thus enabling the improvement of cell survival in 
the host tissue microenvironment. Many studies have dem-
onstrated the ability of platelet-rich plasma (PRP), a source 
of many biologically active molecules, to positively influence 
MSC proliferation, survival, and functionality, as well as its 
anti-fibrotic potential. Here we investigated the effects of 

PRP, murine and human bone marrow-derived MSCs, and of 
the combined treatment PRP/MSCs on in vitro differentia-
tion of murine NIH/3T3 and human HDFα fibroblasts to myo-
fibroblasts induced by transforming growth factor (TGF)-β1, 
a well-known pro-fibrotic agent. The myofibroblastic pheno-
type was evaluated morphologically (cell shape and actin cy-
toskeleton assembly) and immunocytochemically (vinculin-
rich focal adhesion clustering, α-smooth muscle actin and 
type-1 collagen expression). We found that PRP and MSCs, 
both as single treatments and in combination, were able to 
prevent the TGF-β1-induced fibroblast-myofibroblast transi-
tion. Unexpectedly, the combination PRP/MSCs had no syn-
ergistic effects. In conclusion, within the limitations related 
to an in vitro experimentation, our study may contribute to 
providing an experimental background for supporting the 
anti-fibrotic potential of the combination PRP/MSCs which, 
once translated “from bench to bedside,” could potentially 
offer advantages over the single treatments.

© 2019 S. Karger AG, Basel
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Introduction

Myofibroblast generation represents a key step of the 
physiological reparative response to tissue damage in 
most organs. Myofibroblasts derive mainly, among other 
potential progenitors, from the differentiation of resident 
fibroblasts in the extracellular matrix (ECM). Such an 
event is promoted by the action of several soluble pro-
fibrogenic mediators, such as transforming growth factor 
(TGF)-β1 released by infiltrating inflammatory cells 
(macrophages preferentially) and other local cell types 
(including the same fibroblasts and myofibroblasts) at the 
site of the injury, integrated with mechanical stimuli 
coming from the damaged microenvironment [Pakshir 
and Hinz, 2018; Weiskirchen et al., 2019]. Myofibroblasts 
exhibit the features of contractile fibroblasts able to pro-
duce and deposit abundant ECM components while 
transferring mechanical forces to the surrounding ECM. 
They are characterized by bundles of well-organized ac-
tin/myosin-containing microfilaments (stress fibers) 
connected with extracellular fibronectin filaments 
through large focal adhesion plaques (fibronexus), by the 
de novo expression of α-smooth muscle actin (sma), the 
actin isoform found in smooth muscle cells which confers 
a high contractility to myofibroblasts, and by an abun-
dant rough endoplasmic reticulum, typical of collagen-
synthetically active fibroblasts. However, when compared 
to fibroblasts, differentiated myofibroblasts secrete high-
er amounts of type-1 and type-3 collagen, proteoglycans, 
and other ECM components [Pakshir and Hinz, 2018]. 
Thus, given these morpho-functional features, in case of 
damage/wound, myofibroblasts represent the major con-
tributors to the formation of a provisional contractile 
scar, which enables the reduction of wound size and even-
tually its closure, required to rapidly restore tissue integ-
rity and preserve organ function. Usually, the healing 
process proceeds with the remodeling and degradation of 
the transient scar which is replaced by normal tissue via 
the accomplishment of regeneration mechanisms. Scar 
removal is mainly dependent on the balanced and finely 
tuned activity of proteolytic enzymes selectively digesting 
individual components of ECM (matrix metalloprotein-
ases, MMPs), and their specific tissue inhibitors (TIMPs), 
mainly secreted by myofibroblasts. With the end of the 
healing process, once the physiological organ architec-
ture and function are restored, the number and function-
ality of myofibroblasts drastically decrease as a result of 
apoptosis and/or senescence or the possible return to a 
quiescent state [Jun and Lau, 2018]. In other words, in 
physiological tissues’ reparative acute response to dam-

age, the function of myofibroblasts is temporally and spa-
tially limited. By contrast, the permanence and accumula-
tion of myofibroblasts in their activated state has been 
observed in the case of a persistent or extended damage 
or in the presence of a persevering inflammatory stimu-
lus, as an aberrant reparative response, as well as in some 
fibrotic disorders (including systemic fibrotic diseases 
such as systemic sclerosis, sclerodermatous graft versus 
host disease and nephrogenic systemic fibrosis, and many 
organ-specific disorders, such as radiation-induced fi-
brosis and cardiac, pulmonary, liver, and kidney fibrotic 
syndromes), whose causative mechanisms are remark-
ably heterogeneous and, in several instances, even elusive. 
Under these conditions, myofibroblasts deposit an un-
controlled, excessive, and progressive amount of ECM 
proteins, which accumulate replacing the normal tissue, 
thus leading to the disintegration of the organ architec-
ture and, eventually, the loss of its function [Rosenbloom 
et al., 2017; Weiskirchen et al., 2019]. Therefore, the mod-
ulation of the generation, lifespan, and functionality of 
myofibroblasts may represent a strategical therapeutic 
option to counteract the progression and, potentially, re-
vert an established fibrosis. Among different potential 
treatments proposed, bone marrow-derived mesenchy-
mal stromal cell (MSC)-based therapy has shown promis-
ing clues. Indeed, accumulating pre-clinical studies in 
animal models replicating wound healing or fibrotic dis-
eases in different organs have demonstrated the beneficial 
effects of the administration of these cells, in terms of re-
markable attenuation of collagen accumulation and miti-
gation of scarring [Formigli et al., 2015; Huang et al., 
2015; Royce et al., 2015; Srour and Thébaud, 2015; Prock-
op, 2016; Miao et al., 2017; Kim et al., 2018; Lei et al., 2018; 
Rozier et al., 2018; Saberi et al., 2019; Xing et al., 2019; 
Zhao et al., 2019a]. At the same time, in vitro investiga-
tions have identified myofibroblast generation as the tar-
get of the potential anti-fibrotic paracrine and juxtacrine 
action of bone marrow MSCs [Galie and Stegemann, 
2014; Sassoli et al., 2014b; Huang et al., 2015; Lan et al., 
2015; Jang et al., 2015; Fang et al., 2016]. Eventually, some 
human trials aimed to evaluate bone marrow MSC-based 
therapy for those diseases where fibrosis plays a major 
etiological role and are ongoing [Srour and Thébaud, 
2015; Squillaro et al., 2016; Lim et al., 2017; Miao et al., 
2017; Rozier et al., 2018]. However, despite this encourag-
ing evidence, some criticisms still exist regarding bone 
marrow MSC-based therapy, limiting their use in clinical 
applications including, among others: (i) the need of pro-
tocols for ex vivo cell amplification according to GMP 
guidelines, avoiding the contamination or immunologi-
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cal reactions towards xenogeneic compounds, such as an-
imal sera, and (ii) the identification of appropriate growth 
factors and/or bioengineered three-dimensional scaf-
folds acting both as a pre-conditioning agent and cell de-
livery vehicle during transplantation, thus enabling to 
preserve or promote the survival rate, optimize function-
ality, and improve the engraftment of the injected cells in 
the host tissue microenvironment. Indeed, such a micro-
environment is often characterized by nutrient depriva-
tion and reduced oxygen tension that greatly reduces the 
vitality of bone marrow MSCs, thus limiting their thera-
peutic potential [Andia et al., 2018; Hu and Li, 2018; Fer-
ro et al., 2019]. In this context, advantages could come 
from the use of platelet-rich plasma (PRP), a plasma frac-
tion with a concentration of platelets above baseline lev-
els, easily available from whole blood of patients and rep-
resenting a cost-effective reservoir of many biologically 
active molecules. In fact, many studies have demonstrat-
ed the ability of this blood product to improve the prolif-
eration, survival, and functionality of bone marrow-de-
rived MSCs [Formigli et al., 2012; Amable et al., 2014; 
Rubio-Azpeitia and Andia, 2014; Jalowiec et al., 2016; 
Hosni Ahmed et al., 2017; Hoberman et al., 2018; Sassoli 
et al., 2018b]. Moreover, the ability of PRP to limit fibro-
sis in different damaged and/or diseased organs has been 
observed [Cianforlini et al., 2015; Vu et al., 2015; Mogha-
dam et al., 2017; Jang et al., 2017; Sanchez-Avila et al., 
2018; Sayadi et al., 2018; Shoeib et al., 2018; Tavukcu et 
al., 2018] and experimental evidence suggests that antifi-
brotic potential of PRP may be correlated to its ability to 
prevent myofibroblast generation [Anitua et al., 2012; 
Anitua et al., 2015; Chellini et al., 2018]. On such prem-
ises, the present in vitro study intended to investigate the 
effects of a combined treatment with bone marrow-de-
rived MSCs and PRP on TGF-β1-induced myofibroblast 
generation.

Materials and Methods

Cell Cultures and Treatments
Murine NIH/3T3 fibroblasts from American Type Culture 

Collection (ATCC, Manassas, VA, USA), and human dermal fi-
broblast cells – HDFα – from ScienCell (Carlsbad, CA, USA) were 
grown in proliferation medium (PM) containing DMEM supple-
mented with 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin (Sigma, Milan, Italy) at 37  ° C in a humidified atmo-
sphere of 5% CO2. These cells served as undifferentiated cells. Fi-
broblasts were induced to differentiate towards myofibroblasts by 
culturing in differentiation medium (DM) containing a low serum 
concentration (2% FBS, Sigma) and the well-known pro-fibrotic 
agent TGF-β1 (2 ng/mL, PeproTech Inc., Rocky Hill, NJ, USA) for 

48 h or 5 days as previously reported [Chellini et al., 2018]. These 
cells served as differentiated control cells. In parallel experiments, 
in order to evaluate the effects of PRP and/or bone marrow-de-
rived MSCs on fibroblast-myofibroblast transition, both murine 
and human fibroblasts were cultured in the presence of PRP added 
to DM at the dilution of 1: 50 (DM + PRP) or co-cultured with mu-
rine or human adult bone marrow-derived MSCs in DM, in the 
absence or presence of PRP (1: 50) for 48 h and 5 days. Murine and 
human MSCs were previously collected from the bone marrow of 
femora and tibiae of male C2F1 mice and from the iliac crest and 
aspirates of normal human donors, respectively, immunopheno-
typically and morphologically in vitro characterized, cryopre-
served in a solution containing 10% dimethyl sulfoxide and 90% 
FBS, in a liquid nitrogen tank [Sassoli et al., 2018b; Tani et al., 2018] 
and used after proper thawing for the present experimentation. 
The thawed cells were cultured in their specific PM, containing 
DMEM for murine MSCs or DMEM plus GlutaMAXTM for human 
MSCs, supplemented with 20% FBS, and 1% penicillin/streptomy-
cin (Sigma).

Before seeding in the co-culture with fibroblasts (ratio fibro-
blasts/MSCs, 1: 2) in order to distinguish the two cell types, MSCs 
were labeled with the fluorescent VybrantTM Dil Cell-Labeling so-
lution (Dil-MSCs) according to the manufacturer’s instructions 
(Molecular Probes, Eugene, OR, USA), as reported previously 
[Sassoli et al., 2018b].

PRP Preparation
Ready-to-use thawed PRP aliquots previously prepared and 

stored at –80  ° C [Chellini et al., 2018] were used for the present 
experiments. Briefly, PRP was obtained from adult healthy donors 
undergoing a plasma-platelet apheresis (Haemonetics MCS®, 
Haemonetics, Milan, Italy), after receiving proper written in-
formed consent. Collected platelet units were stored in a specific 
shaker incubator and the plasma ones were immediately frozen at 
–80  ° C and subsequently thawed at 4  ° C for 16 h to obtain the cryo-
precipitate by syphoning. Successively, platelets were resuspended 
in cryoprecipitate and adjusted to a final concentration of 2 × 106/
µL. Platelet activation was induced by the addition of a calcium 
digluconate solution (10%). After being tested for microbiological 
contamination and classified as not suitable for transfusion-infu-
sion purposes, ready-to-use PRP aliquots were stored at –80  ° C. 
The use of PRP in experimental in vitro protocols does not require 
Ethical Committee approval.

Fluorescent Plasma Membrane and F-Actin Labeling
NIH/3T3 fibroblasts in monoculture or in co-culture with Dil-

MSCs in the different experimental conditions, seeded on glass 
coverslips, were fixed with 0.5% paraformaldehyde (PFA) in PBS 
for 10 min at room temperature (RT). After washing, the cells 
were incubated with Alexa Fluor 488-conjugated wheat germ ag-
glutinin (WGA, 1: 100; Molecular Probes) for 10 min at RT which 
binds glycoconjugates, i.e., N-acetylglucosamine and N-acetyl-
neuraminic acid (sialic acid) residues, on cell membranes. In par-
allel experiments fixed cells were permeabilized with cold acetone 
for 3 min, incubated with a blocking solution consisting of 1% 
bovine serum albumin (BSA; Sigma) in PBS for 40 min and then 
with Alexa Fluor 488-labeled phalloidin (1: 40; Molecular Probes) 
for 20 min at RT to detect actin filament organization (F-actin) 
prior to being immunolabeled for vinculin expression evaluation. 
After washing, the coverslips containing the stained cells were 
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mounted with an antifade mounting medium (Biomeda Gel 
Mount, Electron Microscopy Sciences, Foster City, CA, USA) and 
observed under a confocal Leica TCS SP5 microscope equipped 
with a HeNe/Ar laser source for fluorescence measurements (Lei-
ca Microsystems, Mannheim, Germany). Observations were per-
formed using a Leica Plan Apo 63×/1.43NA oil immersion objec-
tive. A series of optical sections (1,024 × 1,204 pixels each; pixel 
size 204.3 nm) 0.4 μm in thickness were taken throughout the 
depth of the cells at intervals of 0.4 μm. Images were then pro-
jected onto a single “extended focus” image. Densitometric analy-
sis of the intensity of F-actin was performed on digitized images 
using ImageJ 1.49v software (http://rsbweb.nih.gov/ij) in 20 re-
gions of interest (ROI) of 100 μm2 for each confocal stack (at least 
10).

Confocal Immunofluorescence
Fibroblasts in monoculture or in co-culture with Dil-MSCs 

seeded on glass coverslips in the different experimental conditions 
were fixed with 0.5% PFA in PBS for 10 min at RT. After permea-
bilization with cold acetone for 3 min and blocking with a solution 

of 0.5% BSA (Sigma) and 3% glycerol in PBS for 20 min, fixed cells 
were incubated overnight at 4  ° C with the following antibodies: 
mouse monoclonal anti-vinculin (1: 100; Sigma), mouse monoclo-
nal anti-α-sma (1: 100; Abcam, Cambridge, UK), and rabbit poly-
clonal anti-type-1 collagen (1: 50; Santa Cruz Biotechnology, Santa 
Cruz, CA, USA). The immunoreactions were revealed by incuba-
tion with specific anti-mouse Alexa Fluor 488- or Cy5-conjugated 
IgG or anti-rabbit Alexa Fluor 488-conjugated IgG (1: 200; Mo-
lecular Probes) for 1 h at RT. Negative controls were carried out by 
replacing the primary antibodies with non-immune serum; cross-
reactivity of the secondary antibodies was tested in control exper-
iments in which primary antibodies were omitted. After washing, 
the coverslips containing the immunolabeled cells were mounted 
with an antifade mounting medium (Biomeda Gel Mount) and 
observed under a confocal Leica TCS SP5 microscope as reported 
in the previous paragraph. Densitometric analyses of the intensity 
of vinculin, α-sma, and type-1 collagen fluorescence signals were 
performed on digitized images using ImageJ 1.49v software (http://
rsbweb.nih.gov/ij) in 20 ROI of 100 μm2 for each confocal stack (at 
least 10).

WGA WGA WGA

WGAWGA
MSCs MSCs

PM DM

DM

DM + PRP

DM + PRP

a b

d e

c

Fig. 1. Morphological evaluation of the fibroblast/myofibroblast 
phenotype. Representative images of fixed murine NIH/3T3 fibro-
blasts in monoculture (a–c) or in co-culture (d, e) with Dil-labeled 

murine MSCs (red) in the indicated experimental conditions 
stained with Alexa Fluor 488-conjugated WGA (green) to reveal 
the plasma membrane. Scale bar, 30 µm.
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Statistical Analysis
Data are presented as the mean ± standard error of the mean 

(SEM) as results of at least three independent experiments per-
formed in triplicate and analyzed using one-way ANOVA with 
post hoc Tukey HSD. Differences were considered significant at  
p < 0.05. Calculations were performed using GraphPad Prism 4.0 
statistical software (GraphPad, San Diego, CA, USA).

Results

The myofibroblastic phenotype was evaluated mor-
phologically and immunocytochemically. We found that 
control differentiated murine NIH/3T3 fibroblasts cul-
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Fig. 2. Evaluation of murine NIH/3T3 fibroblast to myofibroblast 
conversion: cytoskeleton organization. Representative confocal 
fluorescence images of fibroblasts in monoculture (a–c) or in co-
culture (d, e) with Dil-labeled murine MSCs (red) in the indicated 
experimental conditions stained with Alexa Fluor 488-conjugated 
phalloidin to reveal F-actin (green) and immunostained with an-

tibodies against vinculin (cyan). Scale bar, 30 µm. Histograms 
showing the densitometric analysis of the intensity of vinculin (f) 
and F-actin (g) fluorescence signals, performed on digitized im-
ages. AU, arbitrary units. Significance of differences: * p < 0.05 vs. 
PM; ° p < 0.05 vs. DM monoculture.
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tured in DM for 48 h exhibited the typical features of 
myofibroblasts (Fig. 1). Indeed, they appeared much larg-
er with a more polygonal shape as compared to the undif-
ferentiated cells cultured in PM which, instead, were 
smaller and spindle shaped as judged by the confocal flu-
orescence analysis of the cells labeled with the membrane 
dye Alexa Fluor 488-conjugated WGA (Fig. 1a, b). The 
analysis of cytoskeleton organization (Fig.  2) revealed 
that the differentiated cells, consistent with their shape, 
possessed prominent and parallely organized bundles of 
F-actin filaments, extending through the length of the 
cells, most likely stress fibers, and a strong immunoreac-
tivity for vinculin, which appeared mainly aggregated in 
large complexes attached at the ends of the actin filaments 
(Fig. 2b, f, g). By contrast, undifferentiated cells exhibited 
thin and less organized F-actin filaments and a low ex-

pression of vinculin accumulating in small dot-like ag-
gregates at either the cell border or scattered throughout 
the cytoplasm (Fig. 2a, f, g). Contrary to undifferentiated 
cells, the murine cells cultured in DM for 48 h showed a 
robust expression of α-sma, the most reliable marker of 
myofibroblasts, which seems to coincide with stress fibers 
(Fig. 3a, b, f). The cells, after 5 days in DM, showed an 
increase in the expression of type-1 collagen at the cyto-
plasmic level, with a distinctive pattern of distribution 
consistent with a localization of the protein in the cister-
nae of the endoplasmic reticulum and Golgi vesicles, sug-
gestive for a high cellular protein synthetic activity, a dis-
tinctive feature, likely discriminating fibroblasts from 
myofibroblasts (Fig.  4a, b, f). Moreover in some cases, 
positivity for type-1 collagen was found outside the cells 
in a filamentous form (Fig. 4b).
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Fig. 3. Evaluation of murine NIH/3T3 fibroblast to myofibroblast 
conversion: α-sma expression. Representative confocal fluores-
cence images of fibroblasts in monoculture (a–c) or in co-culture 
(d, e) with Dil-labeled murine MSCs (red) in the indicated exper-
imental conditions immunostained with antibodies against α-sma 

(green). Scale bar, 30 µm. f Histogram showing the densitometric 
analysis of the intensity of the α-sma fluorescence signal, per-
formed on digitized images. AU, arbitrary units. Significance of 
differences: * p < 0.05 vs. PM; ° p < 0.05 vs. DM monoculture.
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When murine fibroblasts were cultured in DM in the 
presence of PRP (DM + PRP) they exhibited a different 
morphology with respect to differentiated cells in DM, 
more similar to that of cells cultured in PM (Fig. 1a–c), 
together with a marked reduction of the assembly of stress 
fibers and the expression and organization of vinculin at 
focal adhesion sites (Fig. 2a–c, f, g), a strong decrease of 
α-sma (Fig. 3a–c, f) and type-1 collagen (Fig. 4a–c, f) ex-
pression, thus supporting the ability of PRP to counteract 
the fibroblast-myofibroblast transition promoted by 
TGF-β1. Morphological and immunophenotypical fea-
tures similar to those displayed by DM + PRP-treated 
cells were observed in murine fibroblasts co-cultured 
with murine MSCs in DM (Fig. 1c, d, Fig. 2c, d, f, g, Fig. 3c, 
d, f, Fig. 4c, d, f), suggesting the ability of juxtacrine-para-
crine factors from MSCs to negatively interfere with the 

TGF-β1 signaling pathway in terms of fibroblast myodif-
ferentiation.

Of note, the combination PRP + MSCs did not elicit 
synergistic effects: indeed, murine fibroblasts co-cultured 
with MSCs in DM in the presence of PRP behaved as fi-
broblasts cultured in the presence of PRP or co-cultured 
with MSCs showing a comparable morphology (Fig. 1c–
e) and no significant differences in terms of F-actin 
(Fig. 2c–e, g), vinculin (Fig. 2c–f), α-sma (Fig. 3c–f), and 
type-1 collagen (Fig. 4c–f) expression.

Likewise, primary human dermal fibroblasts (HDFα) 
cultured in DM + PRP or co-cultured in DM with human 
MSCs in the absence or presence of PRP appeared more 
spindle shaped with reduced expression levels of α-sma, 
which also appeared less organized along filaments, as 
compared to differentiating control cells cultured in DM 
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Fig. 4. Evaluation of murine NIH/3T3 fibroblast to myofibroblast 
conversion: type-1 collagen expression. Representative confocal 
fluorescence images of fibroblasts in monoculture (a–c) or in co-
culture (d, e) with Dil-labeled murine MSCs (red) in the indicated 
experimental conditions immunostained with antibodies against 

type-1 collagen (green). Scale bar, 25 µm. f Histogram showing the 
densitometric analysis of the intensity of the type-1 collagen fluo-
rescence signal, performed on digitized images. AU, arbitrary 
units. Significance of differences: * p < 0.05 vs. PM; ° p < 0.05 vs. 
DM monoculture.
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(Fig. 5). It must be pointed out that MSCs in co-culture 
with either murine and human fibroblasts, both in the ab-
sence or presence of PRP, failed to express α-sma and dis-
played very low levels of type-1 collagen expression, indi-
cating that, at least in our experimental conditions, these 
cells were unable to differentiate towards myofibroblasts.

Discussion

The identification of effective therapeutic options 
aimed to prevent and even more counteract and revert 
excessive tissue scarring is a current scientific challenge 
with high clinical priority. This is on the basis of the fol-
lowing considerations: (i) fibrosis frequently occurs in 
different organs as an aberrant maladaptive reparative re-

sponse to extended/severe or chronic injury, often lead-
ing to their morpho-functional impairment and end-
stage organ disease; (ii) therapeutic tools for eradication 
of the underlying etiology (in some cases resulting in fi-
brosis resolution) are not always available and, even 
more, most human fibrotic diseases are often multifacto-
rial in origin, so that a direct action on the noxious causes 
may be virtually impossible; (iii) current anti-fibrotic 
therapeutic options adopted so far have a limited efficacy; 
(iv) fibrosis is estimated to account for up to 50% of all 
causes of death in industrialized countries [Fang et al., 
2017; Lim et al., 2017; Zuccaro et al., 2017; Allinovi et al., 
2018; Walraven et al., 2018; Yoon et al., 2019]. In this sce-
nario, therapies aimed to modulate the recognized “core 
cellular mechanisms of fibrosis” such as generation, func-
tionality, and fate of myofibroblasts, the key effectors of 
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Fig. 5. Evaluation of human HDFα fibroblast to myofibroblast 
conversion. Representative confocal fluorescence images of fibro-
blasts in monoculture (a–c) or in co-culture (d, e) with Dil-labeled 
murine MSCs (red) in the indicated experimental conditions im-
munostained with antibodies against α-sma (grey). Scale bar, 50 

µm. f Histogram showing the densitometric analysis of the inten-
sity of the α-sma fluorescence signal, performed on digitized im-
ages. AU, arbitrary units. Significance of differences: * p < 0.05 vs. 
PM; ° p < 0.05 vs. DM monoculture.
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tissue scarring in most organs, could be strategical and 
promising. In such a view the findings of the present 
study, showing that PRP and bone marrow-derived 
MSCs, both as single treatments and in combination, are 
able to inhibit the TGF-β1-induced conversion of fibro-
blasts in myofibroblasts, are of particular interest, con-
tributing to design potential effective anti-fibrotic op-
tions. Data related to PRP used as a single treatment es-
sentially confirmed previous research [Anitua et al., 2012, 
2015] and our recent study demonstrating that PRP, act-
ing through vascular endothelial growth factor (VEGF)-
A/VEGF receptor-1(VEGFR-1 or Flt-1)-mediated signal-
ing to antagonize TGF-β1/Smad3 signaling, prevented 
fibroblast-myofibroblast transition, and did not induce 
per se fibroblast myodifferentiation [Chellini et al., 2018]. 
The data of the co-culture of murine fibroblasts and bone 
marrow-derived MSCs in DM (i.e., in the presence of the 
profibrotic agent TGF-β1) in the absence of PRP, consis-
tent with the findings from other research groups [Galie 
and Stegemann, 2014; Huang et al., 2015; Jang et al., 2015; 
Lan et al., 2015; Fang et al., 2016], extended our previous 
research aimed to define the role of bone marrow-derived 
MSCs on the regulation of MMPs in skeletal muscle cells 
including fibroblasts [Sassoli et al., 2014b]. In particular 
in that report we showed that murine bone marrow-de-
rived MSCs induced an upregulation of MMP-2 and 
MMP-9 expression, concomitantly to a reduction of 
TIMP-1 and TIMP-2 in murine primary skeletal fibro-
blasts and inhibited their myofibroblastic differentiation, 
induced by a low serum culture condition, by means of 
juxtacrine and paracrine mechanisms. In addition, in the 
same paper, the pharmacological inhibition of MMPs 
prevented in these cells, the decrease of α-sma and type-1 
collagen expression induced by MSCs, suggesting that 
MSCs could attenuate the fibrogenic response via mecha-
nisms mediated by MMPs. In the present study, we 
showed the capability of bone marrow-derived MSCs to 
negatively interfere with fibroblast/myofibroblast transi-
tion induced by TGF-β1, both in murine and human co-
culture cell systems. Experiments are ongoing in our lab 
to identify the potential molecular mechanisms under-
pinning the fibroblasts’ response to MSCs. However, an 
involvement of VEGF-A can be postulated taking into 
consideration that VEGF-A is released by bone marrow-
derived MSCs [Sassoli et al., 2012] and that the role of 
VEGF-A in inhibiting myofibroblast differentiation, in-
dependently, or at least in part independently, from its 
ability to negatively regulate TGF-β1 signaling, has been 
demonstrated [Chellini et al., 2018]. On the other hand, 
other paracrine factors of MSC secretome may negatively 

interfere with TGF-β1 signaling, synergistically acting as 
anti-fibrotic agents such as basic fibroblast growth factor, 
interleukin-15 and interferon-gamma [Sassoli et al., 2012; 
Yang et al., 2016; Gallego-Muñoz et al., 2017; Manohar et 
al., 2018]. Moreover, we have recently demonstrated the 
expression and release of functional MMP-2 by bone 
marrow MSCs and their autocrine regulation by the 
sphingosine 1-phosphate (S1P)/S1P receptor axis [Sas-
soli et al., 2014a, 2018a]. When considering the evidence 
of an interaction between MMPs (including MMP-2) and 
syndecans [Manon-Jensen et al., 2013], proven to be pro-
fibrotic molecules along the TGF-β1 axis [Lunde et al., 
2016], we can also speculate that bone marrow MSCs 
could exert their inhibitory effects on fibroblast-myofi-
broblast conversion via MMP-2. Furthermore, the in-
volvement of juxtacrine mechanisms including the acti-
vation of the Notch-1-mediated pathway needs to be in-
vestigated, in view of the known ability of this pathway to 
negatively modulate fibroblast-myofibroblast transition 
by downregulating TGF-β1/Smad3 signaling [Sassoli et 
al., 2013, Nistri et al., 2017] and given that bone marrow 
MSCs may activate this pathway by providing Notch-1 
ligands such as Jagged-1 [Sassoli et al., 2011; Duryagina 
et al., 2013]. Notably, differently from what was expected, 
the effects elicited by PRP and MSCs when used in com-
bination were not additive or synergistic, but almost su-
perimposable to those elicited by the single treatments.

We expected that the combination PRP/MSCs could 
amplify the effects of the single treatments and more 
 efficiently counteract fibroblast myodifferentiation, as-
suming that the combination could result in an increased 
concentration of anti-fibrotic factors such as VEGF-A, 
contained in both PRP [Chellini et al., 2018] and MSC 
secretome [Sassoli et al., 2012], and that some factors con-
tained in PRP (such as platelet-derived growth factor, 
PDGF-BB) could stimulate the ability of MSCs to release 
anti-fibrotic factors (a cross-talk between PDGF-BB and 
VEGF-A in bone marrow-derived MSCs has been report-
ed) [Xu et al., 2015], possibly negatively interfering with 
TGF-β, likely contained in PRP [Qiao et al., 2017].

The lack of additive/synergistic effects of the combined 
treatment on fibroblasts may be explained by the establish-
ment of more complex mutual paracrine and juxtacrine 
interactions between fibroblasts and bone marrow MSCs 
in the presence of PRP that may affect the reciprocal be-
havior of both cell types, at least in our cell system. For ex-
ample, PRP-derived molecules may stimulate fibroblasts 
to release factors which, in turn, may affect the functional-
ity of MSCs, including their secretome, in terms of the ratio 
between pro- and anti-fibrotic agents. On the other hand, 
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we can also postulate that the combined treatment could 
result in an increase of the levels of pro-fibrotic factors, de-
rived both from PRP and bone marrow MSCs, including 
S1P [Sassoli et al., 2014a; Hoeferlin et al., 2015; Vestri et al., 
2017], capable of activating pro-fibrotic signaling path-
ways – concomitantly to anti-fibrotic ones – likely not ac-
tivated by the single treatments. This could be due to the 
under threshold concentration of the pro-fibrotic agents in 
the single treatments, not enough to evoke a cell response, 
also taking into account the dose dependence of some fi-
broblastic responses to different factors, including S1P [Li 
et al., 2011; Xian et al., 2015; Aoyama-Araki et al., 2017; 
Duan et al., 2017]. Further comprehensive studies to test 
all these hypotheses are required. On the other hand, we 
cannot exclude the possibility that the effects we observed 
are strictly related to the in vitro experimentation condi-
tion that eliminates, among others, many paracrine-juxta-
crine mechanisms regulating cell interactions and func-
tionality (e.g., stimuli from blood vessels or immunological 
controls) as well as mechanical stimuli, normally available 
in vivo and to the experimental times.

However, the combination PRP/MSCs may offer advan-
tages over the single treatments. In fact, the advantage of an 
MSC-based therapy approach over the administration of 
PRP alone may rely on the possibility that metabolically ac-
tive cells may represent a continuous source of bioactive 
molecules/anti-fibrotic agents released in the context of 
damaged tissue, thus potentially assuring a long lasting ac-
tion. Moreover, it has been proven that many factors are 
released by the cells within extracellular vesicles/exosomes 
that preserve such factors from degradation [Zhao et al., 
2019b]. On the other hand, since PRP promotes bone mar-
row MSC viability, survival, and proliferation [Formigli et 
al., 2012; Amable et al., 2014; Rubio-Azpeitia and Andia, 
2014; Jalowiec et al., 2016; Hosni Ahmed et al., 2017; Hober-
man et al., 2018; Sassoli et al., 2018b], it may contribute to 
overcome the most critical challenges associated with the 
application of bone marrow MSCs in clinical cell therapies, 
namely the need of cell expansion in culture before trans-
plantation avoiding animal-derived growth factors and 
sera as well as of preservation and even promotion of en-
grafted MSC survival and function.

In addition, it is tempting to speculate that PRP may also 
modulate the functionality of the tissue-resident interstitial 
MSCs or endogenous MSCs recruited from systemic circu-
lation and migrated at the site of injury, whose role in bal-
ancing tissue repair and fibrosis is becoming increasingly 
relevant [Rabelink and Little, 2013; El Agha et al., 2017]. 
Last but not least, we have recently demonstrated that the 
combined treatment of PRP/MSCs was more effective than 

PRP alone in stimulating the activation and differentiation 
along the myogenic program of skeletal muscle progenitors 
cells (myoblasts/satellite cells), responsible for the forma-
tion of new multinucleated myofibers after damage [Sas-
soli et al., 2018b]. It is well known that a maladaptive fi-
brotic scar may often occur in response to an extended or 
severe muscle damage hampering the functionality of satel-
lite cells and eventually the complete tissue morpho-func-
tional recovery of damaged tissue [Chellini et al., 2019; 
Mahdy, 2019]. From such a view the findings of the present 
study may suggest that at least the injured skeletal muscle 
could double benefit from the combined treatment with 
MSCs and PRP, which may concomitantly contribute to 
the recreation of an anti-fibrogenic microenvironment, 
more conductive for muscle progenitor functionality, and 
to direct stimulation of the endogenous mechanisms of tis-
sue repair/regeneration. 

In conclusion, within the limitations related to an in vi-
tro experimentation, our study contributes to provide ex-
perimental background for supporting the anti-fibrotic po-
tential of the association of MSCs and PRP. It must, how-
ever, be pointed out that many critical issues related to the 
clinical application of both PRP and MSCs still exist. PRP 
criticisms are mainly represented by the heterogeneity of 
formulations, owing to the different non-standardized 
preparation procedures and by the lack of univocal guide-
lines for the best usage with respect to dose, optimal timing 
of administration, frequency and customization for target-
ed tissues, which may account for the reported conflicting 
results concerning the effects of this blood product in the 
modulation of tissue fibrosis [Delos et al., 2014; Cianforlini 
et al., 2015; Kelc and Vogrin, 2015; Reurink et al., 2015; Vu 
et al., 2015; Guillodo et al., 2016; Lynch and Bashir, 2016; 
Schroeder et al., 2016; Moghadam et al., 2017; Jang et al., 
2017; Sanchez-Avila et al., 2018; Sayadi et al., 2018; Shoeib 
et al., 2018; Tavukcu et al., 2018; Chellini et al., 2019]. On 
the other hand, it is worth reminding that a single biomark-
er or a reliable combination of biomarkers that specifically 
and/or exclusively define bone marrow MSCs, are still un-
identified, thus leading to the risk of getting a not homoge-
neous cell culture, even contaminated by non-mesenchy-
mal cells. Moreover, different in vitro culture procedures 
for cell expansion may affect cell properties, and long-term 
studies are required to elucidate the side effects as well as to 
validate the safety and effectiveness of bone marrow MSC-
based therapy for anti-fibrotic and pro-regenerative pur-
poses [Sassoli et al., 2012; Li et al., 2016; Prockop, 2016; 
Squillaro et al., 2016; Andia et al., 2018]. All considered, as 
always, the translation from bench to bedside has to be eval-
uated with great caution.
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