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Although platelet-rich plasma (PRP) is used as a source of growth factors in regenerative medicine, its
effectiveness remains controversial, partially due to the absence of PRP preparation protocols based on
the regenerative role of platelets. Here, we aimed to optimise the protocol by analysing PRP angiogenic
and regenerative properties. Three optimising strategies were evaluated: dilution, 4°C pre-incubation,
and plasma cryoprecipitate supplementation. Following coagulation, PRP releasates (PRPr) were

used to induce angiogenesis in vitro (HMEC-1 proliferation, migration, and tubule formation) and in
vivo (chorioallantoic membrane), as well as regeneration of excisional wounds on mouse skin. Washed
platelet releasates induced greater angiogenesis than PRPr due to the anti-angiogenic effect of plasma,
which was decreased by diluting PRPr with saline. Angiogenesis was also improved by both PRP pre-
incubation at 4 °C and cryoprecipitate supplementation. A combination of optimising variables exerted
an additive effect, thereby increasing the angiogenic activity of PRPr from healthy donors and diabetic
patients. Optimised PRPrinduced faster and more efficient mouse skin wound repair compared to that
induced by non-optimised PRPr. Acetylsalicylic acid inhibited angiogenesis and tissue regeneration
mediated by PRPr; this inhibition was reversed following optimisation. Our findings indicate that PRP
pre-incubation at 4 °C, PRPr dilution, and cryoprecipitate supplementation improve the angiogenic and
regenerative properties of PRP compared to the obtained by current methods.

Wound repair is a dynamic and physiological process for regenerating damaged tissues'. Physiological wound
healing may be disrupted by local factors (foreign bodies at the wound site, tissue maceration, ischaemia, or
infection) or intrinsic individual factors (age, inflammatory diseases, drugs, or malnutrition) resulting in several
clinical complications, including abnormal scarring, pain, pruritus, malignant transformation (Marjolins ulcer),
haemorrhage, ulcer, infection, and amputation. These complications affect morbidity and mortality rates; hence,
the healing of wounds is a current medical challenge?®. Currently there are several techniques to promote wound
repair, including biological tissue replacement, gene therapy, recombinant growth factors, and cell-based treat-
ments*. Additionally, there are local methods for improving blood circulation in patients with chronic wounds
associated with neuropathies and vascular diseases. These techniques include mechanical/physical methods
(negative pressure therapy and intermittent pneumatic compression injuries) and ionic methods (hyperbaric
treatment with ozone)*.

Platelet-rich plasma (PRP) constitutes an alternative therapy to promote tissue regeneration mediated by
the release of several growth factors and cytokines stored in the alpha granules of platelets. These molecules
modulate angiogenesis, remodel the extracellular matrix and affect the recruitment, proliferation, and differen-
tiation of stem cells>®. In contrast with other regenerative therapies, generating PRP is an economical method
and does not require complex equipment or training. In addition, due to its primarily autologous origin and
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Figure 1. Plasma inhibits angiogenesis mediated by platelets. (A) HMEC-1 (15 x 10%) were incubated with
saline plus FBS 2% (control), PRPr or WPr; (B) WPr supplemented with increasing % of plasma; or (C) PRPr
diluted with saline, and endothelial cell proliferation was determined after 24 h by acid phosphatase activity
assay. (D,E) Migration into scratched monolayers of endothelial cells and (F,G) tubule formation in Matrigel-
coated wells was induced, as indicated, with WPr and PRPr (diluted or not). Images are representative of four to
seven independent experiments (magnification 40X, scale bars: 200 pm). (n=4-7; **P < 0.01, ***P < 0.001 vs.
control; *P < 0.05, ¥P < 0.01, **P < 0.001 vs. PRP 100%).

relatively non-invasive collection technique, the risks of infection or immune rejection associated with PRP are
minimised®®.

PRP is used in regenerative medicine for treating several clinical conditions, including ulcers, burns, muscle
damage, and bone diseases and in tissue recovery after surgery. Despite the large variability of applications, the
efficacy of regenerative treatments using PRP has been called into question due to the absence of large controlled
clinical trials and consensus regarding PRP preparation techniques. The procedures currently used are derived
from classical protocols for obtaining platelet concentrates for transfusion, coagulation assays or platelet func-
tionality, which are focused on preserving platelet haemostatic but not regenerative responses. Thus, in this study,
we aimed to optimise the protocol for PRP preparation, attempting to maximise the healing properties of platelets
and analysing the effects on angiogenic and tissue regenerative responses.

Results

Plasma inhibits angiogenesis mediated by platelet-derived growth factors. It is well-known that
platelet-derived growth factors promote angiogenesis, a crucial initial step for tissue regeneration mediated by
PRP. However, our previous findings regarding the release of pro- and anti-angiogenic molecules following acti-
vation of thrombin receptors (PAR-1 or PAR-4) suggested that plasma interferes with the pro-angiogenic role of
platelets’. Surprisingly, a possible contribution of the high levels of physiological anti-angiogenic molecules pres-
ent in plasma”® has not been considered in the context of PRP in tissue regeneration. To evaluate whether plasma
interferes with the pro-angiogenic role of platelets, we first compared angiogenesis induced by platelets in the
presence or absence of plasma. For these experiments, releasates obtained following PRP coagulation (PRPr) or
plasma-free activated platelets (washed platelets, WPr) were used to induce endothelial proliferation, migration,
and tubule formation in a human microvascular endothelial cell line (HMEC-1). Although the platelet concen-
tration in WP and PRP was similar (450 £ 51 x 10° and 453 & 57 x 10° platelets/L, respectively), endothelial pro-
liferation induced by WPr was significantly higher (P < 0.01) than that induced by PRPr (Fig. 1A). Furthermore,
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when endothelial proliferation was induced by WPr in the presence of increasing amounts of plasma, HMEC-1
proliferation was proportionally inhibited by the increasing plasma concentration (Fig. 1B). This phenomenon
was not associated with a cytotoxic effect because necrotic or apoptotic cells never exceeded 1% in any of the
plasma treatments (data not shown).

To find the optimal balance between the opposite mitogenic effects of platelets and plasma, PRPr were diluted
with increasing amounts of saline solution, and HMEC-1 proliferation was determined 24 h later. As shown in
Fig. 1C, dilution improved the ability of PRPr to induce HMEC-1 growth, with a maximum peak at 25% PRPr;
at higher dilutions, the effect decreased until it was completely lost at 6% PRPr. Similar results were obtained for
HMEC-1 migration (Fig. 1D,E) and tubule formation (Fig. 1IEG). Therefore, the concentration of 25% PRPr was
selected for further experimentation.

Cold preconditioning, plasma cryoprecipitate supplementation, and dilution enhance angi-
ogenesis mediated by PRPr.  Although PRP is currently processed at 37 °C or room temperature (RT)
(20-25°C), it is well-known that low temperatures enhance platelet activation, improving the release of dense and
alpha granules®. Thus, we evaluated the effect of cold preconditioning on the release of platelet-derived growth
factors. For this purpose, PRP was incubated at 37 °C, 23 °C, or 4 °C for 30 min before the generation of PRPr.
Next, levels of several pro-angiogenic molecules, such as vascular endothelial growth factor (VEGF), platelet
derived growth factor (PDGF), epidermal growth factor (EGF), basic fibroblast growth factor (bFGF), inter-
leukin (IL)-17, and IL-8 were determined in PRPr and compared to the total amount of each protein in platelet
lysates. As shown in Fig. 2A, the secretion of VEGF, EGF, bFGF, IL-17, and IL-8, but not PDGF, was induced in
a temperature-dependent manner. While VEGE EGEF, bFGE, IL-17, and IL-8 were partially released when PRP
was incubated at 37 °C or 23 °C (20-60% of the total intra-platelet amount), total secretion of these molecules was
only achieved when PRP was incubated at 4 °C, indicating that cold preconditioning maximises the release of
platelet-derived pro-angiogenic molecules. In agreement with these results, proliferation of HMEC-1 triggered by
PRPr obtained from PRP preconditioned at 4 °C was increased compared to that induced by PRP preconditioned
at 37°C (Fig. 2B). In addition, we observed that phosphorylation of p38-a relevant process involved in granule
secretion from platelets—was increased as a result of exposure of platelets to 4 °C (Suppl. Fig. 1A). Moreover, a
complete reversion of the enhanced angiogenesis mediated by PRP cold preconditioning was observed when
platelet p38 phosphorylation was blocked by the specific inhibitor, SB203580, indicating that cold precondition-
ing primes platelet degranulation by enhancing activation of p38-mediated signalling (Suppl. Fig. 1B).

To further identify the relevant mediator(s) responsible for the proangiogenic activity of cold preconditioning,
the contribution of VEGF and EGF (as the major factors released following 4 °C preconditioning) was evaluated
by inducing endothelial proliferation in the presence of VEGF and EGF receptor-neutralizing antibodies. Our
findings demonstrate that combined but not individual blockade of both molecules resulted in a moderate inhi-
bition of endothelial proliferation (17% inhibition) in PRPr at 37 °C and 4 °C, without altering the ratio of angio-
genesis observed at these temperatures (Fig. 2C).

Interestingly, an additive effect was observed by the combination of 4 °C PRP preconditioning and PRPr dilu-
tion, with a significant improvement in HMEC-1 proliferation compared to that induced by non-optimised PRPr
(Fig. 3A). When the effect of temperature was analysed on HMEC-1 migration, no differences were observed
between 37 °C and 4 °C. However, the effects of PRPr dilution were synergised with those of PRP pre-cooling at
4°C, thereby significantly improving endothelial cell migration (Fig. 3B). On the other hand, temperature varia-
tion failed to modify the reorganisation of endothelial cells in tubular structures, regardless of whether PRPr were
diluted or not (Fig. 3C).

The cryoprecipitate obtained after slowly thawing fresh frozen plasma is primarily composed of fibrinogen,
von Willebrand Factor (VWF), and fibronectin'®!! and it works as a semisolid scaffold for re-epithelisation and
angiogenesis during regeneration''2. Thus, the ability of the cryoprecipitate to enhance angiogenesis mediated
by PRPr was tested in vitro. While HMEC-1 proliferation induced by PRPr was not altered following cryoprecip-
itate addition (Fig. 3D), cell migration and tubule formation were significantly improved (¥P < 0.05) (Fig. 3E,F).
Remarkably, the most important variable to improve HMEC-1 tubule formation was cryoprecipitate supplemen-
tation, regardless of the temperature or dilution effect. The combination of the three optimised variables (cold
preconditioning, dilution, and supplementation with plasma cryoprecipitate) resulted in a marked improvement
in PRPr-mediated angiogenesis. Specifically, comparisons between the non-optimised PRP (PRPr: PRP incu-
bated at 37 °C and PRPr without dilution or supplements) and the optimised PRP (O-PRPr: PRP preincubated at
4°C, and PRPr diluted to 25% and supplemented with plasma cryoprecipitate) indicated a 2.5-, 2.7-, and 2-fold
increase in proliferation, migration and tubule formation, respectively.

Angiogenesis mediated by PRPrfrom diabetic patientsisimproved by optimisation. Developmentof
chronic wounds is a common complication in diabetes, and PRP is considered an alternative treatment to
enhance wound healing'*!'%. Having established the optimal conditions for the preparation of PRP from healthy
donors, we next wondered if this optimisation method would also be able to increase angiogenesis mediated
by PRP from type 2 diabetes mellitus (T2DM) patients. With this aim, PRPr and O-PRPr were prepared from
T2DM patient blood (the clinical characteristics of patients and healthy donors are shown in Table 1). As shown
in Fig. 4A-C, regardless of the preparation method, angiogenic responses, including proliferation and migration,
triggered by PRPr from diabetic patients were significantly higher than those induced by PRPr of healthy donors
(#P < 0.05). Furthermore, unlike the platelet-poor plasma from healthy donors, endothelial proliferation and
migration (Fig. 4A,B) were induced per se by plasma from diabetic patients. Apart from these differences, the
three angiogenic responses induced by PRPr from diabetic patients were significantly increased after PRP opti-
misation, as similarly observed in healthy donors.
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Figure 2. Cold preconditioning promotes the release of growth factors and cytokines from platelets. (A) PRP
was incubated at 37°C, 23 °C, or 4 °C for 30 min, and the levels of VEGE EGF, bFGE, IL-17, IL-8, and PDGF in
releasates of PRP before clotting (CaCl,—) or after clotting (CaCl,+) were determined by ELISA. Total intra-
platelet levels were measured in platelet lysates. (B) PRP was incubated at 37 °C, 23 °C, or 4 °C for 30 min, clotted
with CaCl, (22 mM) for 40 min, and releasates were used to induce HMEC-1 (15 x 10°) proliferation. Saline
plus FBS 2% was used as control. (C) HMEC-1 (15 x 10%) were incubated, individually or in combinations,
with anti-human VEGFR2/KDR/FIk-1 (10 ug/ml), anti-human-EGFR (40 ug/ml) or irrelevant IgG, for 30 min.
Next, endothelial proliferation was induced by addition of recombinant VEGF (20 ng/ml), EGF (20 ng/ml) or
with PRPr preincubated at 37 °C or 4°C and then clotting was induced with CaCl, (22 mM). Saline plus FBS

2% was used as control (n =4-5, *P < 0.05, **P < 0.01, ***P < 0.001 vs. unstimulated; P < 0.05, **P < 0.01,
&&&P < 0.001 vs. 37°C; *P < 0.05, ¥P < 0.01, ¥*P < 0.001 vs. lysis; “P < 0.05 vs. without neutralizing antibodies
(Abs)). VEGF: vascular endothelial growth factor; EGF: epidermal growth factor; bEGF: basic fibroblast growth
factor; PDGF: platelet derived growth factor; IL: interleukin.

SCIENTIFICREPORTS| (2018) 8:1513 | DOI:10.1038/s41598-018-19419-6 4



www.nature.com/scientificreports/

[]100% Prer - [ 25% PRPr

A B (o3
80- 801
#
— it 120, #
60+ %ﬁ 60+ —'_I_' c2 —|—|—|
g = S2 4
e X © %
td ~ £ £ —
Ra2 g 53 T
) 54 o = o]
[}
w 5 & =X
s 2 i o c
T = H 22
204 ] o
[ i 301
| 1]
|;| 1]
1]
1]
37°C 23°C 4°C  37°C 23°C 4°C == X —= 3'4°c 23°C 4°C 7°C 23°C 4°C
PRPr PRPr PRPr
D (+) Cryoprecipitate E (+) Cryoprecipitate F 150+ (+) Cryoprecipitate
## 80+ Hit
80+ ¥
1204
@ o
60+ 53
— - £ E g0
° g — g2
x c &Y 5<
[ o 38
- 5 404 2
Q © 2 = 604
w (=) .g c Yy
= = ©
I = ER
20- 304
o
37°C 23°C 4°C _ 37°C 23°C 4°C 37°C 23°C 4°C 3°C4°C TTTC  37°C 23°C 4°C 7°C 23°C 4°C
t t t
O-PRPr O-PRPr O-PRPr

Figure 3. PRP cold preconditioning, PRPr dilution, and plasma cryoprecipitate supplementation enhance
angiogenesis mediated by PRP. PRP was incubated at 37 °C, 23 °C, or 4 °C for 30 min and then clotted by the
addition of CaCl, (22 mM) for 40 min. HMEC-1 (15 x 10°) were incubated with PRPr pure (100%) or diluted
with saline (25%). Saline containing 2% FBS was used as the control. Endothelial proliferation, migration, and
tubule formation were determined in vitro without (A-C) or with plasma cryoprecipitate supplementation
(D-F). (n=5; **P < 0.01, ***P < 0.001 vs. control; P < 0.05, **P < 0.01, **P < 0.001 vs. PRP 100%; &P < 0.05;
&&p < 0.01 vs. 37°C; ¥P < 0.05 vs. without plasma cryoprecipitate).

n 8 8

Age (years) 48+3 52+3
Males (%) 50 50
Systolic blood pressure (mmHg) | 123418 125+7
Diastolic blood pressure (mmHg) | 73+ 10 74+8
Glucose (mg/dL) 84+6 119+28
HbAlc (%) 42403 62+1.2
HDL-C (mg/dL) 643 4949
TG (mg/dL) 149+ 14 166 £65
White blood cells (x10°/L) 5.54+0.4 5.6+0.3
Platelets whole blood (x10°/L) 168 +13 174+ 14

Table 1. Clinical characteristics of the studied groups.

PRP optimisation improves angiogenesis and tissue regeneration in vivo. To study the relevance
of the in vitro findings, optimisation of PRP was analysed in a model of angiogenesis in vivo. Paper filters embed-
ded with PRPr or O-PRPr were incubated over a chorioallantoic membrane (CAM) of quail embryos for 24 h.
Angiogenesis was determined as the number of new thin vessels branching from pre-existing large blood vessels.
Sprouting of small blood vessels from pre-existing large vasculature was triggered by PRPr; this phenomenon was
significantly (P < 0.01) increased following optimisation (Fig. 5).

Although the development of new vessels is one of the first and crucial steps during tissue regeneration, this
phenomenon also requires the maturation of other tissues'. To further investigate this complex process, the ability
of PRP optimisation to improve wound healing was analysed using a murine model of skin regeneration. Saline
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Figure 4. Angiogenesis mediated by PRPr from diabetic patients is increased by optimisation. Platelet-poor-
plasma (plasma) and PRP were obtained from blood samples obtained from healthy or diabetic patients. PRPr
was prepared as non-optimised (PRPr: PRP pre-incubated at 37 °C; PRPr without dilution or supplements)

or optimised PRP (O-PRPr: PRP pre-incubated at 4 °C; PRPr diluted and supplemented with plasma
cryoprecipitate). Saline containing 2% FBS was used as the control. (A) Endothelial proliferation, (B) migration,
and (C) tubule formation were determined in vitro (n =8 per group; **P < 0.01, ***P < 0.001 vs. control;

*P <0.05, P < 0.01, **P < 0.001 vs. PRPr; *P < 0.05, #*&P < 0.01 vs. healthy same treatment).

(control), PRPr or O-PRPr were subcutaneously injected in the periphery of four round full-thickness excisional
wounds generated in the back skin of animals, and healing was analysed at 3, 7, 10, and 14 days post-injury.
After 7 and 10 days, the percentage of wound closure mediated by PRPr was significantly higher than that by the
control, achieving complete closure at day 14 (Fig. 6A). Moreover, healing kinetics were accelerated by O-PRPr.
Specifically, while only 8-11% wound perimeter closure was observed after 3 days in both control and PRPr,
354 2% closure was attained after 3 days of O-PRPr injection. Furthermore, the increased healing capacity of
O-PRPr was observed at day 7, with almost complete wound closure at day 10 (Fig. 6A).

To further understand the regenerative properties of O-PRPr, a histological examination of skin biopsies
stained with Masson’s trichrome was performed (Fig. 6B). Four different histological criteria were used to evalu-
ate wound healing: (1) epidermal regeneration quantified as a reduction in hyperplastic neoepidermis thickness
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Figure 5. Optimisation of PRP increases angiogenesis in vivo. Paper. filters embedded with PRPr or O-PRPr
were placed on the CAM. Saline was used as the control. After 24 h, filters were removed and photographed
under 2X magnification. The number of blood vessel branch points per field was analysed using the Image]
software (n = 35-46; **P < 0.01, ***P < 0.001 vs. control; *P < 0.01 vs. PRPr).

(Fig. 6C); (2) granulation tissue development as a provisional matrix for regeneration (Fig. 6D); (3) incipient
vascularisation of granulation tissue by small neoformation blood vessels (Figs. 6E); and (4) regeneration of skin
mature annex structures, including sebaceous glands (SG) and hair follicles (HF) (Fig. 6F).

Images revealed that, after 3 days of control or PRPr treatment, the neoepidermis remained thick and hyper-
plastic due to the presence of stratum corneum (red) and a thick papillary dermis (adjacent below stratum cor-
neum) (Fig. 6B and C). In contrast, a significant reduction in epidermal thickness was observed after 3 days of
O-PRPr injection (Fig. 6C), together with the early development of granulation tissue (dotted lines Fig. 6B and D)
and the formation of immature small vessels containing intraluminal erythrocytes (black arrow Fig. 6B and E).

After 7 days, reduction in epithermal thickness and development of granulation tissue was also observed in
control- and PRPr treated-wounds (Fig. 6C,D). Again, the progression of healing after O-PRPr injection was
notably accelerated at day 7, with a significant reduction in granulation tissue containing immature blood vessels
(Fig. 6D,E). Furthermore, dermal collagen deposition and maturation (indicated by the blue colour in Masson’s
trichrome stained tissue) was observed after 7 days of O-PRPr (Fig. 6B). The maturation of connective tissue was
accompanied by the incipient regeneration of annex structures (Fig. 6F).

Ten days after injury, normal collagen deposition (blue staining, Fig. 6B) and epidermal thickness (Fig. 6C)
were restored in all treatment groups. Granulation tissue containing an increased number of blood microvessels
remained elevated in control wounds (Fig. 6D,E), but still allowed for the development of annex structures on
the periphery (Fig. 6F). Compared to the controls, a slight but significant reduction in granulation tissue volume
(Fig. 6D) and faster development of annex structures (Fig. 6F) was detected after 10 days of PRPr. On the other
hand, a complete regeneration of skin structural layers (epidermis, dermis, fat, and muscle), maturation of tissue
blood vessels (red arrow) and full restoration of dermal annex structures was observed after 10 days of O-PRPr
treatment (Fig. 6B). In contrast, complete reduction of granulation tissue containing immature blood vessels and
full restoration of dermal annex structures were evidenced only after 14 days of PRPr treatment (Fig. 6D-F) while
at the same time point, incomplete regeneration was observed in control wounds.

Inhibition of PRP regenerative activity by ASA is partially compensated by optimisation. We
and others have demonstrated that angiogenesis mediated by platelets is inhibited by ASA™>". Considering the
massive use of ASA as an anti-inflammatory drug (500-1500 mg/day) or as anti-aggregatory therapy for cardi-
ovascular disorders (100 mg/day), it is surprising that, to date, there is no available information about a possi-
ble effect of this anti-platelet drug on the PRP regenerative capacity. Thus, we next evaluated the effect of ASA
on PRP-mediated angiogenesis. PRP was pre-incubated with high (0.5mM) or low (0.1 mM) doses of ASA for
30 min, following which PRPr and O-PRPr were generated and used to induce angiogenesis in vitro and in vivo.
As shown in Fig. 7, all in vitro and in vivo angiogenic responses mediated by PRPr were completely dampened
by pre-incubation with both low and high concentrations of ASA. Although it could be argued that the inhibition
of angiogenesis was by the direct action of ASA on endothelial cells, this hypothesis was ruled out because the
addition of PRPr that had been supplemented with 0.5 and 0.1 mM ASA after PRP coagulation failed to modify
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Figure 6. PRP optimisation accelerates mouse skin regeneration. Four round full-thickness excisional wounds,
3 mm in diameter, were generated in the back skin of female BALB/c mice (8-10 weeks old). PRPr or O-PRPr
obtained from other mice was injected subcutaneously in the periphery of the wounds. Saline was used as

the control. Healing was analysed at 3, 7, 10, and 14 days post-injury. (A) Wounds were photographed, and

the perimeter of the wound area was determined using the Image]J software and expressed as a percentage

of the area on day 0. (B) Skin biopsies were stained with Masson’s trichrome. Images were captured using an
inverted microscope. (C) Epidermal thickness, (D) granulation tissue volume (dotted lines), (E) immature
blood microvessels containing intraluminal erythrocytes, and (F) annex structures (hair follicles and sebaceous
glands) were quantified using the Image] software. SG, sebaceous gland; HF, hair follicle; E, epidermis; D,
dermis; F, fat layer; M, muscle layer; ST, subcutaneous tissue. (Magnification 100 x and 200 , n=4-15;

*P < 0.05, **P < 0.01, ***P < 0.001 vs. control; “P < 0.05, **P < 0.01, **P < 0.001 vs. PRPr).
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Figure 7. Angiogenesis mediated by PRPr is inhibited by ASA and partially reversed by optimisation. PRP was
incubated with ASA (0.1 or 0.5 mM) for 30 min, and then PRPr or O-PRPr was obtained and used to induce
angiogenesis in vitro: (A) Endothelial proliferation, (B) migration, (C) tubule formation, and in vivo (D) blood
vessel ramification over the CAM. (E) Microscopic CAM images represent one independent experiment.
(n="7-25, *P < 0.05, **P < 0.01, ***P < 0.001 vs. control; *P < 0.05, *P < 0.01, ***P < 0.001 vs. PRPr; *P < 0.05,
HP <0.01, **P < 0.001 vs. the same treatment without ASA).

any of the in vitro angiogenic responses (Suppl. Fig. 2), indicating that the inhibitory effect was exerted on plate-
lets and not endothelial cells. However, higher ASA concentrations were required to inhibit angiogenesis (Suppl.
Fig. 2). Remarkably, the inhibitory effect of ASA on tubule formation in vitro and blood vessel development in
vivo was partially reversed after the optimisation of PRPr (Fig. 7C-E).

Finally, to mimic the potential use of PRP in cardiovascular patients who take ASA daily, we analysed the
in vivo regenerative ability of PRPr or O-PRPr in mice treated with a low dose of ASA. Injection of PRPr and
O-PRPr (obtained from non-ASA treated mice) in ASA-treated animals showed improved wound closure
(Fig. 8A) similar to that observed in non-ASA treated animals (Fig. 6A), indicating that ASA intake does not
interfere with the local haemostatic effect of exogenous PRPr. Moreover, as in the in vitro studies, we observed
that compared to PRPr from non-ASA-treated mice, injection of PRPr obtained from ASA-treated mice
(ASA-PRPr) failed to induce wound healing, and the addition of ASA-O-PRPr partially reversed the inhibitory
effect of ASA (Fig. 8). Specifically, a significant improvement in wound closure was observed after 10 days of
treatment with ASA-O-PRPr but not ASA-PRPr (Fig. 8A). Histological analysis of biopsies revealed the notable
presence of a hypertrophic neoepidermis, granulation tissue, and immature blood vessels in ASA-PRPr-treated
wounds (Fig. 8C-E). In contrast, reduction in epidermal thickness and granulation tissue as well as regeneration
of dermal annex structures was significantly promoted by ASA-O-PRPr compared to that induced by ASA-PRPr
(Fig. 8C-F).

Discussion

Although PRP is used as a source of platelet-derived growth factors in regenerative medicine, its effectiveness
remains controversial, partially due to the lack of large controlled clinical trials and the absence of PRP prepara-
tion protocols based on the regenerative role of platelets. Herein, we aimed to optimise current PRP preparation
protocols by evaluating angiogenic and regenerative responses induced by PRP. Our results indicate that prein-
cubation of PRP at 4 °C, PRPr dilution, and plasma cryoprecipitate supplementation improve the angiogenic and
regenerative properties of PRP compared to those of the PRP obtained by current methods.
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Figure 8. Inhibition of PRP-regenerative activity by ASA is partially compensated for by optimisation. Four
round full-thickness excisional wounds, 3 mm in diameter, were generated in the back skin of female BALB/c
mice (8-10 weeks old). PRPr or O-PRPr obtained from ASA- or non-ASA- treated mice was injected into the
wounds generated in ASA-treated mice. Injection with saline was used as the control. The healing process was
analysed at 3, 7, and 10 days post-injury. (A) Wounds were photographed, and the perimeter of the wound
area was determined using the Image]J software and expressed as a percentage of the area on day 0. (B) Skin
biopsies were obtained at day 10 and stained with Masson’s trichrome. Images were captured using an inverted
microscope. (C) Epidermal thickness, (D) granulation tissue volume (dotted lines), (E) immature blood
microvessels containing intraluminal erythrocytes, and (F) annex structures (hair follicles and sebaceous
glands) were quantified using the Image] software. (Magnification 100X, n =7; *P < 0.05, **P < 0.01,

k4P < 0.001 vs. control; “P < 0.05, **P < 0.01 vs. PRPr; *P < 0.05, #P < 0.01 vs. the same treatment without
ASA).

We observed that both WPr and diluted PRPr were more efficient than PRPr as inducers of in vitro angiogenic
responses, such us endothelial proliferation, migration, and tubule formation. These results are in agreement with
our previous findings demonstrating that angiogenic responses induced by releasates derived from PAR-1- or
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PAR-4-stimulated WP were higher than those mediated by PRP’. In addition, it was demonstrated that, while
the proliferation of osteoblasts*® or Schwann cells*! is maximally induced by a basal medium supplemented with
20% PRPr, cell growth is inhibited at higher PRPr concentrations (>40%). It is known that compared to platelets,
plasma contains higher levels of anti-angiogenic molecules”?, including matrix-derived inhibitors (e.g., endosta-
tin, thrombospondin, and tumstatin) as well as non-matrix derived inhibitors (e.g., angiostatin, the soluble ver-
sion of VEGFR-1 (sFlt-1), pigment epithelium-derived factor (PEDF), and prolactin) which may competitively
and reversibly interfere with several growth factor receptors?. Therefore, it is conceivable that the removal of
plasma accounts for the higher angiogenic activity of WP compared to that of PRP. Interestingly, we observed
that, while PRPr dilution to 25% improved its ability to induce HMEC-1 growth, higher dilutions decreased the
effect until it was completely lost at 6% PRPr. These data suggest that the optimal angiogenic activity achieved by
PRPr dilution is the result of a balance between reduction of anti-angiogenic plasma molecules and maintenance
of the minimal amount of platelet-derived growth factors required to induce angiogenesis. Indeed, it has been
reported that the high-affinity interaction between angiogenic molecules and their receptors requires a low con-
centration of ligands®*.

Another strategy to improve angiogenesis mediated by PRP is to increase the amount of growth factors
released from platelets. PRP is usually processed at 37 °C or RT (20-25 °C); however, it is traditionally known that
lower temperatures prime platelet activation and trigger the release of alpha granules®. Accordingly, we observed
that the release of VEGE EGFE bFGE, IL-17, and IL-8, but not PDGF, was significantly increased when PRP
was incubated at 4 °C before inducing coagulation. The intriguing observation that the release of PDGF was not
modified by temperature may be explained by the new theories of platelet granule secretion which recognise the
existence of alpha granule subtypes associated with variable morphologies, protein cargos, and release mecha-
nisms**-%°. Remarkably, suppressing the effects of molecules, such as EGF or VEGE, was not enough to reverse
the enhanced angiogenesis induced by 4 °C preconditioning. In agreement with our previous reports'>*, these
results indicate that angiogenesis mediated by platelets is a complex process, not associated with a particular
growth factor, but with the combined activity of several proangiogenic molecules. Our data, demonstrating that
phosphorylation of p38-an important signalling involved in granule secretion from platelets—was increased when
platelets were exposed to 4 °C and that a complete reversion of cold preconditioning enhanced angiogenesis was
observed in the presence of the specific inhibitor of p38 phosphorylation, indicated that cold preconditioning
primes platelet-mediated angiogenesis by enhancing activation of p38.

Additionally, in agreement with previous findings regarding the effect of low temperature on coagulation
we observed that the viscosity of PRP at 37 °C was quickly altered ~1 min after CaCl, addition, a phenomenon
associated with the initiation of coagulation. In contrast, when PRP was pre-incubated at 4 °C for 30 min and
then incubated with calcium at 37 °C, the initiation of coagulation was markedly delayed by up to ~6 min (Suppl.
Fig. 3). These data suggest that apart from increasing angiogenesis, cold pre-incubation may also be beneficial
for delaying PRP coagulation inside the syringe in protocols in which PRP is administered through injection
immediately after the addition of calcium (e.g. intraarticular, intraosseous, or subcutaneous)?®, thereby reducing
pain associated with the injection of viscous solutions®*?!. On the other hand, several controversies are associ-
ated with storage of platelets at 4°C, since it may induce platelet activation as well as their rapid clearance from
circulation®. However, considering that the application of PRP for tissue regeneration is local and not systemic,
these concerns regarding the safety and quality control of refrigerated platelets may be unimportant in the clinical
setting of regenerative medicine.

Supplementation with the cryoprecipitate obtained after slowly thawing fresh frozen plasma was also tested as
an approach to enhance the pro-angiogenic effect of platelets. This biomaterial is used in regenerative treatments
as a provisional matrix that offers a semi-solid scaffold for re-epithelisation and angiogenesis, two critical pro-
cesses during tissue regeneration'"'2. Our findings demonstrate that endothelial migration and tubule formation
mediated by PRPr were enhanced following cryoprecipitate supplementation. This effect could be associated
with the fact that the cryoprecipitate is rich in fibrinogen, fibronectin, and VWE, three adhesion molecules that
bind to endothelial integrins and provide a scaffolding surface necessary for cell adhesion, migration, and differ-
entiation'®!!, In contrast to tubule formation and migration, the proliferation of endothelial cells was not mod-
ified by cryoprecipitate supplementation. The lack of mitogenic activity of the cryoprecipitate is not surprising,
considering that intracellular signalling pathways governing migration and tubule formation, although possibly
overlapping, are distinctly separated from those regulating proliferation®.

PRP is currently administered not only to healthy individuals (to improve tissue recovery after surgery, or
muscle and bone repair after trauma) but also for healing injuries associated with inflammatory diseases (burns,
diabetic foot ulcers, and rheumatoid arthritis)®. Intriguingly, the regenerative capacities of PRP derived from
patients with inflammatory diseases remain uncertain. We observed that, like PRPr from healthy donors, angio-
genesis triggered by PRPr from patients with T2DM-a metabolic disease with a component of low-grade chronic
inflammation-was significantly improved following optimisation, suggesting that these protocols may also be
considered for improving autologous treatment of chronic wounds in diabetic patients. Furthermore, under our
experimental conditions, the angiogenic responses induced by PRPr from diabetic patients were greater than
those triggered by PRPr from healthy donors. This phenomenon was not surprising, considering the high levels
of growth factors constitutively circulating in the plasma of diabetic patients including EGE, FGF-2, G-CGE,
TNFq, and VEGF**%. Controversially, a recent study performed by Miao et al. demonstrated that releasates from
PAR-1- or PAR-4-activated platelets from healthy or diabetic patients exert similar levels of endothelial tubular
formation in vitro®®. Differences between the results presented by Miao and those of the current study may be
associated with the fact that, while they used WP, we used PRP, adding a possible effect of plasma. Apart from the
experimental differences, both studies suggest that the ability of platelets and/or PRP to modulate angiogenesis is
preserved in diabetic patients, emphasising that the primary cause of diabetic chronic wounds is associated with
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severe neuropathy and vascular dysfunction®!>1434

involved in wound healing, such as angiogenesis.

Beyond angiogenesis, tissue regeneration also requires the maturation of other tissues as well as fibroblast
migration and activation, extracellular cell matrix reorganisation, and cell-cell interactions'. Using a murine
model of full-thickness skin wound healing, our findings demonstrate that similar to previous reports®”-*%, 7-14
days were required to induce wound closure and skin regeneration after traditional PRPr treatment. Remarkably,
this phenomenon was accelerated to 3-10 days by treatment with O-PRPr. Unlike mice, full-excisional wound
regeneration in humans is a more gradual and complex process that requires between months and years, depend-
ing on the wound characteristics'. Bearing this in mind, the acceleration of wound healing by PRP optimisation
in patients could represent a reduction in hospitalisation costs, a decrease in analgesic and anti-inflammatory
indications, and may lower risks of non-healing complications including infection, lost limb functionality, and
amputation®*, that are commonly associated with impaired skin healing and regeneration in diabetic chronic
wounds and dermal burns, which are target diseases for PRP treatment.

To date, there is no available information on the possible effects of anti-platelet drugs on the regenerative
capacity of PRP. In this context, we studied the effect of ASA, a common anti-platelet drug used as therapy for
several anti-inflammatory diseases and for the prevention of cardiovascular events. In agreement with previ-
ous reports,'®!? our findings demonstrate that angiogenesis mediated by PRPr was completely abolished by the
pre-treatment of PRP with ASA. This phenomenon was associated with inhibition of the cyclooxygenase-1 signal-
ling pathway, which is crucial for granule secretion and the consequent release of platelet-derived growth factors,
such as VEGE EGE bFGE, IL-17, and IL-8 (Suppl. Fig. 4).

Beyond angiogenesis, mouse skin wound healing was also completely blocked by PRPr derived from
ASA-treated mice, demonstrating for the first time that this anti-platelet drug negatively affects tissue regenera-
tion mediated by PRP. Remarkably, and in contrast with traditional PRP, the inhibitory effect of ASA was partially
reversed following PRP optimisation. Moreover, angiogenic responses including tubule formation (in vitro) and
blood vessel development (in vivo), as well as mouse skin regeneration, were significantly induced after the infu-
sion of ASA-O-PRPr.

In conclusion, our findings demonstrate that compared to non-optimised PRP (traditional method at 37°C,
without dilution or supplements), a combination of the three PRP optimising variables (PRP preincubation at
4°C, PRPr diluted to 25% and supplemented with plasma cryoprecipitate) exerted an additive effect, resulting
in a marked improvement in PRPr-mediated angiogenesis. These simple and economic variables induce more
efficient tissue repair than that induced by PRP obtained by the current preparation methods for regenerative
medicine, not only using PRP from healthy donors but also PRP obtained from diabetic patients. Moreover, the
inhibitory effect that ASA exerts on regeneration mediated by PRP was reversed by optimisation, suggesting that
this method may be useful for improving tissue regeneration in patients treated with ASA.

A controlled randomised clinical trial is warranted to confirm the usefulness of this protocol in the clinical
setting.

and not necessarily with impaired physiologic mechanisms

Methods
Ethics statements. Human blood studies were conducted according to the principles expressed in the
Declaration of Helsinki and after receiving the approval of the Ethic Committee of the National Academy of
Medicine (ID 79-1006-2015). All subjects provided informed written consent for the collection of samples and
subsequent analysis.

Animal studies received the approval of the Institutional Committee for Care and Use of Laboratory Animals
(CICUAL, ID 0010-2016).

Human blood samples. Blood samples were obtained from healthy donors who had not taken non-steroidal
anti-inflammatory drugs during the 10 days before sampling, or from T2DM patients diagnosed according to the
American Diabetes Association criteria*!. Patients with active infections or under chronic treatment with ASA
were excluded. Patients received standard care by their treating physicians and were treated with metformin
and statins at different doses. A routine examination was performed. Systolic and diastolic blood pressures were
determined using a standardised protocol. Venous blood samples (20 mL) were obtained after a 12-h overnight
fast. Fasting plasma glucose was determined by the glucose-oxidase method (GLU Glucose GOD-PAP, Roche
Diagnostics, Mannheim, Germany) in a Hitachi 727 auto-analyser. Levels of triglycerides (TG) and high-density
lipoprotein cholesterol (HDL-C) were determined in the serum by standard enzymatic methods using com-
mercial kits (TG Triglycerides GPO-PAP and Phosphotungstate Precipitant, Roche Diagnostics, Mannheim,
Germany) with a Hitachi 727 auto-analyser. HbAlc was measured by HPLC using a commercial kit (Roche
Diagnostics, Mannheim, Germany). As a control group, eight healthy individuals of the same age and gender
were also evaluated.

Preparation of PRPr. PRPr preparation was adapted from previously described methods?'. Briefly, PRP was
obtained from anticoagulated human blood (sodium citrate 3.8%) by centrifugation at 180 x g for 10 min. PRP
was coagulated by adding CaCl, (22 mM) and clots were allowed to retract for 40 min at 37 °C. Following clot
removal, the exudate was centrifuged at 890 x g for 10 min and the supernatant containing the platelet-derived
growth factors (PRPr) was stored at —80 °C until further use in assays to analyse growth factor concentration or
angiogenesis.

Preparation of WPr. WPr were obtained as previously described'>. PRP was centrifuged in the presence of
PGI, (75nM) at 890 X g for 10 min, washed in washing buffer (pH 6.5) at 890 x g for 10 min, and resuspended
in the original volume of Tyrode’s buffer. Activation was induced by adding human alpha-thrombin (1 U/mL,
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Enzyme Research Laboratories) and CaCl, (22 mM) for 40 min at 37 °C. Cells then were centrifuged and releas-
ates were stored at —80 °C until use in the assays performed.

In some experiments, platelet pellets with similar cell concentrations were resuspended in Tyrode’s buffer
supplemented with different concentrations of plasma. Following the addition of thrombin and CaCl,, clots were
removed, samples were centrifuged and releasates were stored at —80°C.

Plasma cryoprecipitate isolation. Plasma cryoprecipitate preparation was adapted from previously
described methods*2. Briefly, 40 mL of anticoagulated human blood (sodium citrate 3.8%) was centrifuged at
600 x g for 20 min. Platelet-poor-plasma was collected and frozen at —80°C for 2 h and then thawed at 4°C for
24h. Following centrifugation at 1600 x g 15 min, plasma was discarded, and the pellet was resuspended in 4 mL
of saline solution.

Optimisation of PRP.  To determine the effect of temperature preconditioning, PRP was incubated at 37 °C,
23°C, or 4°C for 30 min. Next, CaCl, (22 mM) was added and clotting was induced for 40 min at 37 °C. Clots were
removed and PRP supernatants were obtained following centrifugation. PRPr was serially diluted with saline or
supplemented with 10% cryoprecipitate.

In some experiments PRP was incubated with ASA (0.1 or 0.5mM) or p38 MAP kinase inhibitor (SB203580,
10uM, InvivoGen, San Diego, CA, USA) for 30 min, and then at 37 °C or 4 °C for another 30 min. Following coag-
ulation with CaCl,, PRPr was diluted or supplemented with cryoprecipitate.

In vitro angiogenesis assays. Human microvascular endothelial cells (HMEC-1) (ATCC cell line) were
grown in RPMI supplemented with foetal bovine serum (FBS) (10%), L-glutamine (10 mM) and streptomycin
(100 ug/mL), penicillin (100 U/mL), EGF (10 ng/mL), and hydrocortisone (1 pg/mL) at 37 °C in a humidified 5%
CO, incubator. Growth factor-enriched medium was totally replaced by either PRPr, WPr (alone or containing
different proportions of plasma) or optimised PRPr. In selected experiments, VEGF and EGF receptors were
blocked by the addition of anti-human VEGFR2/KDR/FIk-1 (10 ug/ml, R&D Systems, Minneapolis, MN, USA),
anti-human-EGFR (40 ug/ml, Cell Signaling, Danvers, MA, USA) or irrelevant IgG controls and incubation for
30 min. Next, endothelial proliferation was induced by addition of recombinant VEGF (20 ng/ml), EGF (20 ng/
ml) or with PRPr. The proliferation of endothelial cells (15 x 10°) was determined at 24 h by measuring acid
phosphatase activity. Migration into scratched monolayers of endothelial cells was analysed at 6 h with Image]
software and the percentage of migration was calculated as [(wound area at 0h - wound area at 6h)/wound area at
0h]*100. Capillary tube formation in growth factor-reduced Matrigel-coated plates (BD Biosciences) was exam-
ined at 18 h under an inverted light microscope and the number of branch points per field was determined with
Image] software. Endothelial cell viability was determined by labelling cells with a mixture of fluorescent DNA
binding dyes (acridine orange and ethidium bromide), as previously described">.

Immunoblotting. Platelets were lysed in loading buffer in the presence of a protease inhibitor cocktail.
Equivalent amounts of proteins were subjected to 12% SDS-PAGE and electrotransferred to nitrocellulose mem-
branes (GE Healthcare, Little Chalfont, UK). After blocking, the membranes were incubated overnight at 4°C
with primary antibody pp38-Thr180/Tyr182 (Cell Signaling, Danvers, MA, USA) followed by incubation with an
HRP-linked secondary antibody (Santa Cruz Biotechnology, Dallas, TX, USA) for 1 h at 22 °C. Protein bands were
visualized using the ECL reaction. Total p38 levels were used for normalization of protein loads and the relative
IOD values were calculated using the GEL-PRO software.

Angiogenesis in vivo (CAM assay). Angiogenesis mediated by human PRPr was studied in vivo through
the CAM assay. Fertilised quail eggs were incubated at 37 °C for 72 h. Embryos were transferred to a Petri dish
and incubated ex ovo at 37 °C for 5 days. The emerging vasculature of embryos was incubated with paper filters
(Whatman 589/1, 50 mm in diameter, GE Healthcare Life Sciences) embedded with PRPr (two treatments per
embryo). After 24h, filters were removed and photographed under 2X magnification. The number of blood vessel
branch points per field was analysed using the Image]J software*.

Growth factor and cytokine measurement. Levels of angiogenic factors in platelet releasates were
determined by ELISA for VEGF (RayBiotech, Inc. Norcross, GA, USA), IL-17, IL-8, bFGF (Biolegend, San
Diego, CA, USA), EGF (Life Technologies, Carlsbad, CA, USA), and PDGF (Abcam, Cambridge, UK). The total
intra-platelet content of each protein was determined in platelet lysates obtained as previously described?.

Mice. Female BALB/c mice, 8-10 weeks old, originally purchased from Charles River Research Animal
Diagnostic Services (Wilmington, MA, USA), were housed in a controlled environment with free access to water
and a standard diet in the animal facility of the Institute of Experimental Medicine. Experiments were conducted
according to principles set forth in the Guide for the Care and Use of Laboratory Animals (8th Ed. NRC, USA)
and by the European Parliament and Council concerning the protection of animals used for scientific purposes
(Directive 2010/63/EU).

Model of wound healing in mice. PRP was obtained from orbital blood of mice and incubated at 37 °C or
4°C for 30 min. PRPr or O-PRPr were prepared using methods similar to those for human samples and were sub-
cutaneously injected in the periphery of four round full-thickness excisional wounds of 3 mm diameter generated
in the back skin of anaesthetised mice under aseptic conditions, as previously described*. The healing process
was analysed at 3, 7, 10, and 14 days post-injury. The back skin of mice was photographed, and the perimeter of
the wound area was calculated using the Image]J software. The results are expressed as a percentage of the area
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at day 0 when wounds were excised. Mice were culled, and paraffin sections of skin wounds were stained with
Masson’s trichrome. Images were captured using an inverted microscope and analysed using the Image] software.

In some experiments, PRPr was obtained from ASA-treated animals. ASA was administered for 2 days
through oral gavage (17.2 mg/kg, equivalent to 100 mg/day human dosage for the prevention of cardiovascular
events)*. Next, PRPr or ASA-PRPr were subcutaneously injected into wounds of mice that were given ASA daily
during the entire experiment. Macroscopic wound closure was analysed until day 10, when mice were culled and
skin biopsies were obtained. The experimental design is illustrated in Suppl. Fig. 5.

Statistical analysis. Results were expressed as the mean + SEM. Statistical differences between mean values
were determined by one- or two-way ANOVA followed by the Newman-Keuls multiple comparison test using
GraphPad Prism 5.0 software. P < 0.05 values were considered as significant.

References
1. Rittie, L. Cellular mechanisms of skin repair in humans and other mammals. J Cell Commun Signal 10, 103-120 (2016).
2. Xue, M. & Jackson, C. J. Extracellular Matrix Reorganization During Wound Healing and Its Impact on Abnormal Scarring. Adv
Wound Care (New Rochelle) 4,119-136 (2015).
3. Briquez, P. S., Hubbell, J. A. & Martino, M. M. Extracellular Matrix-Inspired Growth Factor Delivery Systems for Skin Wound
Healing. Adv Wound Care (New Rochelle) 4, 479-489 (2015).
4. Powers, J. G., Higham, C.,, Broussard, K. & Phillips, T. ]. Wound healing and treating wounds: Chronic wound care and management.
] Am Acad Dermatol 74, 607-625 (2016).
5. De Pascale, M. R., Sommese, L., Casamassimi, A. & Napoli, C. Platelet derivatives in regenerative medicine: an update. Transfus Med
Rev 29, 52-61 (2015).
6. Burnouf, T,, Strunk, D., Koh, M. B. & Schallmoser, K. Human platelet lysate: Replacing fetal bovine serum as a gold standard for
human cell propagation? Biomaterials 76, 371-387 (2016).
7. Etulain, J., Mena, H. A., Negrotto, S. & Schattner, M. Stimulation of PAR-1 or PAR-4 promotes similar pattern of VEGF and
endostatin release and pro-angiogenic responses mediated by human platelets. Platelets 26, 799-804 (2015).
8. Amable, P. R. et al. Platelet-rich plasma preparation for regenerative medicine: optimization and quantification of cytokines and
growth factors. Stem Cell Res Ther 4, 67 (2013).
9. Egidi, M. G., D’Alessandro, A., Mandarello, G. & Zolla, L. Troubleshooting in platelet storage temperature and new perspectives
through proteomics. Blood Transfus 8(Suppl 3), s73-81 (2010).
10. Burnouf-Radosevich, M., Burnouf, T. & Huart, J. J. Biochemical and physical properties of a solvent-detergent-treated fibrin glue.
Vox Sang 58, 77-84 (1990).
11. Burnouf, T. et al. Blood-derived biomaterials and platelet growth factors in regenerative medicine. Blood Rev 27, 77-89 (2013).
12. Ahmed, T. A,, Dare, E. V. & Hincke, M. Fibrin: a versatile scaffold for tissue engineering applications. Tissue Eng Part B Rev 14,
199-215 (2008).
13. Driver, V. R, Hanft, J., Fylling, C. P. & Beriou, J. M. A prospective, randomized, controlled trial of autologous platelet-rich plasma
gel for the treatment of diabetic foot ulcers. Ostomy Wound Manage 52, 68-70, 72, 74 passim (2006).
14. Picard, E, Hersant, B., Bosc, R. & Meningaud, J. P. The growing evidence for the use of platelet-rich plasma on diabetic chronic
wounds: A review and a proposal for a new standard care. Wound Repair Regen 23, 638-643 (2015).
15. Etulain, ], Fondevila, C., Negrotto, S. & Schattner, M. Platelet-mediated angiogenesis is independent of VEGF and fully inhibited by
aspirin. Br ] Pharmacol 170, 255-265 (2013).
16. Battinelli, E. M., Markens, B. A. & Italiano, J. E. Jr. Release of angiogenesis regulatory proteins from platelet alpha granules:
modulation of physiologic and pathologic angiogenesis. Blood 118, 1359-1369 (2011).
17. Packham, I. M., Watson, S. P.,, Bicknell, R. & Egginton, S. In vivo evidence for platelet-induced physiological angiogenesis by a COX
driven mechanism. PLoS One 9, 107503 (2014).
18. Rauzi, E et al. Aspirin inhibits the production of proangiogenic 15(S)-HETE by platelet cyclooxygenase-1. Faseb ] 30, 4256-4266
(2016).
19. Wu, H. et al. The angiogenic responses induced by release of angiogenic proteins from tumor cell-activated platelets are regulated by
distinct molecular pathways. IUBMB Life 67, 626-633 (2015).
20. Anitua, E., Tejero, R,, Zalduendo, M. M. & Orive, G. Plasma rich in growth factors promotes bone tissue regeneration by stimulating
proliferation, migration, and autocrine secretion in primary human osteoblasts. ] Periodontol 84, 1180-1190 (2013).
21. Zheng, C. et al. Effect of platelet-rich plasma (PRP) concentration on proliferation, neurotrophic function and migration of Schwann
cells in vitro. J Tissue Eng Regen Med 10, 428-436 (2016).
22. Nyberg, P, Xie, L. & Kalluri, R. Endogenous inhibitors of angiogenesis. Cancer Res 65, 3967-3979 (2005).
23. Chatterjee, M. et al. Distinct platelet packaging, release, and surface expression of proangiogenic and antiangiogenic factors on
different platelet stimuli. Blood 117, 3907-3911 (2011).
24. Ttaliano, J. E. Jr. & Battinelli, E. M. Selective sorting of alpha-granule proteins. ] Thromb Haemost 7(Suppl 1), 173-176 (2009).
25. van Nispen tot Pannerden, H. et al. The platelet interior revisited: electron tomography reveals tubular alpha-granule subtypes. Blood
116, 1147-1156 (2010).
26. Etulain, J. et al. Control of angiogenesis by galectins involves the release of platelet-derived proangiogenic factors. PLoS One 9,
€96402 (2014).
27. Kheirabadi, B. S. et al. In vitro effect of activated recombinant factor VII (rFVIIa) on coagulation properties of human blood at
hypothermic temperatures. ] Trauma 63, 1079-1086 (2007).
28. Xiao, F,, Ma, J., Yi, P. & Huang, J. C. Effects of low temperature on coagulation of kaolinite suspensions. Water Res 42, 2983-2992
(2008).
29. Sanchez, M. et al. A new strategy to tackle severe knee osteoarthritis: Combination of intra-articular and intraosseous injections of
Platelet Rich Plasma. Expert Opin Biol Ther 16, 627-643 (2016).
30. Heise, T. et al. Impact of injection speed and volume on perceived pain during subcutaneous injections into the abdomen and thigh:
a single-centre, randomized controlled trial. Diabetes Obes Metab 16, 971-976 (2014).
31. Berteau, C. et al. Evaluation of the impact of viscosity, injection volume, and injection flow rate on subcutaneous injection tolerance.
Med Devices (Auckl) 8, 473-484 (2015).
32. Rumjantseva, V. & Hoftmeister, K. M. Novel and unexpected clearance mechanisms for cold platelets. Transfus Apher Sci 42, 63-70
(2010).
33. Potente, M., Gerhardt, H. & Carmeliet, P. Basic and therapeutic aspects of angiogenesis. Cell 146, 873-887 (2011).
34. Dinh, T. et al. Mechanisms involved in the development and healing of diabetic foot ulceration. Diabetes 61, 2937-2947 (2012).
35. Hanefeld, M. et al. Serum and Plasma Levels of Vascular Endothelial Growth Factors in Relation to Quality of Glucose Control,
Biomarkers of Inflammation, and Diabetic Nephropathy. Horm Metab Res 48, 529-534 (2016).
36. Miao, X., Zhang, W,, Huang, Z. & Li, N. Unaltered Angiogenesis-Regulating Activities of Platelets in Mild Type 2 Diabetes Mellitus
despite a Marked Platelet Hyperreactivity. PLoS One 11, 0162405 (2016).

SCIENTIFICREPORTS| (2018) 8:1513 | DOI:10.1038/s41598-018-19419-6 14



www.nature.com/scientificreports/

37. Pietramaggiori, G. et al. Healing modulation induced by freeze-dried platelet-rich plasma and micronized allogenic dermis in a
diabetic wound model. Wound Repair Regen 16, 218-225 (2008).

38. Yang, H. S. et al. Enhanced skin wound healing by a sustained release of growth factors contained in platelet-rich plasma. Exp Mol
Med 43, 622-629 (2011).

39. Anitua, E., Prado, R. & Orive, G. Closing regulatory gaps: new ground rules for platelet-rich plasma. Trends Biotechnol 33, 492-495
(2015).

40. Patel, A. N., Selzman, C. H., Kumpati, G. S., McKellar, S. H. & Bull, D. A. Evaluation of autologous platelet rich plasma for cardiac
surgery: outcome analysis of 2000 patients. ] Cardiothorac Surg 11, 62 (2016).

41. American Diabetes, A. Standards of medical care in diabetes—2014. Diabetes Care 37 (Suppl 1), S14-80 (2014).

42. Silver, F. H., Wang, M. C. & Pins, G. D. Preparation of fibrin glue: a study of chemical and physical methods. ] Appl Biomater 6,
175-183 (1995).

43. Dohle, D. S. et al. Chick ex ovo culture and ex ovo CAM assay: how it really works. J Vis Exp, pii: 1620 (2009).

44. Wong, S. L. et al. Diabetes primes neutrophils to undergo NETosis, which impairs wound healing. Nat Med 21, 815-819 (2015).

45. Reagan-Shaw, S., Nihal, M. & Ahmad, N. Dose translation from animal to human studies revisited. Faseb J 22, 659-661 (2008).

Acknowledgements

We are grateful to the Haemotherapy Services of Hospital Fernandez for collecting the blood samples. This study
was supported by grants from FONCyT (M.S. PICT 0352-2014, J.E. PICT 0152-2015, and S.N. PICT 1859-2015);
J.E. LOréal Foundation-UNESCO FWIS (CONICET-LOréal 2512/15; only in vitro studies) and J.E. Roemmers
Foundation (Research Grant 2015-2016).

Author Contributions

J.E. conceived and designed the work, performed the experiments, analysed data, acquired funding and wrote
the manuscript. H.A.M. assisted with in vivo experiments. R.P.M. assisted with design and data analysis of mice
histopathological experiments. G.F. and S.G. contributed with blood samples from T2DM patients and data
analysis of these results. S.N. assisted with in vivo experiments, analysed data, acquired funding and edited the
manuscript. M.S. co-designed the objectives of the work, analysed data, acquired funding, provided a critical and
substantive review of the intellectual work and co-wrote the manuscript. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-19419-6.

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

M ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS | (2018) 8:1513 | DOI:10.1038/s41598-018-19419-6 15


http://dx.doi.org/10.1038/s41598-018-19419-6
http://creativecommons.org/licenses/by/4.0/

	An optimised protocol for platelet-rich plasma preparation to improve its angiogenic and regenerative properties

	Results

	Plasma inhibits angiogenesis mediated by platelet-derived growth factors. 
	Cold preconditioning, plasma cryoprecipitate supplementation, and dilution enhance angiogenesis mediated by PRPr. 
	Angiogenesis mediated by PRPr from diabetic patients is improved by optimisation. 
	PRP optimisation improves angiogenesis and tissue regeneration in vivo. 
	Inhibition of PRP regenerative activity by ASA is partially compensated by optimisation. 

	Discussion

	Methods

	Ethics statements. 
	Human blood samples. 
	Preparation of PRPr. 
	Preparation of WPr. 
	Plasma cryoprecipitate isolation. 
	Optimisation of PRP. 
	In vitro angiogenesis assays. 
	Immunoblotting. 
	Angiogenesis in vivo (CAM assay). 
	Growth factor and cytokine measurement. 
	Mice. 
	Model of wound healing in mice. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Plasma inhibits angiogenesis mediated by platelets.
	Figure 2 Cold preconditioning promotes the release of growth factors and cytokines from platelets.
	Figure 3 PRP cold preconditioning, PRPr dilution, and plasma cryoprecipitate supplementation enhance angiogenesis mediated by PRP.
	Figure 4 Angiogenesis mediated by PRPr from diabetic patients is increased by optimisation.
	Figure 5 Optimisation of PRP increases angiogenesis in vivo.
	Figure 6 PRP optimisation accelerates mouse skin regeneration.
	Figure 7 Angiogenesis mediated by PRPr is inhibited by ASA and partially reversed by optimisation.
	Figure 8 Inhibition of PRP-regenerative activity by ASA is partially compensated for by optimisation.
	Table 1 Clinical characteristics of the studied groups.




