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Regenerative medicine for the treatment of skin lesions is an innovative and rapidly 
developing field that aims to promote wound healing and restore the skin to its 
original condition before injury. Over the years, different topical treatments have 
been evaluated to improve skin wound healing and, among them, mesenchymal 
stem cells (MSCs) and platelet-rich plasma (PRP) have shown promising results 
for this purpose. This study sought to evaluate the quality of the healing process 
in experimentally induced full-thickness skin lesions treated with PRP associated 
or unassociated with MSCs in a sheep second intention wound healing model. 
After having surgically created full-thickness wounds on the back of three sheep, 
the wound healing process was assessed by performing clinical evaluations, 
histopathological examinations, and molecular analysis. Treated wounds showed 
a reduction of inflammation and contraction along with an increased re-
epithelialization rate and better maturation of the granulation tissue compared to 
untreated lesions. In particular, the combined treatment regulated the expression 
of collagen types I and III resulting in a proper resolution of the granulation tissue 
contrary to what was observed in untreated wounds; moreover, it led to a better 
maturation and organization of skin adnexa and collagen fibers in the repaired 
skin compared to untreated and PRP-treated wounds. Overall, both treatments 
improved the wound healing process compared to untreated wounds. Wounds 
treated with PRP and MSCs showed a healing progression that qualitatively 
resembles a restitutio ad integrum of the repaired skin, showing features typical 
of a mature healthy dermis.
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Introduction

The skin is the largest organ of the body and has the crucial role 
to function as a barrier from external agents. When injured, there is a 
loss of integrity of the skin barrier leading to a functional disorder that 
might be accompanied by disability or even death. Skin injury initiates 
mechanisms that aim to limit damage and subsequently induce repair 
(1, 2). Skin wound healing is a complex dynamic process that involves 
the interaction of multiple cell types and different soluble molecules 
such as growth factors, cytokines, and chemokines (3–5). It consists 
of four overlapping phases (hemostasis, inflammation, proliferation, 
and remodeling) with the aim to clean the wound bed, generate new 
tissue, and close the wound in order to restore the skin barrier (1, 2, 
4, 5). An impairment to this mechanism can result in non-healing or 
chronic open wounds, but also lead to the deposition of excessive 
granulation tissue presented as keloids or hypertrophic scars (1, 2, 4, 
6, 7). Repair of skin wounds in adults is commonly achieved with 
fibrosis, resulting in a scar tissue that is stiffer than healthy skin 
because it consists of disorganized extracellular matrix (ECM). This 
repair process differs from the regenerative process, as in this case the 
resulting tissue is almost indistinguishable from the original tissue in 
terms of structure and function (1). The main focus of clinical skin 
wound management is to promote and sustain a proper wound repair 
with the recovery of tissue function and a newly esthetically satisfying 
formed tissue (1). Regenerative skin wound therapy is a novel and 
rapidly developing field of biomedical research that aims to promote 
wound healing and to restore the damaged cells and injured skin tissue 
without scar formation. Since quality care is a crucial aspect of wound 
healing, regenerative strategies should not be  considered as an 
alternative for certain indispensable conventional treatments; instead, 
they should be considered complementary (1, 6, 7). Several in vitro 
and in vivo studies have been conducted on regenerative strategies for 
wound healing in humans and different animal species. Regenerative 
therapies consist of different strategies, such as the application of 
growth factors, gene therapy, stem cell treatment, tissue engineering, 
and cell reprogramming (1, 7). In veterinary practice, the increased 
demand for products that might improve and accelerate the quality of 
the healing process is the topic of several medical and economic 
studies (2). Among these approaches, the application of platelet-rich 
plasma (PRP) or mesenchymal stem cells (MSCs) has been intensively 
investigated to promote the regeneration of a broad range of soft and 
hard tissues, including the skin (7). Autologous PRP is blood plasma 
that has been enriched with platelets through a specific centrifugation 
protocol. PRP is usually obtained from autologous blood and has been 
used to treat both acute and chronic skin wounds (4). Platelets are 
cytoplasmic fragments derived from bone marrow megakaryocytes 
and contain several types of growth factors and cytokines that are able 
to stimulate the wound healing process (1–3, 6–9). There are a number 
of in vivo studies in dogs and horses regarding the use of PRP for 
cutaneous wound therapy. There studies reported that during wound 
healing PRP promoted epithelial differentiation and skin regeneration 
(10–12). Mesenchymal stem cells (MSCs) are a population of adult 
stem cells particularly known for their paracrine activity, especially for 
their anti-inflammatory and pro-regenerative effects. Therefore, they 
might play a central role in wound healing, as they are able to induce 
cell proliferation, promote granulation tissue formation, and stimulate 
neovascularization (3, 6). Recent reports consider that both allogeneic 
and autologous MSCs may positively impact all phases of wound 

repair in humans as well as in animals; indeed, MSCs possess a low 
immunogenic profile allowing an allogeneic administration without 
risk of rejection (13, 14). There are few available studies using a 
combination of autologous MSC and PRP in animals (2–9). Regarding 
this, the use of PRP as clinical-grade adjuvant to enhance the 
therapeutic effectiveness of engrafted MSCs has been suggested by 
several studies, highlighting that PRP treatment improves the 
angiogenic potential of MSCs both in vitro and in vivo, while 
stimulating the proliferation of MSCs in vitro (7). However, systematic 
studies on whether PRP alters the repair properties of engrafted MSCs 
in skin wound healing are rarely reported (7, 15). The aim of this 
paper was to evaluate the quality of the healing process in 
experimentally induced full-thickness skin lesions treated with 
autologous PRP alone or in association with peripheral blood-derived 
mesenchymal stem cells (MSCs) in a large animal model.

Materials and methods

Animal model and ethical statement

Three female Bergamasca sheep (Ovis aries) homogeneous for size 
and age were included in this experimental study. Sheep were allocated 
in an experimental stable (MAPS Department, University of Padova, 
Legnaro, Italy) for 2 weeks before starting the experimentation to 
allow acclimation. Biochemistry and parasitological examinations 
were carried out to assess their health status prior to beginning the 
study. Ethical approval for the experiment was obtained by ministerial 
decree n° 51/2015-PR released by the Italian Ministry of Health 
(n°51/2015-PR), in accordance with the Body for the Protection of 
Animals (OPBA).

Sheep represent a good experimental model because they provide 
peculiar opportunities as a pre-clinical model for translational 
medicine (16). This is a small-scale study that should be considered as 
a preliminary investigation that aims to assess the effect of different 
innovative treatments on skin wound healing, which took into account 
the “3Rs” principle (replacement-reduction-refinement). The 
performed experiments complied with EU Directive 2010/63/EU for 
animal experimentation and at the end of the experimentation, sheep 
were relocated to a teaching farm instead of being sacrificed.

Platelet-rich plasma preparation

Autologous PRP was obtained by using a double centrifugation 
tube method as described by Perazzi et al. (17) and described following 
published guidelines (18). In brief, a total volume of 25 mL blood 
(matched to lesion size and animal weight) was collected from the 
jugular vein using a commercially designed platelet sequestration 
sterile tubes containing sodium citrate (Vacutainer CPT; Becton, 
Dickinson and Company, Franklin Lakes, New Jersey, United States). 
After a first centrifugation (Labofuge 400, Heraeus Holding, Hanau, 
Germany) at 1300xg for 20 min without brakes at room temperature, 
the buffy coat containing mononuclear cells and platelets was collected 
and mixed in 0.75–1 mL of the remaining plasma. Then, different 
buffy coats from the same subject were pooled and centrifuged a 
second time at 300xg for 15 min without brakes at room temperature 
in order to obtain the platelet pellet. The pellet was collected and 
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resuspended in the remaining volume of plasma. The whole procedure 
was carried out using sterile disposable tools. This procedure was 
performed on the day of surgery (day 0).

A complete hemogram of the PRP was carried out for each sheep 
using a flow cytometry hematology system (ADVIA 120 Analyzer, 
Bayer Lab, New  York, United  States). The final volume of PRP 
contained a mean value of 850 ± 185 ×103 platlets/μL, a concentration 
four to five times greater than the basal level; it was used alone or as 
vehicle to administer the cell treatment.

In addition, the final product was investigated for the presence of 
three growth factors involved in different biological processes, 
including wound healing. The concentration was assessed by 
enzymatic-linked immunosorbent assay (ELISA) for insulin-like 
growth factor 1 (IGF-1), vascular endothelial growth factor A (VEGF-
A), and transforming growth factor beta 1 (TGF-β1) following the 
manufacturer’s protocol (Supplementary Figure S1).

Isolation of peripheral blood-derived 
mesenchymal stem cells

MSCs were isolated from three sheep that were not involved in the 
current experimentation. 100 mL of peripheral blood were collected 
from the jugular vein of each animal using a vacutainer coated with 
Li-heparin (Becton, Dickinson and Company, Franklin Lakes, New 
Jersey, United States), in order to avoid the formation of blood clots. 
MSCs were isolated following the protocol described by Martinello 
et al. (19). In brief, the blood was diluted 1:1 with phosphate buffered 
saline (PBS) solution and added onto a Ficoll-paque solution 
(Amersham Biosciences, Little Chalfont, United Kingdom) to obtain 
mononuclear cells (including MSCs) in the interphase after a density 
gradient centrifugation. Next, MSCs were cultured in a complete 
medium constituted of DMEM High Glucose (SigmaAldrich, St. 
Louis, MO, United  States) supplemented with fetal bovine serum 
(FBS, 10%) (Euroclone, Milano, Italy) and antibiotics (1% penicillin–
streptomycin; Euroclone, Milano, Italy). Cells were kept in an 
incubator at 37°C with 5% CO2. On the day of application, cells were 
detached from the tissue culture flasks using trypsin–EDTA 0.05% 
(Euroclone, Milano, Italy), counted, and diluted in PRP for the 
therapeutic application. Cell viability was checked along with counting 
using the trypan blue dye; all cells showed a viability ≥95%.

Surgical procedure and experimental 
design

On the day of surgery, animals were treated with antibiotic 
(amoxicilline, 15 mg/Kg) and analgesic therapy (tramadol, 4 mg/Kg) 
via intramuscular injection. Afterwards, sheep were premedicated and 
sedated by administering medetomidine (0.01 mg/Kg) intravenously. 
After a proper level of sedation, the animal was placed in sternal 
decubitus position and the thoracolumbar area was shaved 
(trichotomy) for the preparation of the operative field. The induction 
of anesthesia was induced by administering propofol (4 mg/Kg). 
Afterwards to maintain it, the animal was orotracheally intubated and 
administered with isoflurane combined with a mixture of medical air 
and oxygen. Following this, the back of each animal was marked using 
a sterilized square model (a template), which was used as a guide to 

designate the wound areas to perform the creation of the lesion. 
Moreover, this step was also performed in order to take into account 
skin contraction during wound healing for a representative biopsy 
collection. After scrubbing the surgical field with iodine-povidone 
(10%), six full-thickness skin defects (16 cm2, 4 cm × 4 cm) were 
created on the back of each sheep using a scalpel and a sterilized 
square guide model. The wounds were equally distant from each other 
(6 cm ipsilateral and 5 cm contralateral) and the distance between 
them did not affect the healing process or the outcomes of the 
experiment (20, 21). Five lesions were used to assess the effects of five 
different treatments. The sixth lesion was used as control, in which 
only PBS was administered. The application of the five different 
therapies and the untreated (control) wound were randomized for 
each sheep. In this study, only the effects of PRP alone and the 
combination of PRP with MSCs were evaluated and compared to 
control wounds (PBS). Other treatments, which were not related to 
the application of PRP, are mentioned in other original research 
manuscripts (14, 22). The application of MSCs alone in the same 
animal model has been reported by Martinello and colleagues (23).

A total volume of 2 mL of PRP was applied to the PRP treatment 
wound: 1 mL was dropped on the wound surface including on the 
edge of the wound to fully cover the area of the lesion whereas the 
remnant 1 mL was subcutaneously injected in the wound margins 
homogeneously (i.e., 0.25  mL per margin). Wounds intended to 
be treated with PRP + MSC were managed in the same way. Briefly, a 
final concentration of 4×106 MSCs diluted in in PRP was applied 
topically (1 mL) and subcutaneously injected in the wound borders 
(1 mL). The treatment was applied only once on the day of surgery. 
After the surgery, the lesions were bandaged using a sterile gauze. The 
sterile gauzes were further covered with a protective bandage and a 
tubular mesh gauze, the latter was fixed to the peripheral wool to 
secure the bandages to cover the wounds. Animals were all housed in 
an adequate barn to ensure their wellbeing as gregarious animals. 
Antibiotic therapy (amoxicilline, 150 mg/Kg; subcutaneous injection) 
was administered for 5 days and analgesic therapy (buprenorphine, 
100 mcg/Kg; intramuscular injection) for 2 days. At 7, 14, 21, and 
42 days after wounding, two skin samples for each lesion were 
collected using a 6-mm punch biopsy after proper sedation and 
analgesic therapy. Skin samples were collected at four different time 
points in order assess the wound healing process throughout all its 
stages. At each time point, samples were collected in two different 
precise points of the wounds that were opposite to each other and 
equidistantly located from the original wound margins (day 0) using 
the previously made marking points as a guide. For each time point, 
one biopsy was used for histopathological and immunohistochemistry 
analysis, and one for molecular analysis.

Clinical follow-up

The wound dressings were changed every 3 days until the end of 
the study (day 42). In order to replace them, non-woven gauzes were 
wet with a sterile saline physiological solution to avoid damage to the 
healing wounds and impair the healing process. The macroscopic 
aspect of each lesion was documented with photographs taken at 7, 
14, 21, and 42 days after surgery. This operation and the clinical 
evaluation were carried out by the same blinded operator at each time 
point. The percentages of wound re-epithelialization and contraction 
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were quantified and calculated using an image processing program 
(ImageJ®).

Histopathological analysis and 
immunohistochemistry

Nine biopsies per each time point (3 for each treatment and 3 for 
untreated wounds, for a total of 36) were processed for 
histopathological evaluation. Skin biopsies were fixed in neutral-
buffered formalin (10%) for 24 h. Next, they were dehydrated with a 
gradual dilution scale of ethanol and embedded in paraffin following 
a standard protocol. After embedding, skin samples were cut using a 
microtome (Leica-RM2035, Leica Microsystems, Wetzlar, Germany) 
into 4-μm thick slices. For histopathological examination, skin 
sections were stained with hematoxylin and eosin (H&E) following 
the standard procedure. Then, slides were observed using a light 
microscope (Olympus Vanox AHBT3, Olympus, Tokyo, Japan). All 
sections were evaluated by two blinded independent operators for the 
following histopathological parameters: dermal and subcutaneous 
inflammation, immature granulation tissue (presence and 
development), and skin adnexa (presence and development). In order 
to evaluate these parameters, a semi-quantitative score from 0 to 3 (0 
absence, 1 mild, 2 moderate, and 3 abundant) was used and assigned 
to each skin section for all parameters. All data were calculated for 
each subject and parameter, and presented as relative frequencies. 
Moreover, the epidermal thickness index (ETI) was calculated to 
determine the degree of epidermal hypertrophy after wounding and 
healing. In order to calculate the ETI, the average thickness of skin 
samples epidermis was calculated at 0 and 42 days after surgery. The 
epidermis thickness was measured in the 10 randomly selected fields 
for each sample (400x magnification). Then, the ETI was calculated 
based on an equation described by Rahmani-Neishaboor et al. (24): 
ETI = (epidermal thickness at day 42/epidermal thickness at day 0). 
Values equivalent to 1 represent a fully healed skin wound without 
scar formation, whereas values >1 indicate a newly formed 
hypertrophic epidermis. For immunohistochemistry, skin sections 
were immunostained with monoclonal antibodies for Ki67 (a nuclear 
marker for cell proliferation; 1:50; clone MIB-1, Dako, Santa Clara, 
CA, United States) and alpha smooth muscle actin (α-SMA, marker 
for the detection of myofibroblasts; 1:1000; clone 1A4, Dako, Santa 
Clara, CA, United  States), following the manufacturer’s protocol. 
Briefly, after a proper deparaffinization and dehydration protocol, 
sections were treated by immersion in a 0.3% H2O2 solution 
(methanol) for 20 min to block endogenous peroxidase activity, thus 
preventing the development of aspecific signal (false positive staining). 
For the Ki67 immunostainings only, sections were exposed for antigen 
retrieval (heat induced epitope retrieval, HIER) by the use of 10 mM 
sodium citrate buffer (pH 6) at 95°C for 20 min. Afterwards, 
nonspecific binding sites in each section were blocked by the exposure 
to 2.5% normal goat serum for 1 h at room temperature. Then, sections 
were incubated with the primary antibody following a different step: 
for Ki67, sections were incubated overnight at +4°C, while α-SMA for 
1 h at room temperature. After incubation, sections were washed three 
times with PBS and incubated with the secondary antibody (goat anti-
mouse biotin conjugated IgG; 1:200; Dako, Santa Clara, CA, 
United States) for 30 min at room temperature. Following this, an 
avidin-biotin complex (ABC Reagent, VECTASTAIN® ABC Kit, 

PK-4000, Vector Laboratories, Burlingame, CA, United States) and 
3,3′-diamobenzidine (DAB) system (ImmPACT® DAB Substrate, 
SK-4105, Vector Laboratories, Burlingame, CA, United States) were 
used to develop and obtain a proper immunolabeling. Counterstaining 
with Mayer’s hematoxylin was also performed. For assessing the 
specificity of the immunostaining reaction, positive and negative 
controls were always performed. Sections were observed using a light 
microscope (Olympus Vanox AHBT3, Olympus, Tokyo, Japan). The 
positive area of Ki67 was quantitatively analyzed: the percentage of the 
positive area was calculated in ten randomly selected fields of view 
(400x magnification) for each section. The positive signal was 
measured using an image processing program (ImageJ®), and the 
results are expressed as percentage of positive area. The assessment of 
the immunoreactivity of α-SMA was performed by using a semi-
quantitative histological score (0–3) based on the abundancy and 
orientation of myofibroblasts as follows: 0 for absence of 
immunolabeling, 1 for a mild presence of immunoreaction and 
irregular orientation, 2 for moderate immunoreaction and well-
oriented myofibroblasts, and 3 for abundant immunoreaction and 
compact parallel organized myofibroblasts.

Gene expression analysis

Nine biopsies per time point (3 for treated and 3 for untreated 
wounds, for a total of 36) were processed for gene expression analysis 
by real time PCR (RT-PCR). After sampling, samples were snap-frozen 
in liquid nitrogen and stored at −80°C until use. RNA isolation was 
performed by using TRIzol reagent (Life Technologies, Carlsbad, CA, 
United States). Total RNA was quantified and assess for its quality 
(260/280 nm wavelengths ratio) using a NanoDrop™ 
spectrophotometer (Thermo Scientific, Waltham, MA, United States). 
Then, a total amount of 2 μg of RNA was retrotranscribed using the 
Superscript™ II Reverse Transcriptase (Invitrogen, Carlsbad, CA, 
United  States) to obtain the complementary DNA (cDNA). The 
obtained cDNA was used as a template for RT-PCR analysis using the 
ABI 7500 Real Time PCR system (Applied Byosistems, Foster City, CA, 
United States). The relative expression of genes involved in wound 
healing were assessed: collagen type I (collagen 1α1, Col1α1), collagen 
type III (collagen 3α1, Col3α1), vascular endothelial growth factor A 
(VEGF-A), and hair-Keratin (hKER). The obtained data were 
normalized on the gene expression of the housekeeping gene 18S 
ribosomial RNA (18S) and Ribosomial Protein S24 (RPS24). The 
specific pair of primers for each gene were designed based on the sheep 
annotated genome sequence on the GenBank database (sheep genome 
assembly: Oar_v4.0, GCA_000298735.2) by using the Primer Express 
3.0 software (Applied Byosystems, Foster City, CA, United States). The 
designed primers were validated by using the standard curve method, 
along with the calculation of their efficiency. Each pair of primers 
presented with an adequate slope (between −3.3 and −3.6) and with a 
respective efficiency of 95–100%. The efficiency was calculated using 
the ABI 7500 System SDS Software (Applied Biosystems, Foster City, 
CA, United States). For the relative quantification, all experiments were 
run in triplicate for each gene of interest. At the same time, the melting 
curve analysis (dissociation curve) was performed to detect 
non-specific products of amplification. The relative quantification was 
calculated with the 2-ΔΔCt method. Uninjured skin of the animals 
involved in the current study was used as the calibrator sample.
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Statistical analysis

Data are expressed as mean ± standard error of the mean (SEM). 
Statistical differences were evaluated by using the two-way ANOVA 
test with statistical differences (p ≤ 0.05) detected by the Tukey’s 
“post-hoc” test. To evaluate the statistical differences regarding the 
ETI score, a Student’s t distribution was used and a p value less or 
equal to 0.05 was considered statistically significant. All statistical 
analysis were performed using GraphPad Prism 9.0 software (San 
Diego, CA, United States). Comparison among groups regarding the 
granulation tissue was performed using the Kruskal-Wallis 
non-parametric test by time using the XLSTAT software package 
(Data Analysis and Statistical Solution for Microsoft Excel, Addinsoft, 
Paris, France).

Results

Clinical follow-up

The macroscopic appearance of the lesions was documented with 
photographs taken at 7, 14, 21, and 42 days after surgery using a ruler 
for measuring the evaluation of healing process (Figure  1). The 
presence of the granulation tissue, along with wound contraction and 
re-epithelialization rate were evaluated weekly until the complete 
closure of the wounds. The percentage of the wound contraction and 
re-epithelialization were calculated for each wound based on the 
formulas already reported in the literature (25, 26).

Granulation tissue
Overall, the greatest presence of granulation tissue was found 

around day 14 for all lesions, and then decreased until it disappeared 
in all lesions around day 42; notably, during the first 2 weeks in the 
lesions treated with PRP + MSC on days 7 and 14, there was a greater 
presence of granulation tissue (considered exuberant) than in the 
others, which is statistically significant compared to control wounds: 
day 7, 14, and 21 (p < 0.05) (Figure 2).

Wound contraction rate
The biggest differences were between day 7 and day 28. In 

particular, on day 7 the control lesions already exceeded 16.25% of 
contraction while the PRP + MSCs was the least contracted at 2.18%. 
The PRP had a mean value of 7.37%. These differences are statistically 
significant (p < 0.001). On day 14 there was the greatest difference 
between the control values reaching about 39.18% and the 
PRP + MSCs reaching 19.87%. PRP reached values of 27.72%. All 
these differences are statistically significant (p = 0.024). On day 21 the 
control was the most contracted, reaching 70.91%, while the 
PRP + MSCs was less, reaching 50.87%. The PRP had a mean value 
reaching 61.06%. Between day 21 and 28 the rate of contraction of 
lesions treated with PRP + MSCs increased, reaching values similar 
to the others, and all lesions were between 77 and 79% (PRP and 
PRP + MSCs) and 82.95% (control) of contraction. At the end point 
(42 days) the percentage of contraction was between 84% (both in 
lesions treated with PRP and PRP + MSCs) and 89.33% in control 
lesions. Notably, throughout the healing period the contraction 
percentages were higher in the control lesions than in PRP and 

FIGURE 1

Representative macroscopic images of the skin wounds during the wound healing process.
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PRP + MSCs lesions. Moreover, the rate of contraction of lesions 
treated with PRP + MSCs was more constant than for lesions treated 
with PRP in which the contraction slowed down in the second part 
of the trial (Figure 3A).

Re-epithelialization rate
Contrary to the percentage of contraction, the average 

percentage values of re-epithelialization maintained different 
trends and values until day 42. Re-epithelialization appeared from 
day 7 with values between 5.77% (PRP) and 12.77% (control). By 
day 14, lesions treated with PRP reached 44.42%, control lesions 
29.06% and finally PRP + MSCs 20.83%; these differences between 
PRP vs. PRP + MSCs are statistically significant (p = 0.019). At day 
21 lesions treated with PRP + MSCs reached 44.06%, while those 
with PRP reached 58.53% and the control reached 67.10%. Between 
day 14 and day 21, there was the largest percentage increase for 
control lesions, while lesions treated with PRP underwent a 
slowdown. On day 28, PRP + MSC reached 84.42%, PRP 69.49% 
and control 79.67%. From day 21 to day 28 there was a significant 
increase in the percentage of epithelialization for PRP + MSC. At 
day 42 none of the treated lesions had healed completely: 
PRP + MSC reached a value of 94.40% and control 99.31% 
epithelialization. The lesions treated with PRP reached an average 

of 86.84% of epithelialization, showing a strong slowdown from 
day 14 (in which they were the most epithelialized) onwards. The 
data obtained indicate that PRP induced a high percentage of 
epithelialization between days 7 and 14 and then dropped 
drastically; meanwhile, PRP + MSCs induced a high rate of 
epithelialization between days 21 and 28. The control, on the other 
hand, had a more linear trend (Figure 3B).

Histopathological observations

Superficial inflammation – At day 7, all PRP-treated and untreated 
(control) wounds showed a mild superficial inflammation (100%) 
(Figures 4A,B) while PRP + MSCs wounds presented with a 33% with 
a moderate inflammation and the remnant wounds with a mild one 
(67%) (Figure 4C) as observed for other treatments. After two weeks, 
wounds treated with PRP showed the same frequency observed 
during the first week (100% mild superficial inflammation) 
(Figure 4E); on the other hand, all PRP + MSCs wounds showed a 
moderate inflammation (100%) (Figure 4F). At the same time point, 
untreated wounds presented with 37% of the wounds with a moderate 
inflammation and a 67% with a mild one (Figure 4D). At 21 days, all 
treated wounds (PRP and PRP + MSCs) showed no inflammation in 
the superficial layer of the dermis (100% absent) (Figures  4H,I), 
whereas a 33% of control wounds still presented with a mild 
inflammation and in 67% was absent (Figure 4G). At 42 days, all 
wounds showed no signs of superficial inflammation (100% absent) 
(Figures 4J–L). Deep inflammation – One week after wounding, all 
wounds showed a mild inflammation in the deeper layer of the 
dermis (100% mild) (Figures 4A–C). Between 14 and 21 days, the 
presence of deep inflammation was unaltered in PRP + MSCs-treated 
and control wounds (100% mild) (Figures 4D,F,G,I); on the contrary, 
at the same time points, PRP-treated wounds showed a reduction of 
inflammation in 33% of wounds (absent) while in 67% the 
inflammation was still considered mild (Figures 4E,H). At 42 days, all 
treated wounds did not show any element of inflammation (100% 
absent) (Figures  4K,L); regarding control wounds, the 100% 
presented with a mild inflammation was observed during previous 
time points (Figure  4J). Immature granulation tissue – Both 
treatments led to a more abundant deposition of granulation tissue 
(GT) at 7 days than control wounds (67% moderate and 33% mild in 

FIGURE 2

Clinical score for the presence of granulation tissue. Data are shown 
as mean  ±  SD. Different letters within time points means statistically 
significant different values for p  <  0.05.

FIGURE 3

(A) Percentage of contraction and (B) re-epithelialization of skin wounds during the experimentation. Data are shown as mean  ±  SEM.
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treated wounds vs. 67% mild and 33% absent in control wounds) 
(Figures 4A–C). At 2 weeks, PRP-treated wounds presented with a 
100% abundant presence of granulation tissue (Figure  4E), 
PRP + MSCs wounds with a 100% moderate presence (Figure 4F), 
while control wounds showed a lower amount of GT (Figure 4D): 
67% moderate and 33% mild. At 21 days, the GT started to reduce its 
amount and develop into a mature dermis as observed in treated 
wounds. 67% of the wounds treated with PRP showed a moderate 
presence of GT while in 33% it was absent (Figure 4H); on the other 
hand, wounds treated with PRP + MSCs showed a mild presence of 
GT in 67% while in 33% it was absent (Figure 4I). The presence of GT 

in control wounds was still considered moderate in 67% of the 
wounds and mild in the remaining 33% (Figure 4G). At 42 days, the 
GT was absent in all wounds (100%) (Figures 4J–L). Skin adnexa – 
The presence of skin adnexa was first observed at 21 days in all 
wounds, but at different frequencies (Figures 4A–F). The treatment 
with PRP led to a moderate presence of skin adnexa in all wounds 
(100%) (Figure 4H), while the application of PRP combined with 
MSCs led to 67% of wounds with an abundant presence and 33% a 
moderate amount of skin adnexa (Figure 4I). 100% of control wounds 
showed a mild presence of skin adnexa (Figure 4G). After 6 weeks, 
both treatments led to an abundant presence of skin adnexa in all 
wounds (100%) (Figures 4K,L). However, in wounds treated with 
PRP + MSCs, a better organization and development of hair follicles 
and apocrine glands was observed with respect to the treatment with 
PRP alone. On the contrary, in untreated wounds 67% presented with 
a moderate and 33% with an abundant amount of skin adnexa 
(Figure  4J). Epidermal Thickness Index (ETI) – Control wounds 
showed a higher ETI than both control groups (3,660 ± 0,145 control 
vs. 1,381 ± 0,142 PRP vs. 1,377 ± 0,241 PRP + MSCs); these differences 
were considered statistically significant (Figure 5). The application of 
PRP and PRP + MSCs led to a less thick epidermis compared to 
control wounds, resembling the one observed in unwounded skin 
(day 0).

Immunohistochemical observations

Ki67
Ki67 is considered a reliable marker to assess cell proliferation 

during the wound healing process (27, 28) (Figure  6A; 
Supplementary Figure S2). At 1 week, the combined treatment of 
PRP + MSCs induced cell proliferation compared to PRP alone and 

FIGURE 4

Histopathological microphotographs of the skin biopsies obtained at different time points during the wound healing process. (A–C) Skin wounds at 
7  days; (D–F) wounds at 14  days; (G–I) wounds at 21  days; (J–L) wounds at 42  days after wounding. GT, granulation tissue; NE, neoepidermis; NS, 
neoskin; F, fibrosis. Scalebar, 200 μm.

FIGURE 5

Epidermal thickness index (ETI) at 42 days of all wounds respect to 
unwounded skin. Data are shown as mean  ±  SEM; **** p  <  0.0001.
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control wounds, which presented a similar percentage of positive 
area for Ki67 immunolabeling (5,849 ± 0,546 PRP + MSCs vs. 
3,702 ± 0,327 PRP vs. 4,008 ± 0.304 control); these differences were 
statistically significant. At 14 days, both treatments presented with a 
similar amount of positivity, higher respect to control wounds 
(3,390 ± 0,336 PRP + MSCs vs. 3,579 ± 0,310 PRP vs. 0,546 ± 0,072 
control). At this time point, both PRP alone and PRP + MSCs 
presented a significant statistically higher positive area than the 
control wounds. As observed after 2 weeks, on day 21 the application 
of PRP alone or in combination with MSCs stimulated cell 
proliferation, resulting in a higher positivity in treated wounds 
compared to control wounds (2,868 ± 0,394 PRP + MSCs vs. 
3,225 ± 0,264 PRP vs. 2,068 ± 0,323 control). However, only the 
difference between PRP and control wounds was statistically 
significant. At day 42, all wounds presented with a similar percentage 
of positivity.

α-SMA
Myofibroblasts are a specialized cell population with a key role 

in wound contraction and deposition of components of the 
extracellular matrix during the wound healing process (29) 
(Figure 6B; Supplementary Figure S3). Immunopositivity for α-SMA 
was detected since day 7 in all wounds, especially in PRP + MSCs-
treated wounds. Indeed, on this time point, these wounds presented 
a higher number of positive cells (i.e., myofibroblasts) along with a 
better organization (i.e., cells were parallel to the wound surface) 
compared to wounds treated with PRP alone or left untreated. These 
observed differences were statistically significant. On day 14, treated 
wounds (PRP and PRP + MSCs) presented with a slightly higher 
immunopositivity and better organization of cell when compared to 
control wounds. After 3 weeks, a reduced amount of α-SMA positive 
cells was observed in all wounds, especially in PRP-treated wounds. 
At 42 days, immunopositivity for α-SMA was observed in only 
untreated wounds in the superficial layer of the dermis. In treated 
wounds, no myofibroblasts were observed; the presence of 
immunolabeling in these samples at this time point has to 
be ascertained to arrector pili muscles and myoepithelial cells of 
apocrine glands.

Gene expression analysis

RT-PCR analysis showed that the gene expression of both 
collagen types (I and III) was up-regulated in all wounds during the 
first 2 weeks (Figures 7A,B). At 7 days, the gene expression of collagen 
I (Col1α1) was slightly higher in control and PRP-treated wounds 
compared to wounds treated with PRP + MSCs. After 2 weeks, 
regarding the gene expression in untreated wounds and in those 
treated with PRP + MSCs, the observed mRNA level was similar while 
wounds treated with PRP presented with a higher gene expression 
compared to the other two groups; the difference between the two 
treatments was statistically significant. Regarding the gene expression 
analysis of collagen type III (Col3α1), at 1 week post-wounding all 
wounds presented a similar level of mRNA. At day 14, PRP-treated 
wounds along with control wounds presented a higher gene 
expression compared to wounds treated with the combined therapy, 
both in a statistically significant fashion. At 21 days, the gene 
expression of Collagen type I dropped in all wounds; this was seen in 
particular in control wounds where the observed mRNA level was 
almost absent. On the contrary, the relative expression of collagen 
type III was still high in control wounds. Treated wounds presented 
with a lower gene expression than the previous time points. After 
6 weeks, the observed mRNA of both collagen type was lowered in all 
wounds. The mRNA level of VEGF-A, a fundamental growth factor 
involved in the neoangiogensis, was higher in wounds treated with 
the combined therapy at 7, 14, and 21 days (Figure 8A). In particular, 
at 14 days, the difference of relative expression observed between 
PRP + MSCs-treated wounds and PRP treatment alone was 
statistically significant. Meanwhile, at 3 weeks post-wounding, the 
difference was also statistically significant between PRP + MSCs-
treated wounds and PRP alone, but also with control wounds; in 
addition, the difference between the PRP group and control wounds 
was significant. The gene expression of hKER, a keratin protein 
involved in the development of hair follicles, was first detected at day 
14 in both treated groups, presenting a slightly higher mRNA level in 
wounds treated with the combined therapy (Figure 8B). At 21 days, 
both treated groups showed an upregulation of the relative expression 
of hKER. At the end of the experimentation (42 days), a low gene 

FIGURE 6

(A) Quantitative analysis of the percentage of positive area of each wound for the proliferation marker Ki67 and (B) histological score for the alpha 
smooth muscle actin (α-SMA). Data are shown as mean  ±  SEM; * p  <  0.05; ** p  <  0.01; *** p  <  0,001; **** p  <  0.0001.
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expression of hKER was also detected in control wounds for the first 
time in 6 weeks.

Discussion

Skin wound healing is a complex and dynamic process consisting 
of overlapping phases, which has the final aim of restoring the 
physiological skin barrier with a newly formed tissue. However, in 
different clinical scenarios (e.g., diabetes, large extended wound, 
infection, etc.), an impairment may occur in any of its phases affecting 
the quality of tissue healing such as delaying wound closure or 
eventually leading to the formation of pathological scars. Furthermore, 
this affects the properties of the newly formed skin, which presents a 
lower quality in terms of biomechanical properties and appearance 
compared to the skin before wounding. Concomitantly, it could result 
in the progression of the wound into a chronic non-healing ulcer 
causing discomfort to the patient. Apart from concerning the welfare 
of the patient, wounds that inadequately heal also have consequences 
on wound care management with a subsequent impact in the 

economic sphere (30–33). For this reason, since conventional 
treatments are usually associated with a poor prognosis, it is necessary 
to investigate innovative therapies that might allow skin wounds to 
properly heal into a tissue characterized by similar pre-wound 
structural and functional properties.

In the current study, we describe the application of autologous 
platelet-rich plasma (PRP) in an experimental second intention 
wound healing large animal model and its combination with 
allogeneic mesenchymal stem cells (MSCs) to assess if these treatments 
are able to lead to a newly formed healed tissue that qualitatively is the 
result of tissue regeneration (restitutio ad integrum) rather than repair 
(scarring). The wound healing model was previously optimized (20, 
23). Wounds were sufficiently distant between each other to prevent 
their interaction via the blood flow; hence, it was optimal to effectively 
distinguish between the effects of different treatments (21).

Inflammation is the first phase of wound healing, and it is a 
crucial step for the whole process. If on one hand, inflammatory cells 
allow the progression of healing by clearing the wounds from cellular 
debris and pathogens, on the other hand a sustained and persistent 
inflammation may slow down the whole healing consequently leading 

FIGURE 7

Real Time PCR for collagen type I and III. (A) Relative expression of collagen type I (Col1α1) gene and (B) collagen type III (Col3α1) gene at 7, 14, 21, and 
42  days post-wounding. Data are shown as mean  ±  SEM. Unwounded skin was used as the calibrator sample. Statistical differences were measured 
between the three experimental groups at the same time point. * p  <  0.05; *** p  <  0.001; **** p  <  0.0001.

FIGURE 8

Real Time PCR for vascular endothelial growth factor A (VEGF) and hair-Keratin (hKER) genes. (A) Relative gene expression of the VEGF-A and (B) hKER 
at 7, 14, 21, and 42  days after wounding. Data are shown as mean  ±  SEM. Unwounded skin was used as the calibrator sample. Statistical differences 
were measured between the two experimental groups at the same time point; * p  <  0.05; ** p  <  0.01; *** p  <  0.001; **** p  <  0.0001.
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to wound chronicity (34, 35). In this study, inflammation and 
inflammatory infiltrate were evaluated at the histopathological level. 
During the first 2 weeks, a more intense inflammatory activity was 
observed in treated wounds compared to later stages. This event might 
be related to an earlier activation of the inflammation phase, and one 
reason might be the activation of platelets contained in the PRP after 
interaction with the collagen of the wound tissue (36), which might 
have resulted in an efficient release of growth factors from the granules 
contained in platelets. These different soluble mediators (e.g., 
chemokines, PDGF, etc.,) are able to attract inflammatory cells to the 
wound site, thus explaining the higher amount observed in treated 
wounds respect to control wounds during the first weeks of healing 
(37, 38). Indeed, the recruitment of inflammatory cells into the wound 
is essential for tissue debridement and inflammatory cells, such as 
macrophages, can release growth factors that may sustain the 
following phases of healing (39). However, in treated wounds the 
inflammatory process started to decrease around 21 days after 
wounding, and then disappearing completely after 6 weeks. Contrarily, 
untreated wounds showed a mild persistent inflammation at day 42, 
in particular in the deeper dermal layer of the skin. Although MSCs 
and PRP promoted a higher inflammatory response at the beginning, 
they later constrained it in the final stages of wound healing (6). 
Different studies have demonstrated the immunosuppressive 
properties of MSCs and their effect on local inflammation. MSCs 
secrete different molecules (PGE2, IL-10, etc.) that inhibit 
inflammatory cells proliferation and subsequently downregulate the 
production of pro-inflammatory cytokines as previously observed in 
studies regarding MSCs application for wound healing (5, 13, 40).

As the inflammations subsides, wounds that heal by second 
intention begin to cover the wound bed by the deposition of a 
provisional extracellular matrix known as granulation tissue. This 
immature extracellular matrix is characterized by a high cellularity 
and vascularization along with playing the important role of acting as 
a scaffold for migrating cells repopulating the wounded skin (41). 
Treated lesions, especially with the combined treatment PRP + MSCs, 
showed the greatest presence of granulation tissue. From day 7 to day 
28 granulation tissue was more abundant than in PRP-treated lesions 
and, especially, compared to control; moreover, it regressed later than 
in other lesions. Along with the rapid onset, there was also a greater 
persistence of the granulation tissue compared to PRP and control 
group during the first weeks of healing. As a matter of fact, a higher 
histological presence of granulation tissue was also observed in treated 
wounds compared to untreated ones during the first 2 weeks. Even if 
granulation tissue deposition was faster and moderate in treated 
wounds, it never led to an exuberant presence in any lesion, whereas 
in control wounds it showed a slower deposition and development, 
with an abundant presence during the first 2 weeks. The higher 
deposition in treated wounds could be attributed to the presence of 
PRP and MSCs. These two products might have promoted cell 
proliferation and the deposition of extracellular matrix in the wounds 
as previously observed (6, 23, 42). These observations are also 
supported by the higher immunopositivity of Ki67 in treated wounds, 
a well-known nuclear marker expressed by proliferating cells (27, 28). 
Indeed, PRP + MSCs-treated wounds presented with a higher presence 
of proliferating cells at day 7 respect to PRP alone. On the other hand, 
untreated lesions always showed a lower level of cells in active 
proliferation, and this might be reflected in the slower deposition and 
maturation of the granulation tissue. The positive and rapid effect of 

platelets, observed in PRP-treated and PRP + MSCs-treated wounds, 
on the healing mechanisms is linked to the release of growth factors 
and cytokines that have a role in fibroblasts proliferation and 
migration along with stimulating production of extracellular matrix 
(43–45). However, the duration of their time-limited action could 
be due to the short half-life of platelets and might require repeated 
administration of exogenous growth factor (1), which was not 
performed in the current study. Similarly, MSCs are a well-known 
stem cell population for their broad release of growth factors (TGF-β1, 
bFGF, IGF-1, PDFG, etc.) that might have supported, and enhanced, 
the PRP effect (as observed during the first week): namely, cell 
proliferation and deposition of proteins involved in the formation of 
granulation tissue extracellular matrix. These clinical results suggest 
the use of PRP + MSC in subacute or chronic wounds in humans and 
animals that are characterized by scarcity of granulation tissue, and 
therefore with poor healing tendency as already well recognized for 
PRP (12, 43, 45–48) and only rarely reported in the literature for 
PRP + MSC (49).

Another important factor contributing to the development and 
maturation of granulation tissue is angiogenesis (50, 51). In fact, the 
presence of vessels in the wound is fundamental to allow the 
distribution of nutrients and oxygen to the healing skin, hence 
sustaining the healing process. During the first 2 weeks of this study, 
an increase of the mRNA levels of VEGF-A was observed in lesions 
treated with the combined treatment (PRP + MSCs). Moreover, at day 
21 both treated groups showed a higher gene expression of VEGF-A 
mRNA. The greater presence of this growth factor in treated wounds 
than in control wounds might have sustained an increased presence 
of neoangiogenesis and tissue reperfusion, thereby supporting a faster 
maturation and resolution of granulation tissue as observed 
histologically in the treated wounds. In accordance with this result, 
both PRP and MSCs release several growth factors that can support 
and boost the formation of new vessels such as bFGF and PDGF (52–
54), and the addition of MSCs to the PRP might have enhanced 
its effect.

Furthermore, a key role in the development of the granulation 
tissue is played by myofibroblasts. This specialized cell population, 
differentiated from local fibroblasts, is characterized by the expression 
of a-SMA and are the main effectors of wound contraction (29). This 
process is fundamental for healing as it diminishes the wound area by 
pulling its edges to the center of the lesion (55). At the same time, 
myofibroblasts can also secrete components of the ECM, which are 
fundamental for the development of granulation tissue. Regarding the 
contraction rate, it should be  noted that throughout healing (in 
particular between day 7 and day 28) in both lesions treated with PRP, 
but especially those treated with both PRP and MSCs, a lower 
percentage of contraction than in untreated wounds was observed. 
These results affirm what is reported in the literature (56). This data 
could indicate that healing occurs qualitatively in a manner more 
similar to tissue regeneration than the reparative mechanism of lesions 
control with higher rates of contractions (57). Furthermore, the rate 
of contraction of lesions treated with PRP + MSCs is more constant 
than in lesions treated with PRP, in which the contraction slowed 
down in the second part of healing. Histologically at day 7, lesions 
treated with PRP + MSCs presented a higher presence of 
myofibroblasts (α-SMA immunopositivity) with respect to only 
PRP-treated wounds and untreated ones. After 2 weeks, the levels of 
α-SMA positive cells increased in all wounds but were higher in both 
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treated wounds compared to untreated wounds. This result might 
be ascribed to the presence of TGF-β1 in the PRP, which is known to 
induce the differentiation of fibroblasts into myofibroblasts (5). MSCs 
as well can release TGF-β1, and this might explain the higher presence 
of α-SMA-positive cells at day 7 in combined treated wounds as the 
higher presence of these factor, from both PRP and MSCs, could have 
induced an early differentiation of fibroblasts, hence the more 
abundant presence of myofibroblasts at that time point in PRP + MSCs-
treated wounds (1, 56).

Nevertheless, the higher histological score for α-SMA in treated 
wounds at 14 days was mainly related to the better organization of 
myofibroblasts, and not to the cell number, as they were aligned in 
parallel with respect to the wound surface; on the contrary, 
myofibroblasts in control wounds appeared randomly organized. A 
proper organization of myofibroblasts should result in a more efficient, 
but not faster, wound contraction (58–60), compared to unaligned 
myofibroblasts as in untreated wounds. Indeed, the contraction rate 
was higher in the latter during the first weeks after wounding. In these 
terms, treatment did not influence the contraction rate but rather 
provided proper biomechanical properties to the healing tissue at the 
expense of the wound contraction rate. At the same time points (day 
7 and 14), all wounds presented with a high gene expression of 
collagen type I  and III, with the latter being fundamental for the 
development of the granulation tissue (41). In particular, at day 14 
PRP-treated wounds showed the highest expression of collagen type 
III while lesions treated with the combined treatment had the lowest 
mRNA level among wounds. This result is in accordance with 
literature as PRP is known to stimulate the production of collagen in 
skin wound healing (5, 40, 61) and MSCs can secrete bioactive factors 
with anti-fibrotic properties thus controlling the expression of collagen 
genes (53, 62). Despite this difference in collagen type III gene 
expression between PRP alone and in combination with MSCs, both 
wounds showed an orderly arrangement of collagen also dictated by 
myofibroblasts orientation as they are usually co-aligned with collagen 
fibrils (63); this characteristic was maintained throughout the healing 
process. This is fundamental as collagen fibers’ arrangement 
determines the quality of the last phase of healing: tissue remodeling 
(58, 64).

As fibroblasts start to migrate to the wound site and generate the 
granulation tissue, keratinocytes from the wound border start to 
migrate as well to cover the wound (65). In particular, lesions treated 
with PRP showed a strong increase in re-epithelialization between 
days 7 and 14 (in which exceeded 44%) and in the second half of 
healing they decreased drastically compared to other treatments and 
control lesions. This result could be related to the half-life of platelets 
which is about 10 days. It may suggest the need to perform a second 
treatment of PRP in the lesion to allow a lengthening of the effect of 
platelets after their physiological platelet apoptosis (66, 67), as already 
demonstrated in dogs (12). In contrast, in lesions treated with 
PRP + MSCs the re-epithelialization rate increased greatly between 
day 21 and 28. These results are in agreement with what is reported in 
the literature and may be due to the fact that PRP, in addition to 
exerting an anti-fibrotic, pro-angiogenic and favoring proliferation 
and re-epithelialization action (68–70), is able to increase the 
migration, proliferation and survival of MSCs due to the action of 
TGF-β1 and the inhibitory effect on caspase-3 (56, 71). MSCs are able 
to anticipate the onset of the proliferative phase through upregulation 

of growth factors such as EGF, TGF-β1 and stromal-derived growth 
factor-1α, and to shorten the inflammatory phase thanks to the 
downregulation of TNF-α (23). Therefore, the association of MSCs 
and PRP might have a potent synergistic effect by significantly 
increasing TGF-β1 concentration and angiogenesis compared to 
individual treatments (56); this growth factor is also involved in 
inducing the differentiation of suprabasal cells of the epidermal layer, 
hence stimulating re-epithelialization and regeneration (5). 
Simultaneously, an increase in the duration of the proliferative phase 
and re-epithelialization and a decrease in contraction and processes 
of fibrosis and scarring have also been observed (56, 72–74). In skin 
lesions of mice and dogs treated with the association of PRP and 
MSCs, a lower deposition of fibroblasts has been reported thanks to 
the action of MSCs and a significant increase in the presence of skin 
adnexa at the site of lesion compared to lesions subjected to individual 
treatments (74, 75). This synergy between treatments is also reported 
in other studies carried out on bone, tendon and cartilage tissue 
lesions in dog and humans, which describe a substantial improvement 
in vascularization and orientation of fiber arrangement compared to 
lesions treated only with PRP or MSC (73, 76–78). Our clinical results 
showing a reduction in fibrosis and contraction, and an increase in 
re-epithelialization and cell proliferation are in agreement with what 
is reported in the literature and lead us to believe that the combined 
treatment with PRP + MSC has a positive effect on the quality of the 
healing process and is able to achieve healing qualitatively in a manner 
more similar to tissue regeneration.

In the later stages of healing, known as the remodeling or 
maturation phase, the granulation tissue begins to reorganize itself 
into a mature tissue (i.e., the dermis) by replacing its provisional 
matrix with structural ECM components such as collagen type I while 
reducing cellularity (41, 79). Starting from day 21, histologically all 
wounds presented different grades of maturation of the granulation 
tissue with the combined treatment showing a higher amount of loose 
ECM. This result was reflected on the collagen type I and III gene 
expression. The treated wounds, especially the PRP + MSCs-treated 
wounds, started to show a reduction of both collagens’ mRNA levels 
on day 21; untreated wounds showed a higher expression of collagen 
type III than the rest, whereas collagen type I gene expression was 
almost undetected in these lesions. This correlation between a higher 
presence of mature collagen fibers and PRP + MSCs treatment has 
been previously observed in animal study (80). The granulation tissue 
was resolved in all wounds at day 42.

Along with the maturation of the granulation tissue, skin adnexa 
started to appear, and their presence was particularly observed in 
wounds treated with PRP + MSCs and in a lesser amount in lesions 
PRP-treated alone. The presence of hair follicles might have been 
supported by the higher expression of hair keratin (hKER) observed 
in these wounds since day 14, and absent in untreated ones until day 
42. At day 42, in PRP + MSCs-treated wounds a better organization 
and maturation of skin appendages was observed with respect to 
PRP-treated wound, in which hair follicles and skin glands were 
randomly organized. MSCs are known to possess positive effects on 
hair growth (81, 82) and might have stimulated the activation of stem 
cells in hair follicle bulge from the wound margins (83) and hair 
follicle development. Untreated lesions presented a lower number of 
skin appendages and in addition they still presented an area of the 
dermis immunopositive for α-SMA. This area also presented highly 
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compact collagen fibrils organized in parallel to the skin surface. This 
observation, along with the exuberant gene expression of collagen 
type III at day 21 and absent expression of collagen type I, might have 
led to an excessive deposition of immature ECM and indicate that it 
might correspond to dermal fibrosis (84, 85), resembling the 
appearance of hypertrophic scars (86–88). This might also be  the 
direct consequence of the observed lack of organization of collagen 
fibrils during the healing process; an orderly disposition of collagen 
fibers lowers the occurrence of healing by excessive scarring (64, 89). 
Moreover, the same wounds showed a thicker epidermis than treated 
wounds as observed by the ETI index; increased epidermal thickness 
and keratosis are among the other signs of pathological scarring (85). 
Thus, preventing the formation of excessive deposition of fibrotic 
tissue is crucial.

The current study presents two major limitations: the reduced 
number of animals and a weak data robustness due to the low number 
of subjects included in the study. For this reason, the study has to 
be  considered as a preliminary study. However, the comforting 
exploratory results obtained push to progress in the studies and 
implement the number of subjects treated with the investigated 
innovative therapies.

Conclusion

In this study, the application of PRP and its combination with 
allogeneic MSCs was investigated in a large animal wound healing 
model. The application of PRP accelerated the wound healing process, 
especially during the proliferative phase, by stimulating the deposition 
and maturation of the granulation tissue. PRP along with MSCs 
showed similar results but with a constant progression of the healing 
process. Even if less rapid during the first half of healing, the 
application of PRP + MSCs allowed a proper advancement of the 
healing process throughout its phases. Eventually, wounds treated 
with PRP and MSCs showed well-developed and organized collagen 
fibers and skin adnexa along with no dermal fibrosis. Overall, both 
treatments promoted and supported skin wound healing with the 
combined treatment of PRP and MSCs showing a qualitatively better 
structural organization of the repaired skin with features resembling 
a mature healthy skin.
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SUPPLEMENTARY FIGURE 1

Growth factors quantification in Platelet-rich plasma (PRP): insulin-like growth 

factor 1 (IGF-1; CSB-E13753Sh, Cusabio, Aurogene Srl, Rome, Italy), vascular 

endothelial growth factor A (VEGF-A; Quantikine ELISA kit, DVE00, R&D 

Systems, Bio-Techne SRL, Milan, Italy), and transforming growth factor beta 1 

(TGF-β1; TGF-beta 1 DuoSet ELISA, DY240, R&D Systems, Bio-Techne SRL, 

Milan, Italy). All experiments were run following the protocol provided by the 

manufacturer. Data are expressed as mean ± SEM.

SUPPLEMENTARY FIGURE 2

Microphotographs for Ki67 immunolabeling. (A–C) Skin wounds at 7 days; 

(D–F) wounds at 14 days; (G–I) wounds at 21 days; (J–L) wounds at 42 days 

after wounding. Scalebar = 200 μm.

SUPPLEMENTARY FIGURE 3

Microphotographs for alpha smooth muscle actin (α-SMA) immunostaining. 

(A–C) Skin wounds at 7 days; (D–F) wounds at 14 days; (G–I) wounds at 21 

days; (J–L) wounds at 42 days after wounding. Scalebar = 200 μm.
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