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1 Resumen

La tecnologia de plasma rico en factores de crecimiento, PRGF (por sus
siglas en inglés, Plasma Rich in Growth Factors) es una terapia bioldgica
autoéloga que utiliza los propios componentes de la sangre del paciente
como agentes terapéuticos para promover la reparaciéon y regeneracién
de los tejidos danados. El PRGF se obtiene partiendo de un pequefio
volumen de sangre del paciente. Posteriormente, mediante un proceso
de centrifugacién y fraccionamiento, se selecciona el plasma
enriquecido en plaquetas y se descartan los leucocitos y eritrocitos. A
partir del plasma enriquecido en plaquetas en forma liquida, vy
controlando la activacién, tanto de las plaquetas como de la cascada de
coagulacién, se pueden generar multiples formulaciones: PRGF liquido
recién activado, con capacidad de polimerizar in situ, sobrenadante de
PRGF, coagulo o matriz, y membrana de fibrina. Cada una de ellas posee
unas caracteristicas intrinsecas fundamentales para su aplicaciéon en
lesiones concretas. En todos los casos son formulaciones que estan
disenadas para optimizar y acelerar la regeneracién tisular. EL PRGF
actta como un efectivo agente terapéutico, basdndose para su
aplicacion en los principios de la medicina personalizada, laingenieria de

tejidos y en procedimientos minimamente invasivos.

La tecnologia PRGF ha sido caracterizada en multiples investigaciones
preclinicas, siempre siguiendo los pilares de la investigacion cientifica, y
siempre en aras de garantizar la sequridad de los productos aplicados.
Esta tesis es el resultado de tres estudios preclinicos in vitro de
caracterizacion y optimizaciéon del PRGF. Es mas, fruto de la evolucién
del marco regulatorio y de la propia tecnologia se realiza un anélisis

detallado de varios aspectos clave, como son el marco regulatorio del
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plasma rico en plaquetas (PRP), su aplicacion alogénica y la
estandarizacion de este tipo de terapias bioldgicas. Se profundizara en
estos temas sobre la base de una serie de tres articulos cientificos de

perspectiva.

Asi, esta tesis estd basada en 7 publicaciones cientificas [1-7] que
constituyen una unidad temdatica. Presenta tres partes o secciones
claramente distinguibles (Figure 1): una introduccién del estado del arte
de la tecnologia PRGF en forma de revision [1], tres articulos

experimentales [2-4], y seguidamente tres ensayos cientificos [5-7].

.
Revisié Characterization of Plasma Rich in Growth Factors (PRGF):
evision :
components and formulations [1]
L ———
e N\ :
. Morphogen and Implementation of a
ngh;gg%‘:ﬁi':;pm proinflammatory more physiological

, h p terizati £ cytokine release kinetics plasma rich in growth

Articulos Eas?rrlgcrii:zi: I(:Eul\)rth from PRGF-Endoret factor (PRGF) protocol:

i tal p 8 fibrin scaffolds: Anticoagulant removal

experimentales factors (PRGF-Endoret)- : o
derived fibrin clot evaluation of the effect and reduction in
i‘; rtI:reactlolgg f;]) of leukocyte inclusion activator concentration
131 [4]
Closi lat . Allogeneic Platelet-Rich Addressing
Ensayos r?;\li'\:g :gﬁﬁ(?ragsg%f' Plasma: At the Dawn of Reproducibility in Stem
cientificos lat Igt ich ol 5] an Off-the-Shelf Cell and PRP Therapies
platelet-rich plasma Therapy? [6] 7

.~

Figura 1. Esquema de las publicaciones cientificas incluidas en la presente tesis
doctoral. Comprende un articulo introductorio de revision del estado del arte de
la tecnologia PRGF, tres articulos experimentales donde se caracteriza y
optimiza la tecnologia, y finalmente tres ensayos cientificos que analizan el
marco regulatorio de los derivados de plaquetas, asi como los nuevos retos y
desafios.

En el primer capitulo de esta tesis se realiza una introduccion del estado

del arte de la tecnologia del PRGF [1] poniendo especial énfasis en el
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proceso de obtencion, los principales componentes que se potencian y

los que se eliminan, asi como las moléculas responsables de su eficacia.

En los capitulos 3,4 y 5 se muestra el trabajo experimental desarrollado,
tanto de caracterizacién como de optimizacion de la tecnologia PRGF,

que ha originado tres articulos cientificos experimentales [2-4].

En concreto, en el primer estudio experimental [2] se ha realizado una
caracterizacién proteémica de alto rendimiento de las proteinas que
quedan retenidas y adheridas a la matriz o scaffold de fibrina de PRGF.
El constituyente principal de este coadgulo es el andamio de fibrina, pero
existe poco conocimiento acerca de otras proteinas que interactdan con
este coagulo y que pueden actuar como adyuvantes en el proceso de
curaciéon de las heridas. Por ello, el principal objetivo de este primer
estudio experimental fue caracterizar las proteinas englobadas vy
retenidas en dicha matriz. Para ello se empleé un doble enfoque
protedmico que combinaba una aproximaciéon 1D-SDS-PAGE seguida de
LC-MS / MS, y 2-DE seguida de MALDI-TOF / TOF. Mediante esta
aproximacion dual se obtuvo una descripcién de las proteinas mas
relevantes que se encontraban en contacto directo con la matriz de
fibrina. Posteriormente, las listas de proteinas obtenidas se agruparon
en familias y redes segun un andlisis de ontologia genética. En conjunto,
se encontré un enriquecimiento de proteinas y familias de proteinas
involucradas especificamente en la regeneracion de tejidos y en la
curacion de heridas. Especificamente, entre otras proteinas, se
demostré la presencia de trombospondina-1 (TSP-1), vitronectina,
fibronectina, alfa-1-antitripsina y alfa-1-antiquimotripsina, todas ellas
proteinas con multiples funciones clave en la regeneracién tisular.
Después de realizar el anélisis de la presencia individual de proteinas, se
realizé una clasificacién funcional, agrupando las proteinas en familias y

redes bioldgicas. El analisis ontoldégico de genes de todas las proteinas
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identificadas demostré un enriquecimiento significativo de ciertos
términos del andlisis ontoldgico que estan asociados con la reparacion y
regeneracion de los tejidos, como son, por ejemplo, la respuestainmune,
cicatrizacién de heridas, angiogénesis, migracion y adhesion celular y

metabolismo de los lipidos, entre otros.

En una segunda fase se pretendié avanzar mas en el conocimiento de la
matriz de PRGF y se puso el foco en el conjunto de moléculas liberadas
a partir de la matriz de fibrina (Capitulo 4). Para ello se determiné la
cinética de liberacion de distintos morfégenos, o factores de
crecimiento, de la matriz de PRGF [3]. De forma simultdnea se
profundizé en los mecanismos moleculares ligados a la eficacia del PRGF
y en especial en el papel que los leucocitos pueden jugar en la
composicion del PRGF. La presencia de leucocitos en el plasma rico en
plaquetas (L-PRP) podria explicar en parte los datos contradictorios de
eficacia de las matrices de L-PRP en la regeneracién de tejidos. Para tal
fin, se compardé una formulacion PRGF (sin leucocitos) frente a una
formulacién rica en leucocitos (L-PRP). Los resultados mostraron que las
matrices de fibrina de PRGF eran homogéneas, compactas y acelulares,
mientras que las que contenian leucocitos eran heterogéneas, poco
compactas y celulares. La incorporacién de leucocitos produjo un
aumento significativo en el contenido de las citoquinas proinflamatorias
IL-1B e IL-16, pero no en la liberacién de los morfégenos o factores de
crecimiento derivados de las plaquetas. Sorprendentemente, la
disponibilidad del VEGF sufrié una disminucién importante después de
3 dias deincubacion en el caso de las matrices de L-PRP. La liberacion de
citoquinas proinflamatorias en las matrices de PRGF fue muy baja o
practicamente nula. Sin embargo, la inclusién de leucocitos indujo un
aumento importante en estas citoquinas. Se pudo observar que las
matrices de PRGF se mantuvieron estables durante los ocho dias de

incubacién, al contrario que las de L-PRP. En conjunto, la inclusién de

12 | Resumen



leucocitos en el PRGF alteré el perfil de liberacién de los factores de
crecimiento y también aumento la dosis de citoquinas proinflamatorias,
lo cual podria ser uno de los factores que explique los resultados
controvertidos que se han descrito en la eficacia de ambas
formulaciones.

El siguiente paso, después de realizar una caracterizacion de las
proteinas que quedan en intimo contacto con la matriz de PRGF [2] y de
las que son liberadas al medio [3], fue optimizar el protocolo de
obtenciéon del PRGF, reduciendo los niveles de anticoagulante y
activador, con el fin de realizar un protocolo mas fisiolégico (Capitulo
5). En este tercer estudio experimental [4] se desarrollé un protocolo
enfocado en las tendencias del nuevo marco regulatorio europeoy en el
hecho de que la solucién anticoagulante en los tubos de extraccion de
sangre podria ser considerada como medicamento. El protocolo actual
(PRGF-A) utiliza tubos de extraccién con 0,9 ml de citrato trisédico como
anticoagulante y 50 pl de cloruro de calcio / ml de PRGF para activarlo.
En contraste, el nuevo protocolo propuesto (PRGF-B), reduce la cantidad
de citrato de sodio y cloruro de calcio a 0,4 mly a 20 ul, respectivamente.
Se realiz6 una bateria de ensayos de laboratorio con el fin de comparar
el protocolo PRGF-A frente a al PRGF-B, incluyendo la determinacién de
los parametros hematolégicos criticos, como la concentracién de
plaquetas y leucocitos, la funcidn plaquetaria, el proceso de obtencién
del codgulo y su retraccién, el contenido de factores de crecimiento y el
efecto bioldgico. Los resultados mostraron que se obtenia un mayor
enriqguecimiento y recuperacién de plaquetas con el nuevo protocolo
(PRGF-B). La respuesta al estrés hipoténico de las plaquetas fue también
significativamente mejor. De igual forma, se observé una disminucion
estadisticamente significativa en el estado de activaciéon plaquetaria
basal de PRGF-B en comparacion con PRGF-A, asi como en la duracién de

la fase lag del ensayo de agregacion plaquetaria. Otros resultados
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positivos de la formulacién PRGF-B fueron la reduccién de los tiempos
de coagulacién y retraccién y el incremento de la concentracién de los
cuatro factores de crecimiento analizados (IGF-1, VEGF, PDGF-AB y TGF-
B). Por ultimo, el efecto biolégico de ambos protocolos de PRGF fue
similar, medido como proliferacién celular de queratocitos humanos
primarios. En base a estos resultados se pudo concluir que el nuevo
protocolo de obtencién de PRGF (PRGF-B), con una reduccién en la
cantidad de anticoagulante y activador, presentaba mejores

caracteristicas en la mayoria de los parametros estudiados.

Después de presentar las evidencias experimentales, los tres siguientes
capitulos (capitulos 6, 7 y 8) se centran en un anélisis tedrico de
diferentes aspectos relacionados con el PRP y que son esenciales para
lograr un avance en la utilizacidn seguray eficaz de este tipo de terapias.
Son tres articulos de perspectiva fundamentales en la adecuada

translacion de las terapias basadas en PRP [5-7].

Asi, el capitulo 6 comienza con un referente tedrico y analitico que
recoge una exhaustiva revision del nuevo marco regulatorio del plasma
rico en plaquetas introducido por la Agencia Espainol del Medicamento y
Producto Sanitario (AEMPS) en Espafa y de sus potenciales
implicaciones [5]. Se analiza la repercusion que ha tenido la
consideracion del PRP como medicamento de uso humano, y las
garantias de seguridad y eficacia que esta clasificacion ofrece. Al mismo
tiempo se compara la nueva regulacién con la existente en otros paises.
Al igual que cualquier nueva regulacion, la clasificacion del PRP como
medicamento también presenta carencias, incégnitas y retos, los cuales
son discutidos tanto en un contexto regulatorio como de su aplicaciéon

practica.

Posteriormente, en el capitulo 7 se discuten las ventajas e

inconvenientes sobre la posibilidad de utilizar PRP no autélogo, o
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alogénico, como nueva forma de terapia [6]. Se aporta una muestra
representativa de los pocos estudios que han utilizado PRP alogénico y

se argumenta a favor de su utilizaciéon futura.

Finalmente, en el capitulo 8 se enfatiza en la necesidad de estandarizar
las terapias bioldgicas, principalmente PRP y células madre, para
permitir un avance riguroso de la medicina personalizada con garantias
tanto de seguridad como de eficacia [7]. Para ello, y teniendo como pilar
fundamental la necesidad de realizar una ciencia reproducible, se
propone la utilizacién de guias estandarizadas para describir los detalles
metodoldgicos de todos los estudios en los que se utilice PRP, tanto a

nivel preclinico como clinico.
2 Summary

Plasma Rich in Growth Factors (PRGF) technology is an autologous
biological therapy that uses the patient's own blood components as
therapeutic agents to promote the repair and regeneration of damaged
tissues. PRGF is obtained from a small volume of blood from the patient.
Subsequently, through a centrifugation and fractionation process, the
platelet-enriched plasma is selected and both leukocytes and
erythrocytes are discarded. Multiple formulations can be generated
from the PRGF in liquid form, controlling activation of both platelets and
coagulation cascade: recently activated liquid PRGF, with in situ
polymerization capability, PRGF supernatant, clot or scaffold, and fibrin
membrane. Each of them has fundamental intrinsic characteristics for
its application in specific injuries. In all cases they are formulations that
are designed to optimize and accelerate tissue regeneration. PRGF acts
as an effective therapeutic agent, based on the principles of
personalized medicine, tissue engineering and minimally invasive

procedures.
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PRGF technology has been characterized in multiple preclinical research,
always following the mainstays of scientific research, and in pursuit of
to ensure the safety of the products applied. This thesis is the result of
three preclinical in vitro studies of PRGF characterization and
optimization. Moreover, due to the evolution of the regulatory
framework and the technology itself, a detailed analysis of several key
aspects is carried out, such as the regulatory framework for platelet-rich
plasma (PRP), the allogeneic application and the standardization of this
type of biological therapies. These topics will be deepened on the basis

of a series of three scientific essays.

Thus, this thesis is based on 7 scientific publications [1-7] that constitute
a thematic unit. It presents three clearly distinguishable parts or
sections: an introduction of the state of the art of PRGF technology in a
scientific review format [1], three experimental articles [2-4], and
thereafter three scientific essays [5-7]. The Figure 2 shows

schematically the thesis outline.

In the First chapter of this thesis an introduction of the state of the art
of PRGF technology is made [1]. It describes the PRGF obtaining process,
the main components that are concentred and those that are removed,

as well as the molecules responsible for their effectiveness.

Chapters 3, 4 and 5 shows the experimental work developed, both
characterization and optimization of PRGF technology, which has

originated three experimental scientific articles [2-4].

16 | Resumen



Review

[ —
0

Experimental

Characterization of Plasma Rich in Growth Factors (PRGF):

components and formulations [1]

High-throughput
proteomic
characterization of
plasma rich in growth

Morphogen and
proinflammatory
cytokine release kinetics
from PRGF-Endoret
fibrin scaffolds:

Implementation of a
more physiological
plasma rich in growth
factor (PRGF) protocol:
Anticoagulant removal

apers o - . T
pap fac:)rs_ {PS(FE _End:)r::t) evaluation of the effect and reduction in
CIVECHBIEICIO of leukocyte inclusion activator concentration
interactome [2] 3] 4]
—
N
. "™ Closi lat : Allogeneic Platelet-Rich Addressing
SCIentIfIC r?;\licirrgﬁ:(?rzlrgsgfa()pr& Plasma: At the Dawn of Reproducibility in Stem
’ " an Off-the-Shelf Cell and PRP Therapies
€s5s5ays platelet-rich plasma [5] R 7]
.

Figure 2. Outline of the scientific publications included in this doctoral thesis. It
comprises an introductory article reviewing the state of the art of PRGF
technology, three experimental articles where this technology is characterized
and optimized, and finally three scientific assays that explore the platelet-rich
plasma regulatory framework and the new challenges and trends.

Thus, the first experimental study [2] has conducted a high-performance
proteomic characterization of proteins that are retained and bonded to
the PRGF fibrin scaffold. The main constituent of this clot is the fibrin
scaffold, but there is little knowledge about other proteins that interact
with this clot and can act as adjuvants in the wound healing process.
Therefore, the main objective of this first experimental study was to
characterize the proteins enclosed and retained in that matrix. To do
this, a double proteomic approach was used: a 1D-SDS-PAGE
approximation followed by LC-MS/MS, and 2-DE followed by MALDI-
TOF/TOF. This dual approach obtained a description of the most
relevant proteins that were in close contact with the fibrin matrix.
Subsequently, the lists of proteins obtained were grouped into families

and networks according to a genetic ontology analysis. Altogether, an
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enrichment of proteins and protein families specifically involved in
tissue regeneration and wound healing was found. Specifically, the
double proteomic approach detected the presence of thrombospondin-
1 (TSP-1), vitronectin, fibronectin, alpha-1-antitrypsin and alpha-1-
anticymotrypsin, among other, all of them proteins with multiple key
functions in tissue regeneration. After carrying out the analysis of the
individual presence of proteins, a functional classification was
performed, grouping proteins into families and biological networks.
Ontological analysis of genes of all identified proteins demonstrated a
significant enrichment of certain terms of ontological analysis that were
associated with tissue repair and regeneration, such as immune
response, wound healing, angiogenesis, cell migration and adhesion,

and lipid metabolism, among others.

In a second phase, the aim was to make Ffurther progress in
understanding the PRGF matrix and focused on observing the molecules
released from the fibrin matrix (Chapter 4). For this purpose, the release
kinetics of different morphogens, or growth factors, of the PRGF
scaffold were determined [3]. At the same time, it was intended to
confirm the absence of pro-inflammatory mediators in PRGF.
Simultaneously, the in vitro effect of the inclusion of leukocytes in PRGF
was studied in order to deepen the molecular mechanisms of the
efficacy of PRGF. The presence of leukocytes in platelet-rich plasma (L-
PRP) could partly explain contradictory data on the effectiveness of L-
PRP matrices in tissue regeneration. For this purpose, a PRGF
formulation (leukocyte-free) was compared with a leukocyte-rich
formulation (L-PRP). The results showed that PRGF fibrin matrices were
homogeneous, compact and acellular, while those containing leukocytes
were heterogeneous, loose and cellular. The incorporation of leukocytes
produced a significant increase in the content of the pro-inflammatory

cytokines IL-1 and IL-16, but not in the release of morphogens or
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platelet-derived growth factors. Surprisingly, in L-PRP matrices the
availability of VEGF suffered a significant decrease after 3 days of
incubation. The release of pro-inflammatory cytokines in PRGF matrices
was almost absent, or was very low; however, the inclusion of leukocytes
induced a significant increase in these cytokines. On the other hand, it
was observed that PRGF matrices remained stable during the eight days
of incubation, unlike those of L-PRP. Overall, the inclusion of leukocytes
in PRGF altered the release profile of growth factors and also increased
the dose of pro-inflammatory cytokines, which could be one of the
factors explaining the controversial results that have been described in

the efficacy of both formulations.

The next step, after performing a characterization of the proteins that
remain in close contact with the PRGF matrix [2] and those that are
released in the medium [3] was to optimize the PRGF obtaining protocol
by reducing the levels of anticoagulant and activator, in order to
perform a more physiological protocol (Chapter 5). In this third
experimental study [4] a protocol focused on trends in the new
European regulatory framework and the fact that the anticoagulant
solution in blood draw tubes could be considered as a medicinal
product. The current protocol (PRGF-A) uses extraction tubes with 0.9
ml of trisodium citrate as an anticoagulant and 50 pl of calcium chloride
/ ml of PRGF to activate it. In contrast, the new protocol (PRGF-B)
reduces the amount of sodium citrate and calcium chloride to 0.4 mland
to 20 pl, respectively. A series of laboratory tests were performed to
compare PRGF-A versus PRGF-B, including the determination of critical
hematological parameters such as platelet and leukocyte concentration,
platelet function, the process for obtaining the clot and its retraction,

the growth factor content, and the biological effect.
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The results showed that greater platelet enrichment and recovery were
obtained with the new protocol (PRGF-B). The response to hypotonic
stress of platelets was also significantly better. Furthermore, a
statistically significant decrease was observed in the basal platelet
activation state of PRGF-B compared to PRGF-A, as well as in the length
of the lag phase of the platelet aggregation assay. Other positive results
of PRGF-B formulation were the reduction of coagulation and retraction
time and the increase in the concentration of the four growth factors
analyzed (IGF-1, VEGF, PDGF-AB and TGF-B). Finally, the biological effect
of both PRGF protocols was similar, measured as cellular proliferation of
primary human keratocytes. On the basis of these results, it could be
concluded that the new PRGF obtaining protocol (PRGF-B), with a
reduction in the amount of anticoagulant and activator, presented

improved characteristics for most of the parameters studied.

After reporting the experimental evidence, the next three chapters
(chapters 6, 7 and 8) focus on a theoretical analysis of several aspects
related to the PRP that are essential to achieve progress in the safe and
effective use of this type of therapy. These three articles are

fundamental in the successful translation of PRP-based therapies [5-7].

Thus, Chapter 6 begins with a theoretical and analytical reference that
includes an exhaustive review of the new regulatory framework of
platelet-rich plasma introduced by the Spanish Agency of Medicines and
Medical Devices (AEMPS) in Spain and its potential implications [5].

The impact of the new status of the PRP as a medicinal product for
human use is analyzed, as well as the guarantees of safety and efficacy
that this new classification offers. At the same time the new regulation
is compared with the existing one in other countries. As with any new
regulation, the classification of the PRP as a medicinal product also

presents weaknesses, uncertainties and challenges, all of which are

20 | Resumen



discussed both in a regulatory framework and in terms of its practical

application.

Afterwards, in Chapter 7, the advantages and disadvantages of the use
of non-autologous or allogeneic PRP as a new type of therapy are
discussed [6]. A representative selection of the few studies that have
used allogeneic PRP is provided and a rationale is presented for its

future use.

Finally, Chapter 8 emphasizes the need to standardize biological
procedures, mainly PRP and stem cells, to allow a strict advancement of
personalized medicine with guarantees of both safety and efficacy [7].
For this purpose, and with the need for reproducible science as a
fundamental principle, we propose the use of standardized guidelines
to describe the methodological details of all studies in which PRP is

used, both at a preclinical and clinical level.
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Chapter 1

Introduction.

Characterization of Plasma Rich in
Growth Factors (PRGF):
components and formulations

Chapter published In Platelet Rich Plasma in Orthopaedics and Sports
Medicine, Springer International Publishing [1]







Abstract

Platelet-rich Plasma (PRP) is a set of autologous platelet products used
to reduce pain and speed up recovery from injury, as the same time that
tries to keep the tissue function. The basic rationale is to mimic the
natural ways of healing, bringing to the injury site a set of molecules that
will accelerate the functional recovery of the tissue trying to regenerate
the tissue. Among the jungle of products in this field, Plasma Rich in
Growth Factors (PRGF), the Endoret technology, is a pioneering
autologous regenerative technology with multiple therapeutic
potentials, presentin at least four different formulations, depending on
the coagulation and activation degree. PRGF-Endoret technology is safe

and has multiple applications and potentials.
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1 Potential of plasma rich in growth factors (PRGF-

Endoret): mimicking the natural healing

The increasing number of musculoskeletal injuries has produced an
increasing number and improvement of different treatments of these
lesions, especially in the search for minimally invasive procedures or
adjuvants [8-10]. One of these cutting-edge technologies is the use of
Plasma Rich in Growth Factors (PRGF-Endoret) [8]. This biological
treatment mimics the natural ways of wound healing [11] trying to
optimise and reduce healing times. This is achieved driving to the injury
site the whole protein array of PRGF that will be involved in the repair
of damaged tissues. In this way, all the bioactive molecules (including
growth factors and other proteins) necessary for tissue repair are locally

released.

The tissue repair process occurs naturally in a staged fashion [12] and
includes removal of dead cells, proliferation, migration of cells to the
injury site, production of new vascular structures, etc. The organisation
of all these elements influences the healing of a given injury, preventing
fibrotic elements that cause that tissue loss of functional capacity [13,
14]. Growth Ffactors play an important role coordinating the whole
process in an orchestrated fashion in all tissues of the musculoskeletal
system, including muscle [15], tendon [16], bone [17, 18], cartilage [19].
Growth factors act on other tissues as well, including skin [20], oral soft

tissue [21, 22], cornea [23] among others.

PRGF-Endoret technology mimics the natural healing mechanisms, but
with two special features: trying to avoid loss of functionality (fibrous
tissue) and shortening healing times. This is achieved in part adjusting
the PRGF-Endoret formulation and dosage to the type of tissue and

injury.
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PRGF-Endoret therapy accelerates and improves tissue healing by local
delivery of autologous bioactive molecules and contributing with a First
line provisional scaffold [8]. This autologous toolbox consists in the use
of platelets as a reservoir and vehicle of a large repertoire of proteins
[24, 25]. Recently, a proteomic dissection of PRGF scaffold has been
performed [2]. In this research, we studied the proteins that remain
most closely bound to the fibrin network and that were therefore
retained by the mesh itself rather than being released into the
supernatant. The high-throughput proteomic techniques used in this
characterization allowed us to produce a catalogue of these proteins
and subsequently classify them into families on the basis of their
function and gene ontology. The results of this process showed that the
fibrin network is enriched in proteins specifically involved in tissue
regeneration and wound healing. Amongst others, it was found
enrichment in certain lipoproteins involved in regenerative processes,
particularly by delaying degradation (fibrinolysis) of the fibrin network,
thereby extending the controlled release of other molecules. Similarly,
an important fFamily of proteins involved in the acute phase reaction was
also found to be enriched in this study. These proteins form the First line

of defence in the immune system [2].

In the last decade, several systems have been developed to produce a
biologically active product, both commercial and homemade, but they
differ in the presence of white blood cells, growth Ffactors
concentration, and architecture of fibrin scaffold [26-30]. The different
PRP commercial systems can be certified for various medical
applications, but the therapeutic outcome will depend on the type of
platelet-rich plasma used and the employed dosage. Establishing a
proper classification of PRPs and identifying the biological differences

among them is absolutely necessary to understand some of the
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controversial results obtained with these types of technologies so far
[31].

One of the most relevant and controversial issues is the presence of
leukocytes in the platelet-rich plasma. In order to distinctly define the
PRGF technology, and thus be able to compare with other PRPs, PRGF
can be categorised according to three of the most cited classifications
that have been proposed for PRPs. The first and most widely used [32]
classifies PRGF as pure-PRP (P-PRP) since it does not contain WBC. The
PRGF is classified as type 4-B (Minimal WBCs, activated with CaClz, and
platelet concentration below 5x) as proposed by others [33] for sports
medicine classification. Finally, PRGF would fit in the P2-x-B3 category
(platelet count greater than baseline levels to 750,000 platelets/uL,
exogenous activation with CaClz, with WBC -and specifically neutrophils-
below to baseline levels) according to the PAW (platelets, activation and
WBC) classification [34].

2 Understanding the properties of platelet-rich

plasma products

Several key biological mediators are present in a PRP. The more studied
growth factors contained in platelet-rich plasma that are important
during tissue repair include IGF-I (Insulin-like Growth Factor type I), TGF-
B1 (Transforming Growth Factor B type 1), PDGF (Platelet Derived
Growth Factor), HGF (Hepatocyte Growth Factor), VEGF (Vascular
Endothelial Growth Factor), EGF (Epithelial Growth Factor) and bFGF
(basic Fibroblastic Growth Factor) among others (Table 1) [35, 36]. Some
of them (IGF-l and HGF) are plasmatic proteins, and their concentration
does not depend on the platelet enrichment. However, most of the

growth factors are indeed platelet proteins, both synthesised and
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adsorbed, and thus their quantity does depend on the platelet

concentration.

Classification

Adhesive
proteins

Clotting
fFactors and
associated

proteins

Fibrinolytic
factors and
associated

proteins

Proteases
and anti-

proteases

Growth
factors

Protein
VWF propeptide, Fibrinogen,
Fibronectin, Vitronectin, TSP-1,
laminin-8 (alpha4- and alpha5s-
laminin subunits), signal peptide-
CUB-EGF domain containing
protein 1 (SCUBE 1)
FactorV/Va, FactorXI-like protein,
multimerin, protein S, high-
molecular weight kininogen,
antithrombin 1ll, tissue factor
pathway inhibitor (TFPI)1

PAI-1, uPA, alpha2-antiplasmin,
histidine-rich glycoprotein, a2M

TIMPs 1-4, metalloprotease-1, -2, -
4,-9, ADAMTS13, TACE, protease
nexin-2, C1 inhibitor, serpin
proteinase inhibitor 8, alpha1-

antitrypsin

PDGF, TGF-beta1 and -beta?, EGF,

IGF-1, VEGF (A and C), bFGF (FGF-2),

HGF, Bone morphogenetic protein
(BMP)-2, -4, -6, CTGF

Biological effects
Cell contact
interactions,

homeostasis and
clotting, and
extracellular matrix

composition

Thrombin
production and its

regulation

Plasmin production
and vascular

modelling

Angiogenesis,
vascular modelling,
regulation of
coagulation, and
regulation of
cellular behaviour
Chemotaxis, cell
proliferation and
differentiation, and

angiogenesis
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RANTES, IL-8, MIP-1 alpha, ENA-78,

MCP-3, GRO-alpha, angiopoietin-1, Regulation of
. IGF-BP3, IL-6sR, PF4, bTG, platelet angiogenesis,
Chemokines, . . ) .
. basic protein, NAP-2, connective vascular modelling,
cytokines and ) o .
tissue-activating peptide lil, cellular
others ) . )
HMGB1, FasL, LIGHT protein, TRAIL, interactions, and
SDF-1 alpha, endostatin-, bone formation
osteonectin-1, bone sialoprotein
Anti- Bactericidal and
microbial Thrombocidins, defensins fungicidal
proteins properties
Chondroitin 4-sulfate, albumin,
immunoglobulins, disabled-2,
Others

semaphorin 3A, Prion protein
(PrPC)

Table 1. Platelet protein classification and their biological role. A set of proteins
present in platelets and its physiological role in the regeneration of tissues is
shown. Reproduced with permission from the reference [37].

To understand the properties of platelet-rich plasma products, it is

necessary to detail the different roles of molecules that contain:

e IGF-I: This protein circulates in plasma as a complex with binding
proteins (IGFBP). This determines the bioavailability and
regulates the interaction between this IGF-l and its receptor [38,
39]. IGF-l is involved in keratinocyte migration and wound
healing [40, 41], stimulates bone matrix Fformation and
maintenance [42] by promoting preosteoblast proliferation [43,
44], and also is involved in striated muscle myogenesis [45].

Furthermore, knockout mice for IGF-IR in muscle exhibited

30 | Chapter1



impaired muscle regeneration and deficient myoblast
differentiation[46]. Recently, It has been observed that IGF-1
promote tissue repair of skeletal muscle without scar tissue
formation by increasing fibre size and muscle size hypertrophy
[47]. Also, and related to this, IGF-1 is considered a potent
enhancer of tissue regeneration, and its overexpression in
muscle injury leads to hastened resolution of the inflammatory
phase [48].

TGF-B1: The role of TGF- 3 family proteins in wound healing has
been recently reviewed [49]. TGF-B has different effects,
depending on the tissue and the cell type [13]. The release and
posterior bioactivation of latent TGF-f3 contributes to the early
cellular reparative responses, such as migration of cells and
neovascularization and angiogenesis [50] into the wound area.
In bone, TGF-B1 induces osteogenic differentiation of
mesenchymal cells of the bone marrow, upregulating osteoblast
differentiation markers [51]. TGF- B plays a crucial role in
maintaining homoeostasis of both articular cartilage and
subchondral bone [52].

PDGF: This growth factor is a mitogen and chemotactic factor
for all cells of mesenchymal origin [53]. It is important in the
repair of joint tissue, including cartilage and meniscus [54, 55].
Bone is also a target of PDGF, influencing its metabolism and
acting in repair mechanisms [56, 57], including the recruitment
of pericytes to stabilise new blood vessels [58].

HGF: Also called scatter factor, it regulates cell growth,
migration and morphogenesis [59] and plays an important role
in  wound-healing through an epithelial-mesenchymal
interaction [60]. HGF modulates central inflammatory and

immune events that are common to many diseases and organ
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systems [61]. The antifibrotic effect of HGF has been shown in
various tissues [62, 63], through induction of Smad7, and thus
regulates the myofibroblast phenotype, allowing the initial
contraction of the wound, but making the myofibroblast to
gradual disappear [64].

e VEGF: This growth factor is a key mediator in wound healing [65]
and the main inducer of angiogenesis since it stimulates
chemotaxis and proliferation of endothelial cells [66]. This
protein is crucial in the sprouting of new capillaries from
preexisting vasculature, mainly initiated by hypoxia in ischemic
tissue [67]. Also, VEGF is involved in the regulation of many
organ homeostases, such as brain, heart, kidney, or liver [68],
and its role may be crucial in cell-mediated tissue regeneration
[69].

e EGF: This protein promotes chemotaxis and mitogenesis in
epithelial and mesenchymal cells [70, 71] by acting on the
regeneration of multiple tissues. It has an important role in skin,
cornea, gastrointestinal tract and nervous system [72-76].

e bFGF: This factor, also called FGF-2, is a potent inductor of cell
proliferation, angiogenesis and differentiation [77, 78]. Its role
in the repair process has been observed in several tissues [79],
including bone [80-82], tendon [83, 84], and periodontal tissue
[85-87].

Growth factors classically promote several important functions in the
regenerative milieu: they are able to stimulate cell proliferation
(mitosis), cellular migration (chemotaxis), differentiation (morphogenic
effect), angiogenesis, and the combination of several of these effects.
These peptides exert the above-mentioned functions in the local

environment, close to the site of the application.
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However, it is difficult to dissect the contribution of each molecule
contained in platelet-rich plasma and examine its effect separately,
since many have multiple effects, some of which overlap with others.
Also, many molecules are activated in the presence of others, such as
TGF-B, which is in a latent state [88] and becomes functional after
proteolytic activation or in the presence of other molecules, such as

thrombospondin-1 [89] or various integrins.

The idea that platelet-rich plasma contains only factors that stimulate
angiogenesis and proliferation would be a little simplistic. In fact,
another important property of the PRP is the bacteriostatic effect [90].
These antibacterial effects were observed against Staphylococcus aureus
and Escherichia coli [91]. Classically, these properties have been shown
in leukocyte-enriched platelet-rich plasma. However, recently these
antimicrobial properties have been evidenced in PRGF-Endoret [92],
which by definition has no white cells. Specifically, PRGF-Endoret has
bacteriostatic effect against Staphylococcal strains. Moreover, the
addition of leukocytes to the PRGF-Endoret preparation did not yield
greater bacteriostatic potential than it already had. This data raise
questions about the role that leukocytes may play in a platelet-rich
plasma preparation, since they do not improve the bacteriostatic
properties but, on the contrary, they might significantly increase the

presence of pro-inflammatory molecules.

Platelet-rich products act also as anti-inflammatory mediators by
blocking monocyte chemotactic protein-1 (MCP-1), released from
monocytes, and lipoxin A4 production [93]. HGF in PRP inhibits NF-kB, a
key nuclear factor implicated in inflammatory responses, by activation
of its inhibitor (ikBa). In this same study, it was also observed that PRP

reduced the chemotaxis of the monocytic line U937 [94]. In addition,
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serotonin, a neurotransmitter and hormone present in platelets, has

been reported to directly mediate liver regeneration [95].
3 PRGF-Endoret: A pioneering technology

For almost two decades our research group has characterised this
technology and has studied its therapeutic potential in tissue repair and
wound healing [8]. PRGF-Endoret contains a moderated platelet
concentration, a two-third fold increase compared to peripheral blood,
a dosage shown to induce optimal biological benefit [96]. In fact, lower
platelet concentrations can lead to suboptimal effects, whereas higher
concentrations might have an inhibitory effect [97]. PRGF-Endoret does

not contain leukocytes, and activation is performed only with CaCl..

The process to produce PRGF-Endoret is easy, fast and reproducible
(Figure 3). Blood collection is performed in tubes containing sodium
citrate as anticoagulant. Thus, platelets are well preserved.
Subsequently, centrifugation is achieved in a specifically designed
centrifuge (PRGF System V). The centrifuge has specific parameters to
maximise the production of platelets and keep the plasma leukocyte-
free. Three typical layers are obtained after centrifugation: (i) a
yellowish top layer, the plasma, which contains a gradient of platelets,
with maximum concentration of those platelets above the buffy coat; (ii)
the leukocyte layer, or buffy coat, is located below of plasma layer; and

(iii) the bottom layer, that is the layer containing the red cells.
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Figure 3. PRGF-Endoret technology overview. PRGF-Endoret aids in the
preparation of different autologous therapeutic formulations from patient's
own blood.

Regarding the plasma volume, it is possible to empirically differentiate
between two different fractions, depending on the respective
concentration of platelets. The upper fraction will contain a similar
number of platelets than peripheral blood whereas the lower fraction
will contain 2 to 3-fold the concentration of platelets compared with
blood. However, depending on the application, as in the case of PRGF

eye drops, it is possible to collect the entire PRGF column without

Introduction | 35



performing two fractions [98]. The basic characteristics of PRGF (whole

plasma column) are shown in Table 2.

N=30 Whole blood-B PRGF-B
Leukocytes (x 103/pL) 6.1+1.4 03+0.2
Erythrocytes (x 10°/uL) 4.78 +0.41 0.01 +0.01
Platelets (x 103/pL) 235+ 41 517 £ 107
Leukocyte concentration Factor (LCF) - 0.05+0.03
Platelet concentration Factor (PCF) - 2.2+0.2
Platelet yield (%) - 667

Table 2. Summary of the characterization of whole blood and PRGF samples
from thirty donors. The values for PRGF correspond to the whole plasma column.
Leukocyte, platelet and erythrocyte concentration was measured in whole blood
and PRGF. Leukocyte and platelet concentration factor (enrichment as fold
increase) relative to the level of peripheral blood (LCF and PCF) and platelet
yield (%) are also indicated. Data are expressed as mean * SD. Reproduced with
permission from reference [4].

With the aim of collecting these plasma fractions from PRGF-Endoret
technology, we have recently developed an optimised device, the
plasma transfer device (PTD2) (Figure 4).
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Figure 4. The plasma transfer device 2 (PTD2) is a disposable and sterile
aspiration system that allows the fractionation of PRGF. The device contains an
ergonomic button that allows fine control of the suction flow. The suction is
performed by the vacuum containing in the fractionation tube (TF9). The
aspiration needle is a blunt needle to prevent accidental stab injuries. In this way,
PRGF-Endoret is obtained directly in a fractionation tube, in which it can be
directly activated with calcium chloride. It is possible to perform the whole
procedure without opening the extraction tubes, using an adapter needle.
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The PTD2 is a disposable and sterile aspiration system that allows
separating the different fractions obtained after centrifugation. In
contrast to the traditional pipetting system, the PTD2 system is faster,
avoiding intermediate pipetting steps. In addition, the plasma transfer
device does not require maintenance of the pipetting system.
Depending on clinical needs, the fractionation can be made in one or two
fractions, achieving higher volume - lower concentration of platelets (a
single fraction), or lower volume - higher concentration of platelets (two
fractions, F1 and F2). After fractionation, PRGF-Endoret can be activated
in a controlled way by the addition of CaClz, providing a clot that mimics
its natural structure. Moreover, the coagulation is conducted at a speed
that allows controlling the whole process. Activation with CaClz avoids
the use the use of exogenous bovine thrombin, a source of possible
immunological reactions [99-101]. Recently, the PRGF obtaining
protocol has been improved [4] in order to reduce both the amount of
anticoagulant and activator: the new blood extraction tubes (TB9)
contain 400 pL of trisodium citrate as anticoagulant, and the new ratio
of PRGF Activator would be 20 pL of calcium chloride / mL PRGF.

Another important feature of the PRGF-Endoret technology, when
compared with other platelet-rich plasma systems, is the absence of
leukocytes, which categorisesitin a safe and homogeneous, because the
values of leukocytes are highly variable between donors [102], and
within the same donor are highly dependent on small perturbation of
the body homeostasis. In addition, polymorphonuclear neutrophils
(PMN) contain molecules designed to kill microorganisms, but can
seriously damage the body tissues. For example, PMNs are important
producers of matrix metalloproteinases (MMP), mainly MMP-8 and
MMP-9, which can hamper the regeneration of damaged tissue. PMNs
also produce free radicals, reactive oxygen species and nitrogen, which

can destroy not only microorganisms but surrounding cells [103]. Of
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special concern would be to avoid leukocytes if muscle regeneration is
required, as in vivo PMNs increase muscle damage [104] and do not
provide extra Functionality. Therefore, it is recommended to use
leukocyte-free platelet-rich plasma in infiltrations of damaged muscle
[105].

4 PRGF-Endoret technology: A versatile toolbox with

multiple formulations

A key point that distinguishes the PRGF-Endoret technology from other
platelet-rich plasma products is its versatility. Four different
formulations (Figure 5) with therapeutic potential are obtained from the
patient's blood, depending on the coagulation and activation degree of
the samples. These formulations may be used for different therapeutic

purposes:

1) PRGF-Endoret scaffold. This three-dimensional matrix encloses
autologous growth factors, both plasma and platelet proteins.
This scaffold can be used in various applications, such as the
treatment of ulcers [106, 107], wound closure and tissue
engineering [108]. The three-dimensional structure of the fibrin
mesh (Figure 6) allows cell proliferation, since, as mentioned
above, it contains factors necessary for growth and migration of
cells. In addition, this formulation can be combined with other
materials [109], such as autologous bone, demineralized freeze-
dried bovine bone, collagen among others, tuning the resulting
characteristics of the scaffold [108].
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Figure 5. PRGF-Endoret technology formulations: (A) three-dimensional clot or
scaffold, (B) elastic and dense autologous fibrin membrane. (C) liquid
formulation activated at the moment and deposited on the implant surface, and
(D) the PRGF supernatant, ideal as eye drops or cell culture supplement.

1) Liquid PRGF-Endoret, activated at the time of use, is used in
intra-articular [110-112] and intraosseous [113-115] injections,
surgery [116-118], treatment of skin disorders [106, 107, 119],
and implant surface bioactivation by producing a biologically

active layer on the titanium surfaces [120, 121].
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Figure 6. Three-dimensional structure of PRGF-Endoret clot or scaffold. (A)
PRGF scaffold observed with the naked eye. (B) Optical microscopy reveals a 3D
network of fibrin with platelet aggregates scattered throughout the network
(May-Grunwald-Giemsa staining, original magnification x 400). (C) Closer
inspection reveals regular and interconnected intact fibrin strands in a
leukocyte-free plasma rich in growth factors (PRGF)-Endoret scaffold (original
magnification x 3500). Adapted, with permission, from Anitua et al, Trends
Biotechnol. 2013;31:364-74.

2) The PRGF-Endoret supernatant contains plasma proteins and
platelet releasate and can be used as eye drops treatment for
dry eye disease [122] and other corneal defects [123, 124]. Both
in basic research studies and applied areas, this formulation can
be used to supplement the cell culture medium [108, 125].

3) Autologous fibrin membrane. At the end of the process of
coagulation, fibrin scaffold retracts [126]. At that stage, the
fibrin membrane can be shaped with tweezers or similar
instruments to obtain an elasticc dense and suturable
membrane. It is an excellent tool to seal the post-extraction
tooth sockets [127-129] and to promote the full

epithelialization of other soft tissues [130].

The autologous platelet products have a high therapeutic potential and
can be used in various formulations and in various fields of medicine and
tissue engineering. At present, there are over forty of these products
with different characteristics, in terms of enrichment of platelets,

presence of leukocytes, activator type, and final volume among others.
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This great variability makes it difficult to standardise protocols and
compare results. Furthermore, this large variability can engender
confusion among clinicians and researchers [131]. It is, therefore,
necessary to reach a consensus and better definition of each product.
Our research team has spent more than 20 years developing this
technology, which makes PRGF-Endoret one of the best characterised
autologous platelet-rich plasma, with multiple and growing therapeutic
applications, as result of a continuous research translation to the clinic

setting.
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1 Aim

There is a growing need to find both effective and minimally invasive
treatments in all areas of medicine. Plasma rich in growth factors (PRGF-
Endoret) technology arises in order to address these unmet medical
needs. With a standardized procedure, a platelet-rich concentrate is
obtained from a small volume of blood, with plasma proteins and free

of leukocytes and erythrocytes.

The objective of this doctoral thesis was twofold; on the one hand, to
carry out a comprehensive characterization of PRGF technology that
serves as a basis to unravel the molecular mechanisms that underpin its
effectiveness and allow its optimization. On the other hand, to conduct
a detailed analysis of the regulatory framework and future trends in the

use of this technology.
2 Specific objectives

The specific objectives of this doctoral thesis are the following:

1. Conduct a high-performance proteomic characterization of the PRGF-

derived fibrin clot.

2. Determine the release kinetics of morphogens and proinflammatory
cytokines from PRGF scaffolds and assess whether the presence of

leukocytes modifies it.

3. Characterize a new and more physiological PRGF preparation protocol

and compare it with the previous one.

Aim and Specific objectives | 47



4, Analyse the new regulatory framework of the PRGF and the rest of
platelet-rich plasmas (PRP) after the resolution of the Spanish Agency
of Medicines and Medical Devices (AEMPS).

5. Investigate new non-autologous commercial therapeutic strategies,
such as the application of allogeneic PRP, and assess its advantages over

the autologous approach.

6. Strengthen the need to maintain standardized guidelines in the
presentation of methods that describe biological therapies, such as

treatment with PRP or stem cells.
3 Proposito

Existe una necesidad cada vez mayor de encontrar tratamientos
minimamente invasivos en todas las 4reas de la medicina. Con el fin de
cubrir estas necesidades médicas no resueltas surge la tecnologia
basada en el plasma rico en factores de crecimiento, plasma rich in
growth factors (PRGF-Endoret). A partir de un pequefo volumen de
sangre se obtiene un concentrado rico en plaquetas, con proteinas del

plasmay libre de leucocitos y eritrocitos.

El objetivo de esta tesis doctoral fue doble; por un lado, realizar una
caracterizacion detallada de la tecnologia del PRGF que sirva como base
para desentranar los mecanismos moleculares que fundamentan su
eficacia y permitan su optimizacién. Por otro lado, realizar un analisis
exhaustivo del marco regulatorio y las tendencias futuras de la

utilizacion de dicha tecnologia.
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4

Objetivos especificos

Los objetivos especificos de la presente tesis doctoral son los siguientes:

Realizar una caracterizacion protedémica de alto rendimiento del
coagulo derivado de PRGF.

Determinar la cinética de liberaciéon de morfégenos y citoquinas
proinflamatorias de las matrices de PRGF y evaluar si la
presencia de leucocitos la modifica.

Caracterizar un nuevo protocolo de preparacion de PRGF mas
fisiolégico y compararlo con el anterior.

Analizar el nuevo marco regulatorio del PRGF y del resto de
plasmas ricos en plaquetas (PRP) tras la resolucién de la Agencia
Espanola del Medicamento y Producto Sanitario (AEMPS).
Investigar nuevas estrategias terapéuticas comerciales no
autoélogas, como la aplicacion del PRP alogénico, y valorar sus
ventajas sobre la estrategia autéloga.

Reforzar la necesidad de mantener directrices estandarizadas
en la presentacién de los métodos que describen terapias

biolégicas, como el tratamiento con PRP o las células madre.
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Abstract

Plasma rich in growth Ffactors (PRGF®-Endoret®) is an autologous
technology that contains a set of proteins specifically addressed for
wound healing and tissue regeneration. The scaffold formed by using
this technology is a clot mainly composed of fibrin protein forming a
three-dimensional macroscopic network. This biomaterial is easily
obtained by biotechnological means from blood and can be used in a
range of situations to help wound healing and tissue regeneration.
Although the main constituent of this clot is the fibrin scaffold, little is
known about other proteins interacting in this clot that may act as
adjuvants in the healing process. The aim of this study was to
characterize the proteins enclosed by PRGF-Endoret scaffold using a
double proteomic approach that combines 1D-SDS-PAGE approach
followed by LC-MS/MS, and 2-DE followed by MALDI-TOF/TOF. The
results presented here provide a description of the catalogue of key
proteins in close contact with the fibrin scaffold. The obtained lists of
proteins were grouped into families and networks according to gene
ontology. Taken together, it has been found an enrichment of both
proteins and protein families specifically involved in tissue regeneration

and wound healing.
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1 Introduction

Tissue regeneration is a complex process necessary for the healing and
repairing after tissue damage [132]. Many proteins, including cytokines
and growth Factors are involved in this process, but the successful
restoration of tissue functions relies on an orchestrated sequence of
steps rather than on their isolate action. Therefore, the controlled
spatiotemporal release of bioactive factors into injured tissue results a
crucial event in tissue therapy [133].

Platelets are anucleate cell fragments mainly involved in the formation
of blood scaffolds for the healing of tissue injures. Platelets work as
biological dikes preventing blood loss from the organism, but they also
induce and coordinate the healing process itself [24, 134]. Once
activated, platelets secrete numerous proteins [25, 135], including
growth factors, such as PDGF, VEGF or HGF among others, that drive
tissue regeneration mechanisms in a staggered way [36]. Platelets,
therefore, are potential deliverers of growth factors with multiple
applications in tissue engineering [136].

“Plasma rich in growth factors” (PRGF®-Endoret®) is one of the
pioneering and leading technologies for the use of autologous platelets
with healing purposes [137-139]. PRGF-Endoret is easily obtained from
the patient to be treated. Briefly, blood from the patient is extracted
and centrifuged so that platelet-enriched and leukocyte-free plasma is
isolated from the rest of blood constituents. Then, the platelet-enriched
fraction is treated with CaClz so that fibrin formation is activated. Fibrin
forms a dense and solid clot in which platelets and proteins are
embedded. Therefore, this activated fibrin scaffold becomes a growth
factor-rich sponge ready to be used for grafting, alone or combined with

cells. Thanks to these autologous grafts, PRGF-Endoret-treated patients
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get benefited of a faster and more reliable regeneration of their injuries.
Its autologous nature, easy and low-cost obtainment, and its versatility
make PRGF-Endoret one of the most interesting preparations for wound
healing and tissue engineering [140]. Characterization of the protein
constituent of these PRGF-Endoret scaffolds could help to understand
in deep how this regenerative therapy works, unravelling the molecular
mechanisms [141], and thus getting optimized clinical treatment, both
in formulations as in the dosage.

With this aim, PRGF-Endoret-derived fibrin scaffolds were processed in
order to get rid of the most abundant proteins, while maintaining those
in close contact with the fibrin network; thus, the scaffold interactome
was characterized following two strategies: A 1D-SDS-PAGE approach
followed by LC-MS/MS protein identification, and a 2-DE approach
followed by MALDI-TOF/TOF protein identification. These high
throughput technologies have been shown to address the resolution of
proteomes of complex samples [142-145].

Our results provide a description of the catalogue of proteins enclosed
by the fibrin scaffold, and underscore the gain of information obtained
by the dual-strategy approaching followed in this work. Moreover, this
catalogue is analyzed from a functional viewpoint, in the context of
biological processes, pathways, and molecular networks, in search of
protein families involved in the regenerative potential of the PRGF-
Endoret.

To the best of our knowledge this paper presents, for the first time, a
high-throughput proteomic analysis of the fibrin clot interacting
proteins of an autologous platelet-enriched product, the PRGF-Endoret
technology.
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2 Materials and methods

2.1 Donors

Human venous whole blood from three healthy volunteers was
withdrawn into 9 mL vacuum tubes containing 3.8 % (w/v) sodium
citrate. None of the donors had taken medication in the last week that
could alter the haematological parameters. The three donors (BTI
researchers) agreed with the experimental protocol and their informed
consent was obtained. This study was performed following the

principles of the Declaration of Helsinki.
2.2  PRGF-Endoret protocol

The whole blood samples were processed according to the PRGF-
Endoret protocol [92]. Briefly, three blood tubes from each donor were
centrifuged for 8 min at 580 g (centrifuge PRGF system IV-BTI, Spain).
After centrifugation, a gradient of platelets in the plasma was obtained.
A Plasma Transfer Device (PTD) (BTI Biotechnology Institute, Vitoria,
Spain) was used for fractionation of the plasma, and thus obtain three
fractions, with different concentrations of platelets, named F1, F2, and
F3.F3 fraction is defined as the one millilitre located just above the buffy
coat, and is most enriched in platelets. F2 is the immediately above
millilitre, and is intermediate in platelet concentration. And finally, F1is
the rest of the plasma column, with variable volume depending on the
hematocrit, and is the fraction with a lower concentration of platelets
(Figure 7 A).
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Figure 7. Summary of the process of preparation, characterization and strategy
for analysis of the different samples. (A) Schematic illustration of the most
important steps in the preparation of samples and subsequent analysis. After
centrifugation and fractionation, F1 and F3 fractions were processed
independently. After extraction with acetonitrile, samples were processed and
analyzed following the dual approach commented (see materials and methods
section for further details). Microscopic characterization of the PRGF-Endoret
3D scaffolds prior (B and C) and post (D and E) protein extraction. Original
magnifications for SEM (B and D) are x5000 and for TEM (C and E) are x28000.
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2.3 Sample preparation protocol

For each donor, fraction 1 from the three tubes was collected in a single
tube. The same was done for the F3 fraction. The F2 fractions of the
three donors were discarded. Therefore, six independent samples were
obtained. The samples were activated in glass tubes adding calcium
chloride at a final concentration of 22.8 mM and incubating at 37 °C for
1 h. After clot formation and subsequent retraction, the releasates were
discarded and the samples centrifuged at 3220 g for 15 min at 4 °C. Then,
the supernatants were discarded and the clots were incubated with 3
mL of 70 % acetonitrile (Sigma) in water for 5 min at 50 °C. Acetonitrile
has been already successfully used to disrupt protein-protein
interactions in serum proteins as described by Tirumalai et al[146]. After
incubation, the samples were centrifuged again at 3220 g for 15 min at
room temperature and the supernatant collected and frozen at -80 °C to

prior subsequent analysis. Each sample was assayed in triplicate.
2.4  PRGF-Endoret characterization

2.4.1 Hematologic variables: Platelets and leukocytes

The platelet, leukocyte and erythrocyte count, in both peripheral blood
and PRGF-Endoret (for each of the phases) previous to the activation,
was determined using a standard hematological analyzer (ABX MICROS
60, Horiba Medical, Montpellier, France). The platelet enrichment factor
was calculated compared to the average platelet concentration in

peripheral blood.
2.4.2 Three-dimensional structure of fibrin net

Scanning (SEM) and transmission (TEM) electron microscopy techniques

were used for morphological analysis of fibrin clots, prior and post
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protein extraction. Each clot was prepared in triplicate. Briefly, the clots
were rinsed with PBS, fixed with 2 % glutaraldehyde in 0.1 M cacodylate
buffer for 4 h and washed 3 times in cacodylate-sucrose buffer (0.1 M
cacodylate, 6.5 % sucrose, pH 7.4). Then, the samples were post-fixed
with osmium tetroxide (1 % OsOa4in 0.1 M cacodylate) for 1 h and washed
in 0.1 M cacodylate, and finally dehydrated through ascending alcohol
concentrations. At this point, samples were split and independently
processed for SEM and TEM. For SEM, the samples were critical point
dried (Tousimis Autosamdri 814) and sputter-coated with 5 nm of gold
(Edwards E306A) before examination (Hitachi S-4800). For TEM studies,
the samples were incubated in propylene oxide for 1 h and then in
increasing concentrations of resin Epon, and finally embedded in Epon.
Ultrathin sections were stained with uranyl acetate and lead citrate and

examined in a Philips EM208S electron microscope.
2.5 SDS-PAGE analysis

F1 and F3 samples from three different individuals were dried in a RVC2
25 speedvac concentrator (Christ), and further resuspended in a buffer
containing 50 mM Tris pH 6.8, 5 % glycerol, 1.67 % -mercaptoethanol,
1.67 % SDS, and 0.0062 % bromophenol blue. Protein from each
individual was boiled for 5 min and resolved independently in 12.5 %
acrylamide gels using a Mini-Protean Il electrophoresis cell (Bio-Rad). A
constant voltage of 150 V was applied for 45 min for this purpose. The
gel was fixed in a solution containing 10 % acetic acid, 40 % ethanol for
30 min, and stained overnight in SYPRO Ruby (Bio-Rad). Gels were then
washed in a solution containing 10 % ethanol and 7 % acetic acid for 30
min, and the gel image was acquired using a Typhoon Trio scanner (GE
Healthcare). Each lane was cut into 18 consecutive pieces and subjected
to tryptic digestion followed by LC-MS/MS analysis (View

Supplementary Figure S1 for workflow).
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2.6 Two dimensional gel electrophoresis (2-DE)

F1 dried samples from three different individuals were resuspended in
a buffer containing 7 M urea, 2M thiourea, 4 % CHAPS and 50 mM Tris,
and pooled. Prior to the IEF, DTT and pH 4-7 IPG buffer (GE Healthcare)
were added to a final concentration of 65 mM and 1 %, respectively. IEF
was performed on IPG strips (pH 4-7, 24 cm) on a Multiphor unit (Bio-
Rad). Strips were passively rehydrated for 14 hours. The IEF protocol was
as follows: two hours at 100 V, two hours at 300 V, 300-1000 V linear
gradient for two hours, two at 1000 V, 1000-3000 V linear gradient for
one hour, one hour at 3000 V, 3000-5000 V linear gradient for one hour,
5000 V for five h, and 8000 V for four h, up to a total of 60000 Vh. After
the first dimension, the strips were incubated in equilibration solution
(6 M urea, 2 % SDS, 40 mM Tris-HCl pH 8.8, 10 % glycerol) containing 2 %
DTT for 15 minutes, and then were transferred to equilibration solution
containing 2.5 % iodoacetamide (IAA). Separation in the second
dimension was performed using 12.5 % self-cast acrylamide gels in an
Ettan Dalt system (GE Healthcare).

Gels were then stained with SYPRO Ruby (Bio-Rad) following the same
steps described in the previous section. Protein patterns were digitized
using a Typhoon Trio scanner (GE Healthcare), and gel images were
loaded in REDFIN software (Ludesi). Spots were automatically detected
using this software, and faint spots (<100 average normalized volume)
were filtered out with a volume-based spot filter. A picklist with the
spots passing this filter was generated. Spots were picked using the
Ettan Dalt Spot Picker (GE Healthcare) and subjected to tryptic digestion
followed by MALDI-TOF/TOF analysis (Supplementary Figure S1 for
workflow).
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2.7  Tryptic digestion

Both gel slices and gel spots were reduced and alkylated prior to their
digestion with trypsin. For this purpose, gels were washed and
incubated with DTT (10 mM in 50 mM ammonium bicarbonate, 30 pl) at
56 °C for 20 min, followed by an incubation in IAA (50 mM in 50 mM
ammonium bicarbonate, 30 pl) for another 20 min in the dark. Then,
spots were washed in ammonium bicarbonate, dried by adding excess of
acetonitrile and incubated with trypsin (12.5 pg/mlin 50 mM ammonium
bicarbonate, 10 pl) for 20 min on ice. After rehydration, the trypsin
supernatant was discarded, spots were covered with 50 mM ammonium
bicarbonate, and incubated overnight at 37 °C. After digestion,
supernatant was collected and acidic peptides were further extracted
with trifluoroacetic acid (TFA) 0.1 % and pooled with previous digestion
released peptides. Samples were dried out in a RVC2 25 speedvac

concentrator (Christ).
2.8  LC-MS/MS analysis

Dried peptides were resuspended in 0.1 % aqueous formic acid (FA),
desalted on a Symmetry C18 trapping cartridge (Waters) and further
separated on an analytical column (Atlantis C18, 75 ym id x 20 cm,
Waters) with an integrated electrospray ionization emitter tip (SilicaTips
for Micromass ZSpray NanoFlow, 10 ym diameter, New Objective).
Peptides were eluted at a flow rate of 250 nL/min from the analytical
column directly to electrospray ionization emitter tip by using a 60 min
gradient from 3 to 30 % solvent B (solvent A: 1 % aqueous FA and solvent
B: 100 % ACN, 1 % FA).

Data were acquired in a QToF Premier mass spectrometer (Waters,
Manchester, UK) in data dependent acquisition mode (DDA). A full scan
mass spectrum (m/z: 300-1600) was followed by MS/MS (m/z: 50-1995)
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in the 5 most abundant multi-charged ions (+2 and +3) every 4 s. Argon
was used as the collision gas. Collision energies varied as a function of
the m/z and charge state of each peptide. Dynamic exclusion was
incorporated for 30 s. A scan of the reference compound
(Glufibrinopeptide B) was acquired every ten scans of the analyte
through the whole run.

Raw data was processed using ProteinLynx Global Server v2.2.5
(Waters). The resulting pkl file was searched against SwissProt sequence
database (v 57.15) with Human (20294 sequences) selected taxonomy
using Mascot as search engine. Carbamidomethyl cysteine was chosen
as fixed modification. Oxidation of methionine was chosen as variable
modifications. A peptide mass tolerance of 10 ppm and 0.1 Da of
fragment mass tolerance and three miss cleavages were allowed. A
stringent false discovery rate (FDR) of 1 % was chosen as filter for

performing the analysis.
2.9 MALDI-TOF/TOF analysis

Dried peptides were resuspended in 0.1 % TFA, desalted using in-house
Poros R2+R3 micro-columns, eluted in a-Cyano-4-hydroxycinnamic acid
(HCCA) (prepared in 10:30 acetonitrile:TFA 0.1 %), and spotted on a
MALDI Ground Steel 384 plate (Bruker Daltonics). The spots were
allowed to dry out prior to the analysis. MS and MS/MS analysis were
performed on an Autoflex Ill Smartbeam TOF/TOF (Bruker), equiped
with a LIFT and a reflectron. Peptide ionization was carried out using 200
Hz pulses of a 360 nm solid-state laser. Mass resolution was kept above
7500 for the entire mass window. 1400 scans were carried out for the
PMF analysis, and the parental ions were selected manually. MS/MS
analysis was performed using 400 scans for the parental ions and 1600

scans for the fragments.
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Raw data was processed using FlexAnalysis v3.0 (Bruker Daltonics). The
resulting mass lists were generated by BioTools v2.1 (Bruker Daltonics)
and the database searches were performed by Mascot v 2.1 (Matrix
Science) search engine against SwissProt sequence database (v 57.15).
Carbamidomethyl was chosen as fixed modification. No variable
modifications were allowed. Peptide mass tolerance of 30 ppm and 0.7
Da of fragment mass tolerance were chosen along with up to one missed

cleavages.
2.10 Functional analysis

2.10.1  Gene Ontology study

Gene Ontology (GO) term enrichment was examined to furtherinterpret
the identified protein sets. Protein Center software (Proxeon) was used
for this purpose. F1 LC-MS/MS, F1 2DE, and F3 LC-MS/MS datasets were
characterized and compared among them in order to assess differences
in their biological functions. Enrichment of particular GO Terms in our
datasets was determined by comparing the frequencies obtained
against a  selected background (IPI  Human  database,
http://www.ebi.ac.uk/IPI/IPlhuman.html). Significantly overrepresented
GO terms (Benjamini-corrected FDR p value<0.05) were only considered

for discussion.
2.10.2  Network and Pathway mapping

Ingenuity  Pathways  Analysis  (IPA, Ingenuity®  Systems,
www.ingenuity.com) was used in order to examine the characteristic
molecular interactions and pathways associated to the proteins
identified. IPA Network Analysis uses computational algorithms to
identify local networks that are particularly enriched in data sets. Such

local networks are algorithmically generated based on their connectivity
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and ordered by score. This score reflects their relevance based on a p-
value, which determines the likelihood that a molecule is assigned to a
network by random chance alone. These networks contain the most
highly connected Focus proteins which, in turn, have specific interactions
with other proteins in the network. For this analysis, Ingenuity
Knowledge Base (genes only) was used and only experimentally
observed descriptions and direct relations were considered.

Canonical Pathways Analysis was used to identify the pathways from the
IPA library that were most significantly correlated to our data set. The
significance and interest of the association between the data set and a
canonical pathway was determined by means of a Fisher's exact test,
which defines the probability of observing a correlation by chance alone,
and by the ratio between the number of proteins present in our dataset
that map to a certain pathway and the total number of proteins of that
pathway. Only pathways that met the p<0.05 cut-off were considered

for Further analysis.

3 Results

3.1 Microscopic and haematological characterization of
PRGF-Endoret

The haematological results were consistent with the standardized
protocol for obtaining PRGF-Endoret, considering the biological
variability of the three samples (Table 3). All samples were free of
leukocytes (<0.2x103/uL) and erythrocytes (<0.05x10%/uL). The content
of platelets, concentrations above baseline peripheral blood, was
between 1.0 and 1.3 fold (For F1) and between 2.3 and 3.7 fold increase
for the most enriched fraction, F3. Also, the typical platelet size gradient

between the different plasma fractions was obtained. Thus, platelets
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with larger average size (MPV) were located in the closer fraction to the
buffy coat (F3).

Typical SEM images of the PRGF-Endoret scaffold were obtained prior
and after protein extraction with acetonitrile. In all cases prior to protein
extraction, there was a consistent network of fibrin and platelet
aggregates scattered throughout the network of fibrin (Figure 7 B). In
TEM, it has been observed intact fibrin strands (Figure 7 C). However,
after treatment with acetonitrile and protein extraction, integrity of the
scaffold was altered. Due to dehydration caused by the acetonitrile

treatment, the volume of fibrin scaffold was reduced.

Leukocytes Erythrocytes Platelets MPV Platelet
Donor Sample

(x103/puL) (x108/puL) (x103/uL)  (um3)  Enrichment

Blood 53 5.1 227 7.9 1.0

F1 0.1 0.01 231 7.0 1.0

! F2 0.1 0.01 385 7.5 1.7
F3 0.2 0.05 769 8.4 34

Blood 9.3 5.0 276 7.7 1.0

F1 0.1 0.02 359 7.2 1.3

2 F2 0.1 0.02 471 7.4 1.7
F3 0.1 0.02 633 7.6 2.3

Blood 7.0 4.8 297 7.4 1.0

F1 0.1 0.02 380 6.6 1.3

3 F2 0.1 0.02 690 7.0 2.3
F3 0.2 0.03 1088 7.5 3.7

Table 3. Hematologic features of the three donors. Enrichment of platelets (fold
increase) compared to its baseline peripheral blood is indicated for each
fraction. (MPV, Mean platelet volume).
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This shrinking caused alterations in the microscopic structure of the clot,
and fibrin fibers showed abnormalities in both its external (Figure 7 D)
and internal (Figure 7 E) structures. The combination of organic solvent
together with heating during incubation allowed the extraction of many
proteins presentin the fibrin scaffold and released into the supernatant.

3.2 Proteomic Characterization of PRGF-Endoret

3.2.1 1D SDS-PAGE followed by L C-MS/MS analysis (1D LC-MS/MS)

The six samples were processed independently, resulting in 6 lanes in
the SDS-PAGE gel (Figure 8 A). Protein content comparison was
performed by lanes. After tryptic digestion of the bands and further LC-
MS/MS analysis, 122,189 and 170 proteins were identified in F1 extracts,
and 168, 184 and 146 proteins in F3 extracts from each individual (Figure
8 B and C). Overall, 254 different proteins were found in fraction F1 and
271 in fraction F3. Only proteins identified in 2 out of 3 donors were
considered for further analysis. As a result, 136 proteins were
considered for fraction F1, and 142 for fraction F3 (supplementary table
S1). As shown in Figure 8 D, both fractions shared 111 proteins
(supplementary table S1), reflecting a high similarity in their protein

content.
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Figure 8. F1 and F3 fractions analysis using SDS-PAGE LC-MS/MS technology. (A)
Protein extracts from F1 and F3 fractions resolved by SDS-PAGE. Protein coming
from the three different individuals (Ind. 1-3) was independently run and
processed. Venn diagrams depicting the proteins identified by LC-MS/MS in F1
(B) and F3 (C) extracts. A decoy search-based 1% FDR cutoff was set for peptide
identification. Proteins identified in at least 2 out of 3 individuals were only
considered for further analysis. (D) Overlap between these proteins identified
in at least 2 out of 3 F1 and F3 extracts. Supplementary data section provides
the Full list of identified proteins.
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3.2.2 2-DE MALDI TOF/TOF analysis

F1 fraction extracted from three donors was pooled and resolved in a 2-
DE gel. Detected spots were picked and further analysed by MALDI
TOF/TOF (Figure 9 A). 362 spots were detected; of these 136 were
identified (Supplementary Figure S2). A total of 49 different proteins

were identified in the successfully processed 136 spots (Supplementary
table S1).

2DE LC-MS/MS

C 22
9
N :
—
1 spot >1 spot 1 spot >1 spot
2DE and LC-MS/MS common Exclusive 2DE

Figure 9. F1 fraction analysis by means of 2D SDS PAGE MALDI TOF/TOF and
comparison with the LC-MS/MS study. (A) 2-DE gel of a representative F1 protein
extract. Protein from 3 individuals was pooled and analyzed by 2-DE as described
in the materials and methods section. (B) Venn diagram showing overlap
between proteins identified by 2-DE and LC-MS/MS in F1 extract. Spot
distribution of the F1 proteins identified in both 2-DE and LC-MS/MS approaches
(C) and 2-DE-exclusive proteins (D). Supplementary data section provides the full
catalogue of identified proteins.
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As expected, an LC-MS/MS-based approach was able to identify more F1
PRGF-Endoret derived fibrin clot-interacting proteins than the 2D-based
approach. Sixty-nine percent of the identified proteins were exclusive of
the LC-MS/MS approach, whereas 2-DE-MALDI TOF/TOF reported 11 %
exclusive identifications (Figure 9 B and Supplementary table S1).

Twenty-two out of the thirty-one (71 %) overlapped proteins between
both approaches appeared in more than one spot in the 2-DE
experiment (Figure 9 C and Supplementary figure S3), suggesting some
kind of modification. Post-translational modifications, such as
phosphorylation, enzymatic cleavage or alternative splicing may help
understand this complex expression pattern. In this regard, it has been
found proteins like alpha-1 antitrypsin (4 spots), alpha-1
antichymotrypsin (4 spots), kininogen-1 (8 spots), ceruloplasmin (9
spots), among others (see supplementary figure S3) that show the
typical isoelectric point shift which is usually related to a post-
translational modification (PTM) conferring a net charge variation of the
protein. Instead, transthyretrin was identified in three spots with
different molecular weight: spot numbers 16, 7 and 239 (see
supplementary figure S2). On the other hand, only 2 out of the 18
proteins exclusively identified in 2-DE (11.1 %) were identified in more
than one spot in the 2-DE gel (Figure 9 D and Supplementary figure S3).
Supplementary table S1 shows an overview of all identified proteins by

the dual proteomic strategy providing the details of proteomic analysis.

3.3  Functional analysis: Gene Ontology and pathways

analysis.

3.3.1 Gene Ontology study

Clustering of the proteins identified following 1D LC-MS/MS and 2-DE-
MALDI-TOF/TOF strategies was performed according to GO hierarchy
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[147]. When compared, no significant difference in the GO terms
comprised by F1 and F3 was noted (data not shown). A GO term-
enrichment analysis of the proteins identified in F1 fraction following
both approaches was performed. For this purpose, frequency of the GO
terms comprised in F1 fraction was compared against a background (IPI
database), and significantly enriched terms (FDR corrected p values
<0.05) were considered (Figure 10). Interesting processes such as blood
coagulation (8.5 times), immune response (5.1 times), platelet activation
(12.5 times), lipoprotein metabolic process (13.6 times), wound healing
(7.7 times), cell migration (3.2 times), cell adhesion (2.2 times), and
regulation of angiogenesis (8.9 times) were detected among the

significantly enriched GO terms (Supplementary Table S2).
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Figure 10. Gene ontology analysis of proteins identified in F1 extract. GO term
distribution was compared against a background database (IPI Human) in order
to determine which biological processes were significantly enriched in our
dataset. This approach offers a classification of fibrin close contact proteins
according to their biological function.
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3.3.2 Ingenuity Pathways Analysis

The analysis of protein networks clustered F1 proteins in three major
networks: amino acid metabolism, molecular transport and small
molecule biochemistry (score 21, Figure 11 - upper network), lipid
metabolism, molecular transport and small molecule biochemistry
(score 44, Figure 11 - middle network), and cell signaling, inflammatory

response and lipid metabolism (score 26, Figure 11 - bottom network).
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Figure 11. Network analysis
results of all proteins
identified in F1 fraction. The
top networks that were found
were amino acid metabolism,
molecular transport and small
molecule biochemistry (upper
network); lipid metabolism,
molecular transport and small
molecule biochemistry
(middle network); and cell

signalling, inflammatory
response and lipid
metabolism (bottom
network). The identified

proteins in our dataset are
indicated in dark gray colour.



Each network converged to a main protein. Growth factor receptor-
bound protein (GRB2), nuclear factor kB (NF-kB) and hepatocyte nuclear
factor 4 alpha (HNF4A) were the main nodes for upper, middle and
bottom network, respectively.

A canonical pathway analysis of F1 was also performed, and 30 pathways
were significantly represented in our dataset (p<0.05) (Supplementary
Figure S4). The ten most representative of these pathways were
selected, based on the number of matched proteins from our dataset.
These representative pathways were found to be mainly related to the
body's response to aggression, and the hematological and immune
system, including acute phase response signaling, coagulation system,
primary immunodeficiency signaling, intrinsic and extrinsic prothrombin
activation pathways, regulation of actin-based motility by rho,
complement system, Liver and retinoid X receptors (LXR/RXR)
activation, farnesoid and retinoid X receptors (FXR/RXR) activation and
systemic lupus erythematosus signaling (Figure 12). Among these, acute
phase response signalling (Supplementary Figure S5) was the most
relevant and interesting canonical pathway, with a log (p-value) of 30.9
and a ratio of 0.17 (30 out of 178 proteins). Regarding the information
provided by IPA, 13 of these mapped proteins have been shown to be
increased, 10 decreased, and 5 remained unaffected in plasma during

acute phase response.

Proteomic characterization | 73



35 4 0.30

0.25
@ -log(p-value)

~-Ratio

S
0155
&

-log (p-value)

0.10

0.05

threshold| .
13
0.00

AcutePhase  Coagulation Primary Intrinsic Extrinsic Reguiation of ~ Complement  LXRIRXR FXRRXR  Systemic Lupus
Response ystem i i i Actin-based System Activation Activation  Erythematosus
Signaling Signaling Activation Activation  Motiity by Rho Signaling

Pathway Pathway

Figure 12. Canonical pathways analysis results of all proteins identified in F1
fraction. The most important ten canonical pathways are shown. The chart
displays the significance threshold (>1.3 = p <0.05) from which our dataset and
the pathways are not associated randomly (Fisher's exact test). It also shows the
ratio of proteins present in PRGF-Endoret that are included in a particular
pathway (identified proteins / proteins in the pathway).

4 Discussion

The present study has characterized the proteins most closely linked to
the scaffold of the fibrin network formed through the PRGF-Endoret
technology. The enrichment of these proteins was performed by
treatment of the scaffold with the polar solvent acetonitrile, which
helped protein extraction, followed by a dual high-throughput
proteomic approach.

The first step of this paper has been to conduct a characterization of
PRGF-Endoret, based both in basic hematological parameters and
electron microscopy. The enrichment in platelet proteins, the presence

of all plasma proteins and the absence of both leukocytes and
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erythrocytes are hallmarks of this autologous formulation [131, 138],
features that are confirmed in our study. The main difference between
F1 and F3 fractions in terms of composition is the concentration of
platelet proteins, such as PDGF, VEGF, EGF among others, which is
higher in the F3 [141]. However, the three-dimensional structure of the
fibrin scaffold is conditioned by the presence and concentration of
platelets [96, 148], since high levels of platelet yield more compact
three-dimensional matrix, caused by the self-contraction of platelets.
Thus, in this research it has also been explored whether the proteins that
bind closely to fibrin scaffold change depending on the PRGF-Endoret
clinically used fractions (F1 vs. F3).

As expected, the LC-MS/MS-based platform was shown to be more
powerful for the characterization of these protein extracts. 136 and 142
different proteins were identified in F1 and F3 extracts of at least 2 out
of 3 individuals analyzed, respectively. On the other hand, 136 spots
belonging to 49 different proteins were successfully identified in the 2-
DE-based F1 analysis. Of the proteins identified in the F1 extract
analysis, 31 proteins overlapped between both approaches, 105 were
LC-MS/MS exclusive, and 18 were 2-DE exclusive.

Protein modifications, such as PTMs (phosphorylation, methylation,
acetylation, glycosylation, sulfonation etc.), alternative splicing, or
protein cleavage, may give rise to the generation of different forms of a
certain protein that differ in their Mw and/or pl. As a result, these
modified versions of a protein may resolve in different parts of a 2-DE
gel, giving rise to a population of spots that reflects this heterogeneity.
Therefore, the fact that 49 proteins were identified in 136 spots reveals
that the proteome of the PRGF-Endoret might be highly modified.
Whereas 71 % of the overlapped proteins between 2-DE and LC-MS
based approaches were identified in more than one spot, only 11% of

the 2-DE-exclusive proteins showed such expression pattern. This result
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may reflect differences in protein abundance rather than modification,
due to the fact that abundant proteins (and their modified forms) might
be easier detected and identified by both approaches than scarce ones.
Taken together, these results underscore the ability of 2-DE for the
detection of different protein forms and, hence, for increasing the
information that can be obtained about the scaffold under study.
Anyway, the thorough characterization of these modifications may need
a bigger effort and the use of specific proteomic approaches, although
such analysis is beyond the scope of this study.

In spite of their differential clot-forming and healing capabilities, the
high overlap between the proteins identified in F1 and F3, and the lack
of differences in the GO Terms comprised by them suggests that, at this
detection level, both F1 and F3 extracts have essentially the same
molecular properties. Enrichment and analysis of scarce proteins may
help unravel the differences in the protein composition of these two
extracts. For this purpose, more starting material and further proteomic
fractionation methods, such as affinity-based specific depletion of the
most abundant proteins, would be required.

Several of the identified proteins have been shown to be involved in
different mechanisms underlying tissue regeneration. Among these,
alpha-1-antitrypsin and alpha-1-antichymotrypsin, and more broadly the
eight serpins identified in this study, all have a clear role in protecting
against proteolytic enzymes [149]. Thus, alpha-1-antitrypsin is the main
contributor to protection against enzymes of polymorphonuclear
neutrophils [150], and alpha-1-antichymotrypsin has an important role
in skin regeneration and chronic wounds [151-153]. Another important
protein that has been identified is thrombospondin-1 (TSP-1). This
multifunctional glycoprotein, which forms a noncovalent complex with
fibrin [154], has antiangiogenic effects [155], playing an important role

in the modulation of neovascularization of damaged tissues. In addition,
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TSP-1isinvolved in the delay of fibrinolysis [156], helping to increase the
half-life of fibrin and so extending the controlled release of contained
bioactive molecules. Furthermore, a recent study by Gelse et al [157]
concludes that TSP-1 is involved in cartilage repair, protecting it from
excessive ossification. Another protein that is also associated with fibrin
is vitronectin [158, 159], which like TSP-1 also participates in fibrinolysis
delay [160]. Fibronectin is another relevant protein present in intimate
contact with fibrin. This multifaceted molecule [161] is involved in both
the migration of cells to the provisional fibrin matrix [162] and in their
survival [163]. Moreover, this protein is capable of binding to several
growth factors [164], increasing over time the bioavailability of these
key proteins.

Not only a catalogue of proteins has been created, but a functional
classification analysis has also been made, grouping proteins into
families and biological networks. Gene ontology analysis of all the
proteins identified in these experiments showed a significant
enrichment of certain GO terms associated with tissue repair and
regeneration, such as immune response, wound healing, angiogenesis,
migration, adhesion, and lipid metabolism among others. A deeper
characterization of the proteins involved in these processes may shed
light into the mechanisms by which PRGF-Endoret helps the healing
process.

The most significantly represented canonical pathway was acute phase
response signalling pathway. Acute phase proteins [165] are a group of
proteins synthesized in the liver as part of an early defence system of
the organism, the innate immune system. These proteins vary their
concentration in response to tissue damage, whether there is
inflammation, trauma or burns. At last, this response seeks to restore

homeostasis, that is, tissue integrity and its function [166]. PRGF-
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Endoret is highly enriched in these proteins that cooperate in the early
stages of tissue repair.

Strikingly, a high enrichment of a group of proteins related to lipid
metabolism was described (more than thirteen-fold over the reference).
In addition, two out of three top generated networks are associated
with lipid metabolism, especially with the HNF4A. Moreover, two of the
ten most important canonical pathways are related to lipids, such as LXR
/ RXR and FXR / RXR activation pathways. The potential role of some
lipids in tissue repair and wound healing had previously been reported
[167, 168] and even its involvement in osteogenesis has also been
suggested [169]. Moreover, in vitro studies have also shown positive
effects of lipoproteins in the migration and proliferation of several cell
types [170-172]. Another possible positive effect of the presence of
lipoproteins in close contact with the fibrin matrix would be a delayed
fibrinolysis, which will cause the release of all molecules and growth
factors to be more sustained, thus being carried out for a longer time
[173, 174]. The findings are in clear agreement with the recent
proteomic study carried out by von Zychlinski and collaborators [175],
which correlates lipoproteins and wound healing networks.

Several studies have shown the effect of PRGF-Endoret in pain relief and
inflammation reduction [176, 177]. It has recently been shown that
platelet-rich plasma induces this effect by an HGF-mediated inhibition of
NF-kB pathway [94, 178]. In this study, a strong network of
interconnected proteins, linked to NF-kB pathway, was established.
Future studies should elucidate whether these proteins are involved in
reducing inflammation.

Our results suggest that many of the low and very low abundance fibrin
clot interacting proteins may not have been detected in the present
study. Nevertheless, by using the presented protein extraction method,

gel images allow us to estimate that the detection of very abundant
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proteins from plasma (e.g. albumin, immunoglobulins, etc.) is relatively
low, allowing to detect medium and low abundant proteins in this study.
As mentioned above, future proteomics assays will be needed to deepen
the complete catalogue of all enriched proteins present in PRGF-
Endoret, not only those that are in close contact with fibrin. Although
this preclinical in vitro study has no direct clinical applications, it does
aim to shed light on the molecular mechanisms underlying the clinical

benefits provided by the PRGF-Endoret technology.
5 Conclusions

PRGF-Endoret technology offers an autologous three-dimensional
matrix of fibrin intended for tissue engineering and cell transplantation.
This scaffold is known to be enriched in a certain type of proteins, such
as growth factors. Nevertheless, it also comprises a rich and diverse
cocktail of proteins, specifically enriched to foster an optimal
environment of tissue repair.

In the present work, a high-throughput characterization of the proteins
more closely linked to the scaffold has been performed. Both proteomic
approaches showed complementary results. Resolving the extracted
protein in SDS-PAGE followed by LC MS/MS analysis allowed us to
identify a high number of scaffold-interacting proteins. On the other
hand, the 2-DE approach followed by MALDI TOF/TOF analysis rendered
information about the heterogeneity of the identified proteins.
Moreover, the integration of the obtained data by gene ontology and
pathways analyses provides a deeper understanding of the different
proteins involved in tissue regeneration.

Overall, this study provides new data on the close fibrin PRGF-Endoret
interactome. The presented information will help for further studies on
the way to unravel the subjacent molecular mechanisms of this

autologous scaffold in tissue regeneration.

Proteomic characterization | 79






Chapter 4

Morphogen and proinflammatory
cytokine release kinetics from
PRGF-Endoret fibrin scaffolds:

evaluation of the effect of

leukocyte inclusion

Experimental article published In

Journal of Biomedical Materials Research Part A [3]







Abstract

The potential influence of leukocyte incorporation in the kinetic release
of growth factors from platelet-rich plasma (PRP) may explain the
conflicting efficiency of leukocyte platelet-rich plasma (L-PRP) scaffolds
in tissue regeneration. To assess this hypothesis, leukocyte-free (PRGF-
Endoret) and L-PRP fibrin scaffolds were prepared, and both morphogen
and pro-inflammatory cytokine release kinetics were analyzed. Clots
were incubated with culture medium to monitor protein release over 8
days. Furthermore, the different fibrin scaffolds were morphologically
characterized. Results show that leukocyte-free fibrin matrices were
homogenous while leukocyte-containing ones were heterogeneous,
loose and cellular. Leukocyte incorporation produced a significant
increase in the contents of pro-inflammatory cytokines IL-1p and IL-16
but not in the platelet-derived growth factors release (< 1.5 fold).
Surprisingly, the availability of VEGF suffered an important decrease
after 3 days of incubation in the case of L-PRP matrices. While the
release of pro-inflammatory cytokines was almost absent or very low
from PRGF-Endoret, the inclusion of leukocytes induced a major
increase in these cytokines, which was characterized by the presence of
a latent period. The PRGF-Endoret matrices were stable during the eight
days of incubation. The inclusion of leukocytes alters the growth factors
release profile and also increased the dose of proinflammatory

cytokines.
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1 Introduction

Different strategies have been developed for the stimulation of tissue
regeneration and function recovery of injured tissue. These strategies
vary from the use of biomaterials to the application of tissue
engineering technology. Recently, a biological approach to provide
pleiotropic morphogens and a biodegradable three-dimensional (3D)
fibrin scaffold to the injured tissue has been proposed [2, 179]. This
approach consists of the use of blood-derived biomaterials to create
different therapeutic formulations that adapt to the needs of various

biomedical fields.

At present, many types of musculoskeletal injuries are treated with this
autologous technique, such as tendinopathies [180, 181], ligament and
tendon ruptures [182, 183], joint diseases [112, 177, 184] and muscle
injuries [185, 186], among others. A recent review has also highlighted
the therapeutic applications of plasma rich in growth factors (PRGF-
Endoret), an autologous and specific pure-PRP (P-PRP), in the
regeneration of hard and soft tissues in oral and maxillofacial surgery,
the treatment of chronic ulcers, and in the development of tissue-

engineered approaches [141, 187].

PRGF-Endoret technology is characterized by a moderate platelet
concentration, absence of leukocytes (P-PRP), and the use of calcium
chloride for platelet activation [37, 179]. The absence of leukocytes in
this Formulation is supported by the fact that they synthesize matrix
metalloproteinases (MMP), oxygen and nitrogen reactive species (free
radicals), and catabolic cytokines, which may not be an optimal milieu for
the regeneration of damaged tissue [26, 103, 188, 189]. Additionally, in
several clinical studies leukocyte-enriched PRPs (L-PRPs) have not
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improved the clinical outcomes in comparison to placebo or no
treatment [190-193].

Interestingly, plasma rich in growth factors once activated can be viewed
as a local protein and morphogens delivery system as it creates a fibrin
scaffold enriched in biologically active molecules [2] that are then
progressively released. However, the kinetic release process of protein
release from this fibrin scaffold is fairly unknown as it is the potential
impact of having leukocytes and pro-inflammatory cytokines in this

fibrin matrix.

To address this, the release of platelet derived growth factors (PDGF-
AB, TGF-B1, VEGF, EGF), plasma growth factors (HGF, IGF-I) and pro-
inflammatory cytokines (IL-1B, IL-16) over 8 days has been studied.
Furthermore, structural analysis of the fibrin hydrogel has been
performed to highlight differences in the architecture of leukocyte-free

and leukocyte-enriched platelet hydrogels.

2 Material and methods

2.1 Preparation of platelet-rich plasma Formulations

Human venous whole blood from three healthy volunteers was
withdrawn into 22 vacuum tubes of 9 mL containing 3.8 % (w/v) sodium
citrate as anticoagulant. None of the donors had taken medication in the
last week that could alter the haematological parameters. This study
was conducted following the ethical principles for medical research
contained in the Declaration of Helsinki amended in 2008.

All samples were processed immediately after collection. For each
donor, half of the tubes were processed according to the PRGF-Endoret

protocol and the other half were used to prepare L-PRP. In brief,
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according to the PRGF-Endoret protocol [37], 11 blood tubes from each
donor were centrifuged for 8 min at 580 g (centrifuge PRGF-Endoret
system 1V, BTl Biotechnology Institute, Vitoria, Spain). PRGF-Endoret
was composed of two fractions: fraction 1 (F1) had a similar platelet
concentration to the peripheral blood while fraction 2 (F2) had 2-3 fold
higher platelet concentration than the peripheral blood. For this study,
(Figure 13) the 2 mL of plasma just above the buffy coat (F2) was

collected to prepare the leukocyte-free platelet-rich plasma (PRGF-
Endoret hydrogel).

= PR “"“""‘"’
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F2 LPRP Time of incubation (Days) plasma and platelet growth factors
i pro-inflammatory molecules

[PROF-Endoret
' * bufty coat

Figure 13. Graphical representation of sample preparation process. After blood
centrifugation F1 and F2 PRGF-Endoret can be obtained over the buffy coat. To
prepare L-PRP white cells must be collected with F2 fraction. Contrarily, the
buffy coat is avoided in the obtaining of F2 PRGF-Endoret. The experimental
design is also represented.

580g - 8 min
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5805 8:min PRGF-Endoret
> F2
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For obtaining L-PRP, the same protocol was followed with the other half

of tubes, but in addition to the 2 mL of plasma, the buffy coat was also
collected.
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2.2  Characterization of platelet-rich plasma formulations

The number of platelets and leukocytes was determined in peripheral
blood, PRGF-Endoret and L-PRP, using a standard haematological
analyzer (ABX MICROS 60, Horiba Medical, Montpelier, France).

In order to characterize the 3D-structure of the gels by conventional
microscopy and scanning electron microscopy (SEM) techniques, one
aliquot of each type of platelet-rich plasma was activated with 10%
CaCl; (PRGF-Endoret activator, BTl Biotechnology Institute, Vitoria,
Spain).

For optical microscopy analysis samples were fixed in formaldehyde 4%
at room temperature, dehydrated in a graded series of alcohols and
embedded in paraffin. Next, 5-pm-thick sections were cut, stained with
hematoxylin and eosin (H&E), and observed under microscopy (DMLB,
Leica Microsystems, Wetzlar, Germany) equipped with a digital camera
(DFC300FX, Leica Microsystems, Wetzlar, Germany). For SEM evaluation,
samples were fixed with 2% glutaraldehyde in 0.1 M cacodylate buffer.
Then, samples were post-fixed with osmium tetroxide (1 % OsQOs in 0.1
M cacodylate) and finally dehydrated through ascending alcohol
concentrations. Next, the hydrogels were subjected to critical point
drying (Autosamdri 814, Tousimis, Rockville, USA) and sputter-coated
with 5 nm of gold (E306A, Edwards, Crawley, UK) before examination in
a electron microscope (5-4800, Hitachi, Japan). The 3D-structure of both
types of matrix was qualitatively evaluated by two independent
observers in terms of the presence of cells and structure of the fibrin

network.
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2.3  Characterization of the release of morphogens and

pro-inflammatory cytokines

The characterization of the bioactive release from hydrogels was
performed according to Anitua et al [138]. Briefly, 55 pL of 10 % calcium
chloride solution was added to 1.1 mL of liquid PRP into a 12-well culture
plates to form the hydrogels. After clot formation, 1.6 mL of osteoblast
cell medium without growth supplements (ObM) (ScienCell Research
Laboratories, Carlsbad, California, USA) was added. Samples were then
maintained in a cell incubator at 37 °C and 100 % humidity. The
incubation medium was collected after 1, 5 and 24 hours and 3, 6, 7 and
8 days of incubation. The experiments were performed in triplicates for
each hydrogel and for each time point. After each period of incubation,
the incubation medium was centrifuged at 400 g during 10 min at room
temperature. The supernatant obtained was distributed in aliquots and

stored at -80 °C until use.

Quantification of PDGF-AB, TGF-B1, VEGF, HGF, IGF-I, EGF, IL-1B and IL-
16 was performed using available ELISA kits and according to the
manufacturer’s protocol (Invitrogen Corporation, Camarillo, California,
USA, for IL-13 and R&D Systems Inc, Minneapolis, Minnesota, USA for the

rest of molecules).
2.4  Study of remaining adherent cells

For samples incubated during 8 days, the plate surface was observed
through phase-contrast microscopy (DM IRB, Leica Microsystems) after
removing both the fibrin matrix and supernatant. In case that cells are
detected, nuclear staining with Hoechst 33342 (Molecular Probes-
Invitrogen, Grand Iland, NY, USA) was performed, and microphotographs

taken with a digital camera (DFC300 FX, Leica Microsystems).
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2.5  Statistical analysis

Shapiro-wilk test was applied to verify if the data followed a normal
distribution. Then paired t student test was selected to analyze the
statistical significance of the differences between PRGF-Endoret and L-
PRP hydrogels at each time point and for each measured protein. Non
parametric Wilcoxon test was selected if the data did not follow a
normal distribution. The statistical significance was set at p < 0.05. All
the statistical analyses were performed using the SPSS v15.0 for

Windows statistical software package (SPSS Inc., Chicago, IL, USA).

3 Results

3.1  Characterization of plasma rich in growth Ffactor

preparations

The platelet concentration obtained in PRGF-Endoret hydrogel is shown
in Table 4. Platelet concentrations were 434 x 103 platelets/pL, 562 x 103
platelets /uL and 279 x 103 platelets /uL for donors 1, 2 and 3; while the

enrichment with respect to the peripheral blood was 3.0, 2.6 and 2.0-

fold, respectively. Table 4 showed that platelet concentrations in the L-
PRP hydrogel for donors 1, 2 and 3 were 449, 650 and 349 x 103

platelets/uL, accounting for an enrichment factor of 3.1, 3.0 and 2.5,

respectively.
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Donor 1 Donor 2 Donor 3

Cell type

PRGF L-PRP PRGF L-PRP  PRGF  L-PRP
3 434 449 562 650 279 349

Platelets (x10°/ul) B.0x) (1%  (26x) (GO0x (0%  (2.5%

3 0.3 5.7 0.2 2.2 0.1 1.1

Leukocytes (x10°/ul) 654y (0.97x) (0.05x) (0.52x) (0.02x)  (0.2x)
Lymphocytes (x10%/ul)  2.90 44,75 1.78 17.36 n.d. 9.75
Monocytes (x10%/ul)  0.07 5.76 0.21 3.50 n.d. 0.89
Granulocytes (x10%/ul)  0.03 6.50 0.01 1.14 n.d. 0.36

Erythrocytes (x10%/pl) 0.04 0.06 0.02 0.02 0.00 0.01

Table 4. Platelet, leukocyte and erythrocyte measurements in PRGF-Endoret
and L-PRP from three donors. The change relative to the values of peripheral
blood is indicated in brackets. (n.d.: not determined).

In relation to the white blood cells, PRGF-Endoret fibrin hydrogels of the
three donors were almost leukocyte free, with a content less than 0.3 x
10%leukocytes/uL (Table 4). In contrast, L-PRP hydrogels from donors 1,
2 and 3 had values of 5.7, 2.2 and 1.1 x 103 leukocytes/uL, respectively.
Thus, the leukocyte-containing preparation (L-PRP) protocol resulted in
a leukocyte-enrichment of PRGF-Endoret by a factor of 19, 11, and 11,
respectively, when compared with leukocyte-free PRGF-Endoret.

A morphological characterization of the three-dimensional structure of
fibrin scaffolds of both PRGF-Endoret and L-PRP was performed. The
photonic microscopy revealed the virtual absence of leukocytes and
erythrocytes in the fibrin scaffold prepared from PRGF-Endoret (Figure
14 A).
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Figure 14. Microscopic characterization of the fibrin scaffold obtained from
PRGF-Endoret (A-C) and from L-PRP (D-F) scaffolds. Samples were observed by
staining with H & E (A and D) and by SEM at low (B and E) and high (C and F)
magnifications. Scale bars: Aand D, 50 ym; Band E, 25 ym; Cand F, 5 um.

SEM analysis showed the presence of a consistent and homogeneous
network of fibrin (Figure 14 B) with the absence of cellular elements that
might disrupt the mesh. At higher magnification, only platelet
aggregates were observed scattered throughout the fibrin (Figure 14 C).
In contrast, the presence of leukocytes and erythrocytes was evident in
the fibrin prepared from L-PRP (Figure 14 D). In the SEM study the
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disturbance of the fibrin network was evident. The presence of
erythrocytes and scattered leukocytes (Figure 14 E) resulted in an

irregular three-dimensional network (Figure 14 F).

3.2  Characterization of the release of morphogens and

pro-inflammatory cytokines

Growth factor release from PRGF-Endoret Ffibrin scaffolds was

monitored during an observational period of 8 days.
3.2.1 Release of platelet derived growth factors

The released dose of PDGF-AB from PRGF-Endoret fibrin scaffold varied
between donors being the highest for donor 2 followed by donor 1
(Figure 15). PRGF-Endoret fibrin scaffold from donor 1 released about
5201, 5377 and 6948 pg/mL of PDGF-AB after 1, 5 and 24 hours of
incubation, respectively. This amount was 5729, 7093 and 8916 pg/mL
for donor 2 and 2354, 2818, and 3596 pg/mL for donor 3. A steady state
release was observed after 3 days, reaching an average value of 7845 +
69.58,9611.5 + 245.06 and 4146.5 + 195.64 pg/ml, for donors 1,2 and 3
(Figure 15).
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Figure 15. PDGF-AB and VEGF release from fibrin scaffolds obtained from PRGF-
Endoret and from L-PRP during an observation period of 8 days. *: p < 0.05

PDGF-AB release from L-PRP fibrin scaffolds showed a similar pattern
that those obtained from PRGF-Endoret (Figure 15). The dose of PDGF-
AB released was the highest for donor 2 and the lowest for donor 3. In
addition, a steady state release was reached after 3 days of incubation
at an average value of 7148 + 510.2, 11272 + 266.4 and 5547 + 332.1
pg/mL was obtained for donors 1, 2 and 3, respectively (Figure 15).

Interestingly, the release of VEGF was markedly different between the
two types of fibrin scaffolds (Figure 15). PRGF-Endoret fibrin scaffolds
showed a VEGF release profile similar to that of PDGF-AB. It was
characterized by a burst release during the first 24 hours and a steady
state release after 3 days of incubation (Figure 15). VEGF released from
fibrin scaffold in donor 1 was the highest, reaching 279.61, 319.45 and
422.65 pg/mL during the first three time points of the observation
period. A plateau region was reached at average values of 547.89 +
31.04, 160.77 = 5.92 and 61.70 + 2.95 pg/mL for donors 1, 2 and 3,
respectively.
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The incorporation of leukocytes in the scaffold provoked a modification
on the VEGF release (Figure 15). Thus, the release of VEGF was
increasing during the first 24 hours (Ffor donor 3) and the first 3 days (for
donors 1 and 2), after which a progressive decrease in the amount of
VEGF in the incubation medium was observed. VEGF was almost absent

from the incubation medium after 7 days of incubation (Figure 15).

Figure 16 shows the results of TGF-B1 and EGF release from PRGF-
Endoret and L-PRP fibrin scaffolds. PRGF-Endoret Ffibrin scaffolds
released TGF-B1 at an increasing dose during the first 6 days of
incubation before reaching a steady state release. After 24 hours, TGF-
B1 release reached to 12650, 13267, and 6980 pg/mL of TGF-B1 for
donors 1, 2 and 3, respectively. This amount increased up to 19200,
19333 and 9361 pg/mL for donors 1, 2 and 3 respectively after 6 days of

incubation.
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Figure 16. TGF-31 and EGF release from PRGF-Endoret and L-PRP fibrin scaffolds
during an observation period of 8 days. *: p < 0.05

Leukocyte enrichment of the fibrin scaffold increased the amount of
TGF-B1 released to the incubation medium (Figure 16). This increase was

continuous during the observation period for donors 2 and 3 while a
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steady state release was reached for donor 1. This increase was
statistically significant for donor 1 (except at 1 hour) and donor 3, but

was not statistically significant for donor 2.

In the case of EGF release, PRGF-Endoret fibrin scaffolds from the three
donors showed a similar release profile (Figure 16). Leukocyte inclusion
did not significantly alter EGF release from fibrin scaffolds in donors 1
and 2 (Figure 16). The increase in EGF released was statistically
significant at 5 hours and days 1, 3 and 6 for donor 1. In the case of donor
2, these differences were only statistically significant at 5 hours and day
1, meanwhile the increase was significant at 5 hours, and days 1, 3, 6 and

8 for donor 3.
3.2.2 Release of plasma derived growth factors

Release of plasmatic growth factors (IGF-1 and HGF) from both types of
fibrin scaffolds was analyzed. Figure 17 shows that the highest IGF-I
released was obtained in PRGF-Endoret fibrin scaffolds of donor 1 while
similar amount was delivered in the case of patients 2 and 3. The peak
of IGF-I release was observed at day 3, being of 50080, 32990 and 30570
pg/mL for donors 1, 2 and 3, respectively. A steady state release was
then obtained with values ranging from 20517 to 44333 pg/mL (Figure
17). Results show that the dose of IGF-I released was significantly higher
in PRGF-Endoret fibrin scaffolds at day 1 for donors 1 and 2. Meanwhile,
these differences were significantly higher in L-PRP fibrin scaffolds at 1
hour and day 8 for donor 2 and at days 1 and 7 for donor 3. Lastly,
inclusion of leukocytes in the fibrin matrix significantly increased the
dose of HGF released in all the donors (Figure 17).
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Figure 17. IGF-1 and HGF release from PRGF-Endoret and L-PRP fibrin scaffolds
during an observation period of 8 days. *: p < 0.05

3.2.3 Release of pro-inflammatory cytokines

The release of pro-inflammatory cytokines from the fibrin scaffolds was
characterized by following the release of IL-1B and IL-16. Figure 18
shows that the IL-1 was absent from the incubation medium of PRGF-
Endoret hydrogels throughout the observation period for the three
donors. Meanwhile, leukocyte inclusion into the Fibrin scaffolds
significantly increased the release of IL-1B. Interestingly, the IL-1
profile indicated the presence of latent period. The latter occurred
during the first 5 hours of incubation (Figure 18). Then, the released
dose of IL-1B was 5.49, 6.55,7.57,9.24 and 5.78 pg/mL after 1, 3,6, 7 and
8 days of incubation for donor 1, respectively. These amounts were
about 12.27, 15.19, 23.01, 19.92 and 8.06 pg/mL for donor 2 and 43.08,
55.40, 52.92, 49.37 and 170.94 pg/mL for donor 3.
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Figure 18. Pro-inflammatory cytokine (IL-1B and IL-16) release from autologous
fibrin scaffolds (PRGF-Endoret and L-PRP) during an observation period of 8
days. *: p<0.05

Similarly, inclusion of leukocytes significantly enhanced the dose of IL-
16. However, the release profile of IL-16 was different among donors of
L-PRP. The rate of IL-16 released was about 87, 41 and 21 pg/mL per day
for donors 1, 2 and 3, respectively. The released dose after 8 days of

incubation was about 719, 314 and 152 pg/mL, respectively.
3.3  Study of remaining adherent cells

None of the PRGF-Endoret wells had adherent cells, however all L-PRP
samples contained cells adhered to the cell culture well. These cells had
a morphology consistent with macrophage-derived multinucleated
giant cells as shown in Hoechst 33342 staining (Figure 19 A) and in more
detail (Figure 19 B).
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Figure 19.Images of cells adhered to the cell-culture well after removing a fibrin
(L-PRP) after 8 days of incubation. (A) Photomicrograph at low magnification
(phase contrast combined with Hoechst 33342 nuclear staining). Note the
presence of multinucleate cells. (B) High-magnification image showing a detail
of the cells found in the culture well. Scale bars: A, 200 ym; B, 50 um
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4 Discussion

The cellular components of PRP products are a differentiating factor
that may influence the clinical effectiveness of their administration for
the treatment of a disease and/or the regeneration of damaged tissue.
Several studies support the use of P-PRP in a large number of
pathologies of the musculoskeletal system [188, 194-196]. Other clinical
studies have reported the occurrence of adverse effects after the
administration L-PRP [195, 197]. These adverse effects are related to the
capability of leukocytes to trigger immunological response and increase
the concentration of pro-inflammatory cytokines [195, 197]. Besides,
this cellular composition can affect the structure of fibrin network
produced by the polymerization of fibrinogen into a cross-linked fiber
mesh [141].

In this study, the structural characterization of fibrin mesh has clearly
shown a more heterogeneous network due to the incorporation of
leukocytes and particularly erythrocytes into the mesh, and it has also
shown lesser fiber density throughout the network. These
morphological modifications may reduce the clot strength and affect
the viscoelastic properties of fibrin scaffold [198, 199]. Gersh et al have
shown that erythrocytes incorporation into fibrin clot at 5-10 % (vol/vol)
caused heterogeneity in the fiber network while higher concentration of
erythrocytes resulted in loose arrangement of fibers around the cells
[199]. Erythrocytes were also capable to modify the viscoelastic
properties of the fibrin clot by increase the ratio of viscous modulus (G")
to elastic modulus (G') [199].

Recently, it has been suggested that fibrin scaffold of PRGF-Endoret was
dissolved after five days of incubation in a culture medium, and that
signs of damage were observable at day 3 [200]. However, the results of
the present study conclude that the stability of PRGF-Endoret fibrin
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scaffolds was maintained for more than eight days of incubation.
Previously, it was reported that 3D PRGF-Endoret fibrin scaffolds
cultured with tenocytes were stable for up to six days [201]. On the
other hand, it has been shown that the addition of polymorphonuclear

(PMN) leukocytes to PRP worsens its viscoelastic properties [202].

The increase in growth factors release from L-PRP fibrin scaffolds could
be related to the higher platelet enrichment in L-PRP and the leukocyte
contribution in the synthesis/release of certain growth factors, such as
TGF-B [203]. This increase could be related to the proliferation of
leukocytes within the fibrin hydrogel, as it was observed the presence
of macrophages adhered to the cell culture well. Furthermore, fused
macrophages (macrophage-derived multinucleated giant cells) were
noted, probably due to proinflammatory environment present in the L-
PRP [204].

HGF release was also enhanced in L-PRP fibrin scaffolds. HGF reservoir
on the leukocytes surface is created thanks to lower-affinity/high-
capacity binding site of cell surface-associated heparan sulfate [205-
207]. This surface pool of HGF on the leukocytes is rapidly released by
the stimulation of coagulation factor Xa [208] and thus may partially
account to explain the continuous increase in the amount of HGF
released to the incubation medium. Furthermore, Grenier A et al have
nicely showed that both secretory vesicles and gelatinase/specific
granules of human blood PMN neutrophils contain a mobilizable stock
of pro-HGF that is proteolytically processed to mature HGF by
neutrophil serine protease during degranulation [205]. This
degranulation processis initiated by stimulating agents of PMNs like the
IL-1B [205]. We have found that IL-1B was mainly present in the
incubation medium of L-PRP hydrogels and thus this cytokine would

stimulate the PMNs to release the HGF from the intracellular granules.
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Interestingly, VEGF levels resulted to be significantly higher at day 8 in
the PRGF-Endoret fibrin scaffold, a finding that could be explained by a
possible VEGF uptake by its soluble receptor (sVEGFR) synthesized by
leukocytes [209, 210]. Another plausible hypothesis is that leukocytes
release proteases that could either decrease the concentration of

growth factors.

One of the most relevant results of this study is the almost absence of
pro-inflammatory cytokines in the PRGF-Endoret fibrin scaffolds, and
release of these molecules when leukocytes were included. OF particular
concern is the presence of IL-1B in L-PRP hydrogel, since this cytokine
triggers a strong inflammatory response because IL-1[3 can recruit more
proinflammatory cells to the site of injury [211]. This cytokine also
stimulates catabolic protein production, including MMPs, which breaks
the extracellular matrix and inhibits both proteoglycan and collagen
synthesis [212]. The negative effect of IL-1B has been investigated in
various tissues. /n vitro studies in tendon cells have shown that the
combination of stretching and IL-1B presence produces extracellular
matrix degradation [213]. Another study indicates that IL-1B induces the
synthesis of catabolic mediators by tenocytes [214]. Cartilage is a
particularly sensitive tissue to the presence of catabolic mediators such
as IL-1B. This molecule is a major pro-inflammatory cytokine involved in

the pathogenesis of osteoarthritis [215].

Similarly, the release of IL-16 was significantly increased in the L-PRP
fibrin scaffolds and was virtually absent from PRGF-Endoret hydrogels.
This cytokine is synthesized and secreted by T and B lymphocytes,
monocytes, dendritic cells, eosinophils and mast cells, being
chemotactic for all of them [216-218]. It has been suggested that IL-16
can be a key cytokine in both the initiation of inflammation and in its

maintenance [219]. High levels of IL-16 have been observed in
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rheumatoid arthritis [220, 221], which could suggest the cytokine role in

joint destruction.

In recent work in equine tendon explants, McCarrel et al have elegantly
demonstrated that a high concentration of platelets does not
counteract the increased amounts of proinflammatory molecules
synthesized by leukocytes [188]. It was observed that the optimal
regenerative environment with the lowest catabolic gene expression
was the leukocyte-reduced PRP. On the other hand, previous in vitro
studies have shown both the antimicrobial properties of platelet-rich
plasma [91, 222], and that the inclusion of leukocytes to PRGF-Endoret
does not provide an additional bacteriostatic effect [92]. Few clinical
trials have been carried out comparing leukocyte-free PRP versus L-PRP.
Filardo et alcompared the efficacy and safety of intra-articular injections
of PRGF-Endoret against an homemade L-PRP in the treatment of
osteoarthritis [195]. Both treatments improved the course of the
disease, but patients treated with PRGF-Endoret had fewer side effects
than those treated with L-PRP, who presented more pain and swelling
events [223].

There are some limitations in this in vitro study. For example, due to
biological variability, the enrichment of leukocytes was not
homogeneous in the three donors. Furthermore, commercial L-PRP
systems have a leukocyte concentration greater than the one obtained
in this study [224], and thus greater differences would be expected
when comparing PRGF-Endoret with commercial L-PRPs. It would also
be necessary to analyze the biological behaviour of various cell lines with
these two kinds of formulations, in terms of proliferation, migration and
angiogenesis. Besides these methodological remarks, we should
envision the PRP therapy as a biological system that content myriad of

balanced bioactive molecules which act in concert with different cell
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phenotypes rather than reducing or parsing them to a single cause-

effect mechanistic approach.

This study has been designed to quantify the release of aforementioned
molecules during eight days. This timing has been chosen in order to get
an approximation to an /n vivo system, because, unlike platelets,
leukocytes may continue synthesizing and degranulating different

molecules within a fibrin scaffold until this has been degraded.

In summary, the incorporation of leukocytes into PRGF-Endoret fibrin
scaffold have resulted in a modification of the architecture of fibrin
network and resulted in more heterogeneous and loose mesh. The
released amount of growth factors from PRGF-Endoret did not show
significant variations in the release profile over time. Overall, leukocyte
inclusion into platelet-rich plasma did not enhance the release of
platelet derived growth Ffactors, but increased the release of pro-
inflammatory cytokines. Further in vivo studies are necessary to study
the biological significance of these different protein environments in

tissue engineering and regenerative medicine.
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Abstract

Plasma rich in growth factors (PRGF) is a biological therapy that uses
patient's own growth factors for promoting tissue regeneration. Given
the current European regulatory framework in which anticoagulant
solution in blood extraction tubes could be considered as a medicinal
product, a new PRGF protocol has been developed. The actual protocol
(PRGF-A) and the new one (PRGF-B) have been performed and compared
under Good Laboratory Practices. PRGF-A protocol uses extraction
tubes with 0.9 mL of trisodium citrate as anticoagulant, and 50 pL of
calcium chloride / mL PRGF to activate it. The PRGF-B reduces the
amount of sodium citrate and calcium chloride to 0.4 mL and to 20 pL,
respectively. Basic hematological parameters, platelet function, the
scaffold obtaining process, growth factors content and the biological
effect were compared between both PRGF obtaining protocols. Results:
PRGF-B protocol led to a statistically significant higher enrichment and
recovery of platelets regarding to the PRGF-A. Hypotonic stress
response by platelets was significantly better in the new protocol. A
statistically significant decrease in the basal platelet activation status of
PRGF-B compared to PRGF-A was also observed. The duration of the lag
phase in the platelet aggregation assay was statistically lower for the
PRGF-B protocol. Both the clotting and the clot retraction time were
significantly reduced in the B protocol. A higher growth Ffactor
concentration was detected in the plasma obtained using the PRGF-B
protocol. The new PRGF obtaining protocol, with a reduction in the
amount of anticoagulant and activator, has even improved the actual

one.
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1 Introduction

Platelet-rich-plasma (PRP), and in particular the plasma rich in growth
factors (PRGF-Endoret) technology, is a biological therapy that uses
patient's own blood proteins as a therapeutic toolbox in the treatment
of multiple pathologies [118, 138, 141], as well as in the field of tissue

engineering and regenerative medicine [108, 120].

The PRGF technology uses trisodium citrate as blood anticoagulant and
calcium chloride to activate the coagulation cascade in a controlled way
[37]. Given the current European regulatory framework, Manual on
Borderline and Classification in the Community Regulatory Framework
for Medical Devices version 1.16 [225] and the need to preserve both
additives for a best control of the process, a new PRGF protocol has
been developed. According to this framework the anticoagulant
solution in the blood extraction tubes could be considered as a medicinal
product, and it would lead to more stringent regulations for such
products. The actual protocol (referred as PRGF-A in this paper) uses
extraction tubes with 0.9 mL of trisodium citrate as anticoagulant, and
50 pL of calcium chloride / mL PRGF to activate it. Conversely, the new
protocol (PRGF-B) reduces the amount of sodium citrate and calcium

chloride to 0.4 mL and 20 pL, respectively.

In order to study the characteristics of the PRGF obtained with the new
protocol and compare them with the current one, it has been designed
a battery of assays comprising various aspects of the obtaining process
and of the product itself, such as the basic haematological parameters,
the study of platelet function, the characterization of the scaffold
obtaining process, the determination of key growth factors, and the

biological response to the PRGF treatment. These studies represent a
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set of assays that would allow us to evaluate and compare PRPs

between each other and to determine its properties.

Hence, the objectives of this article are to describe a new protocol for
obtaining PRGF and compare it with the current protocol through a set
of characterization tests performed under current Good Laboratory
Practices. In addition, these assays could serve as a basis for

characterizing future platelet-rich plasma formulations.

2 Materials and methods

2.1 Study design and PRGF preparations

The study was performed following the principles established in the
Declaration of Helsinki of 1964 as revised in 2013 [226] and was
approved by the Ethical Committee of Clinical Research of the University
Hospital of Alava (CEIC-HUA; Hospital Universitario de Alava; Vitoria;
Spain) under study code BTI-01-IV-15-TUB.

Studies described herein were conducted under current Good
Laboratory Practices according to Directive 2004/9/EC and the Royal
decree 2043/1994 modified according to the Ministerial Order of 14
April 2000.

Afterinformed consent was given, blood from thirty healthy donors was
harvested into two different 9-mL collection tubes containing either 0.9
mL (PRGF-A) or 0.4 mL (PRGF-B) of 3.8% (wt/v) sodium citrate (see Figure
20). The platelet and leukocytes concentration and the volume of whole
blood were measured in both types of tubes (PRGF-A and PRGF-B).
Subsequently, blood samples were centrifuged at 580 g for 8 minutes at
room temperature in the PRGF-Endoret System IV centrifuge (BTI
Biotechnology Institute, S.L., Mifano, Alava, Spain). Afterwards, the
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whole plasma column over the buffy coat was collected using Endoret
kit (BTI Biotechnology Institute, S.L., Mifiano, Alava, Spain) avoiding the
layer containing leukocytes. At this time, several assays were carried out
to characterize the PRGF obtained through each protocol and to
evaluate the functionality of platelets contained in it. To characterize
the PRGF samples from both protocols, the pH levels, the collected
PRGF volume and the platelets, erythrocytes and leukocytes
concentrations were measured in the PRGF samples obtained from all
donors (Figure 20). As soon as the characterization assays were
completed, platelet aggregation, platelet activation and hypotonic
stress assays were performed in 15 of the 30 donors to check the
platelets’ functionality. Furthermore, the PRGF samples (PRGF-A and B)
from 15 of 30 donors were activated with PRGF-Endoret Activator (BTI
Biotechnology Institute, S.L., MiAano, Alava, Spain) at a rate of 50 pL and
20 pL per 1 mL of PRGF for PRGF A and B protocols respectively. Both
activated samples were then incubated at 37 °C and the clotting and
retraction time were measured for each PRGF sample until complete
clot retraction. Finally, the PRGF supernatants obtained from 10 of 30
donors were collected after total clot retraction, sterile-filtered,
aliquoted and stored at -80 °C until their use in order to check the PRGF-
A and -B biological activity. For this purpose, the proliferative potential
on human keratocyte cells and the growth factors content of both PRGF

supernatants were analyzed (Figure 20).
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Figure 20. Experimental design and PRGF preparation workflow with A and B
protocols. The differences between the two protocols (volume of anticoagulant
and activator) are highlighted. The measurements performed at each step of the
procedures are indicated with boxed numbers (one to five) and the number of
donors (n) assayed in each phase of the study is also indicated (WP, whole
plasma).

2.2  Hematology parameters

Platelets, erythrocytes and leukocytes concentration was analyzed with
a hematology analyzer (Micros 60, Horiba ABX, Montpellier, France) in
whole blood and PRGF samples from all donors. At the same time, the
volume of whole blood and PRGF samples was estimated using the

graduated scale of the tube.
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Platelet and leukocyte concentration factor (PCF and LCF respectively)

and platelet yield (PY) were calculated as follows to characterize and

compare the plasma rich in growth factors obtained by each protocol
(PRGF-A and -B):

PY

~ Platelet count in whole blood * Volume of whole blood

The platelet concentration factor (PCF), or platelet enrichment,
was calculated as the ratio of the platelet count in PRGF to the

platelet count in whole blood:

Platelet count in PRGF
Platelet count in whole blood

PCF =

The leukocyte concentration Ffactor (LCF), or leukocyte

enrichment is similar to above but for the leukocyte parameter:

Platelet count in PRGF

PCF = Platelet count in whole blood

The platelet yield (PY), or platelet recovery, was derived from
the percentage of the ratio of the platelet count in the PRGF
times the volume of the platelet rich plasma to the platelet

count in whole blood times the volume of the whole blood:

Platelet count in PRGF * Volume of PRGF

* 100
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2.3  pHdetermination

pH determination was carried out in all plasma samples obtained from
both protocols. pH was measured with a pH-meter GLP 21+ (Crison,

Barcelona, Spain).
2.4 Hypotonic stress response

The ability to recover platelets” resting volume after hypotonic
environment exposure was tested following the method of Farrugia et
al[227], to analyze the membrane integrity of platelets obtained from
the different PRGF protocols. Distilled water was used as hypotonic
medium while phosphate buffered saline (PBS) (Sigma-Aldrich, St. Louis,
MO) was used as isotonic buffer. Platelet-rich plasma was briefly added
to both hypotonic and isotonic environments in 2:1 ratio and light
transmittance was measured twice at time point 0 and 10 minutes, using
a microplate reader with a filter for wavelength at 610 nm. Values of
hypotonic stress response were reported as percent of recovery
(reversal %) of platelet volume assuming isotonic buffer values as 100%

of recovery.
2.5 Platelet activation

Measurement of translocated P-selectin was used as a method to test
the platelet functionality. P-selectin, also called CD62P, GMP-140 or
PADGEM, is stored in a-granules of unactivated platelets. After platelet
activation through agonists such as thrombin, collagen and ADP, the
inner walls of these granules are exposed on the outside of the cells
presenting the CD62P protein [228]. The platelet responsiveness to ADP
in the presence of U46619 (stable synthetic analog of the endoperoxide

prostaglandin PGH2) was evaluated for freshly obtained PRGF
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preparations, for the two protocols broadly described before. For that
purpose, CD41 and CD62P antibodies that recognize platelet membrane
constitutive glycoprotein Gpllb and translocated p-selectin,

respectively, were used.

For each donor and for each protocol one aliquot was assayed in
stimulation condition and the other one in rest condition. For that
purpose, 10 uL of PRGF, 5 pL of anti-CD41-FITC and 5 pL of anti-CD62P-
PE (BD Biosciences, San Jose, CA) were added in the test tubes.
Afterwards, 11 pL of the stimulating mixture (containing 5 uM of ADP
(Sigma-Aldrich, St. Louis, MO) and 2.8 uM of U46619 (Cayman Chemical,
Ann Arbor, Michigan)) in PBS were dispensed into the tubes
corresponding to stimulating condition. The stimulating mixture was
replaced by the same volume of PBS for the tubes used to measure the
platelet activation at rest. In both cases, the remaining volume up to 110
pL was completed with PBS. Appropriate controls for flow cytometric
technique were used. Finally, samples were incubated for 15 minutes at
room temperature in the dark and then were fixed with 400 pL of freshly
prepared 1.25% formaldehyde in PBS. A Gallios flow cytometer

(Beckman-Coulter, High Wycombe, UK) was used to analyze events.
2.6  Platelet aggregation

Platelet aggregation was performed on a Ffour-channel light
transmittance aggregometer (APACT 4004 model, Labitec, Ahrensburg,
Germany) with a computer-based curve analysis (APACT LPC-Software,
Labitec, Ahrensburg, Germany) following the method developed by
Born [229]. First, for each donor, platelet-free plasma (PFP) was
produced by centrifugation of PRGF-A and PRGF-B at 1000 g for 1
minute and it was used to adjust to 300 x 10° platelets/uL the platelet

concentration of PRGF preparations. Then, PFP was set as 100% of
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aggregation and PRGF as 0%. Subsequently, 20 uL of collagen | at 100
pg/uL (Hart Biologicals, Hartlepool, UK) was added to 180 pL of PRGF-
adjusted preparations. Finally, the aggregation reaction began in an
aggregometer cuvette stirring at 1000 rpm and 37 °C. Aggregation
curves (normalized optical density at 740 nm versus time) were
monitored for 300 seconds and maximal aggregation (%) and lag phase

(seconds) values were automatically generated by the software.

2.7 Determination of coagulation time and clot

retraction time

For the measurement of coagulation and retraction time, one aliquot of
2 mL of PRGF from each protocol was dispensed into TF9 tubes (BTI
Biotechnology Institute, S.L., Mifiano, Alava, Spain) in order to be
activated with CaCl: (PRGF-Endoret activator) and trigger the
coagulation cascade. The concentration of CaCl> was 50 pL/mL PRGF-A,
and 20 pL/mL for PRGF-B. Subsequently, the activated PRGF was
incubated in the Plasmaterm oven (BTI Biotechnology Institute, S.L.,
MifAano, Alava, Spain) at 37 °C for 1 hour, and was carefully monitored
during 60 minutes to determine both the coagulation and retraction
times. The whole process was photographed at several time points. The
coagulation time was determined by the Lee-White test tube method
modified [230] and the clot retraction time was defined as the time in
which no changes were found between two consecutive photographs
[231].

2.8  Growth Factors content

Briefly, PRGF activator (BTI Biotechnology Institute, SL, Mifano, Spain)
was added to the obtained plasma fraction and was incubated at 37 °C

for 1 hour. The released supernatant was collected after centrifugation
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at 1000 g for 10 minutes and stored at -80°C until use. The amount of
several growth factors was compared between the aforementioned
protocols by commercially available Enzyme-linked immunosorbent
assay kits (ELISA) (R&D Systems, Minneapolis, MN): Transforming growth
factor B1 (TGFB1), Insulin like growth factor -1 (IGF-1), Vascular
endothelial growth factor (VEGF) and Platelet derived growth factor -

AB (PDGF-AB). Measurements were assayed in triplicate.
2.9 Cell Proliferation assay

2.9.1 Cell culture

Primary human keratocytes (termed HK) (ScienCell Research
Laboratories, San Diego, CA, USA), were cultured according to
manufacturer’s instructions. Briefly, cells were cultured at 37 °C and 5%
CO; atmosphere in complete fibroblast medium (FM) consisting of basal
fibroblast medium supplemented with Fibroblast Growth Supplement,
2% fetal bovine serum and antibiotics (ScienCell Research Laboratories,
San Diego, CA, USA) until confluence. Then, they were detached with
animal origin-free trypsin-like enzyme (TrypLE Select, Gibco-Invitrogen,
Grand Island, NY, USA). Cell viability was assessed by trypan blue dye

exclusion method. Cells in passage 3 were used in proliferation assays.
2.9.2 Cell proliferation

Cells were seeded at a density of 10000 cells per cm? on 96 well optical
bottom black microplates in basal fibroblast medium supplemented
with either 20% (v/v) of PRGF-A or PRGF-B from each of the ten donors
or basal fibroblast medium with 0.1% fetal bovine serum as a control of
non-stimulation. Treatments were assayed in quintuplicate. The study
period was 72 h. The proliferation of cultured cells was quantified using
the CYQUANT Cell Proliferation Assay (Invitrogen, Carlsbad, CA, USA).
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Briefly, medium was removed and wells were carefully washed with PBS
to avoid detaching the cell monolayers; then, microplates were frozen
at —80 °C for efficient cell lysis in the CyQUANT assay. After thawing the
plates at room temperature, samples were incubated with RNase A (1.35
Ku/mL) diluted in cell lysis buffer during 1 hour at room temperature.
Then 2x CyQUANT GR dye/cell lysis buffer was added to each sample
well and mixed gently. After 5 minutes of light protected room
temperature incubation, the fluorescence was measured using a
fluorescence microplate reader (Twinkle LB 970, Berthold
Technologies). To correlate fluorescence units with DNA amount, a DNA
standard curve ranging from 7.8 to 500 ng/mL was included in all

fluorescence quantifications.
2.10 Statistical analysis

For all statistical analysis, the sample normality was checked with the
test of Kolmogorov and Smirnov. A t-test for paired samples was used if
values followed a normal distribution with homogeneous variances.
Otherwise, the non-parametric Wilcoxon matched-pairs signed-rank test
was applied. All values were expressed as mean + standard deviation
(SD). Differences were considered statistically significant when a value
of p<0.05 was obtained. Statistical analyses were performed using
GraphPad InStat software (version 3.1; GraphPad Software, La Jolla, CA,
USA).

3 Results

Blood samples were obtained from 30 healthy donors. The mean age of
the donors included in the study was 41 + 8 years with an age range

between 26-62 years including 22 males and 8 females. The donors
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recruited for the study were systemically healthy and they were not

taking medications.
3.1 Hematology parameters

Table 5 shows the most relevant hematological parameters of both
whole blood and PRGF, as well as the other calculated parameters
described in the Methods section. Results showed a platelet
concentration factor (PCF) of 1.8 + 0.3 and 2.2 + 0.2 for PRGF-A and
PRGF-B protocol, respectively. PRGF-B protocol achieved a significant
increase (p<0.0001) of PCF with respect to PRGF-A. Similarly, platelet
yield (PY) was significantly increased (p<0.0001) when the B protocol
was used to obtain PRGF. In summary, PRGF-B led to a 66% of PY while
it was 60% For PRGF-A. No statistically significant differences in the LCF
were found (p>0.05).

Whole Whole
blood-A blood-B

PRGF-A PRGF-B

Leukocytes (x 103/pL) 58+1.3 6.1+1.4 0.3+0.2 03+0.2
Erythrocytes (x 106/uL) 451+040 4.78+0.41 0.01+£0.00 0.01x0.01

Platelets (x 103/pL) 256 + 51 235+ 41 419 £105 517 +107

Leukocyte concentration
- - 0.05+0.04 0.05+0.03

factor (LCF)
Platelet concentration
- - 1.8+£0.3 22+0.2
Factor (PCF)
Platelet yield (%) - - 60+9 66+7

Table 5. Characterization of whole blood and PRGF samples from the thirty
donorsincluded in this study. Leukocyte, platelet and erythrocyte concentration
was measured in whole blood and PRGF. Leukocyte and platelet concentration
factor (enrichment as fold increase) relative to the level of peripheral blood (LCF
and PCF) and platelet yield (%) are also indicated. Data are expressed as mean +
SD.
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3.2 pHdetermination

No statistically significant differences were observed in the mean pH
values obtained for each plasma preparation protocol. The values were
7.61+0.08 and 7.64 + 0.09 for PRGF-A and B, respectively.

3.3 Hypotonic stress response

The platelet volume recovery of the different PRGF preparations was
tested as an indicator of cell membrane integrity. PRGF-B formulation
showed statistically (p<0.01) higher reversal percentages (76.1 + 11.2%)
when compared with PRGF-A protocol (67.1 £ 11.4%) (Figure 21 A).
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Figure 21. Platelet function assays. (A) Hypotonic stress response. (B) Flow
cytometry platelet activation representative images are shown: the upper-left
panel represents a typical forward versus side scatter histogram (FS/SS) for
platelets, the upper-right panel shows an histogram with the constitutive
platelet marker CD41, the lower-left displays a histogram showing no-activation
(resting) for CD62 (P-Selectin), and the lower-right panel is a representative
histogram of ADP-activated sample marked for CD62. (C) Chart representing the
mean values for platelet activation in both PRGF protocols. (D) Typical platelet
aggregation monophasic responses for PRGF-A and B protocols. (E) Quantitative
aggregation data, maximal aggregation and lag phase for both protocols. **
indicates p < 0.01 and *** indicates p < 0.0001. (A, C and E data are expressed as
mean + SD).
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3.4 Platelet activation

Typical images were obtained in the flow cytometric analysis (Figure 21
B). The percentage of platelet activation at rest differs significantly
(p=0.0302) between the two protocols evaluated, with anincreasein the
percentage of activated platelets for the PRGF-A samples (3.88% +
2.72% versus 3.48% + 2.53% for PRGF-A versus PRGF-B protocols) (Figure
21 C). No statistically significant differences were found in the response
to ADP stimulation. In this case, the percentages of platelet activation
found were 82.15% + 6.23 % and 81.67 % + 6.91 % for A and B protocols,
respectively (Figure 21 C).

3.5 Platelet aggregation

Platelet aggregation in response to collagen displayed a long lag phase
with a typical monophasic response (Figure 21 D). Maximal aggregation
values were similar between the two protocols (83.58% + 10.25% for
PRGF-Aversus 86.93% * 3.84% for PRGF-B), while statistically significant
differences (p<0.0001) were found regarding the duration of the lag
phase (Figure 21 E). This duration was lower for the PRGF-B protocol
(61.79 sec + 19.95 sec) than for the PRGF-A one 78.80 sec + 21.65 sec).

3.6  Clotting and retraction time

The whole coagulation and retraction process was monitored and
photographed. In Figure 22, representative images of the beginning of
the process (non-activated), a fully clotted, and a retracted sample are
shown. After PRGF activation, the mean clotting time (time until
complete gelation) was 8.7 minutes for PRGF-B while it was 17.5 minutes
for the PRGF-A, showing a significant clotting time reduction (p<0.0001)
(Figure 22).
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Figure 22. Clotting and retraction time analysis. Representative images of the
coagulation process are shown. The mean coagulation and the retraction time
are shown in the graphic (as mean + SD). * indicates p < 0.05 and *** indicates p
<0.0001.

Subsequently, the mean clot retraction time was measured for each
sample, and this period was also significantly reduced (p<0.05) for PRGF-
B protocol with respect to PRGF-A (28.0 minutes and 34.3 minutes,
respectively) (Figure 22). Hence, the PRGF-B protocol reduced the

overall duration (clotting + retraction time) in a 30%, showing a
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statistically significant reduction (p<0.05) of the overall duration
between PRGF-B and PRGF-A protocols.

3.7 Growth factors content

PRGF-B protocol showed statistically significant higher levels for each
growth factor tested compared to the PRGF-A one. An increase of 12%,
30%, 45% and 27% was found for IGF-1, VEGF, PDGF-AB and TGF-
respectively. (p<0.05 for TGF-B1, p<0.01 for PDGF-AB and p<0.001 for
IGF-1 and VEGF) (Figure 23).
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Figure 23. Growth factor concentration analysis in PRGF-A and B. Transforming
growth factor B1 (TGFB1), Insulin like growth factor -1 (IGF-1), Vascular
endothelial growth factor (VEGF) and Platelet derived growth factor -AB (PDGF-
AB) were assayed in triplicate. The mean + SD concentration are represented. *
indicates p < 0.05, ** indicates p < 0.01 and *** indicates p < 0.001.
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3.8 Cell Proliferation assay

Two representative photomicrographs of keratocytes cultured with
each PRGF protocol are shown in Figure 24. Both PRGF preparations
(20% PRGF-A or B) stimulated significantly the proliferation of HK cells
when compared with the control. Nevertheless, there was no difference
(p>0.05) between the proliferation induced by PRGF-A (279451 ng
DNA/mL) or by PRGF-B (306+40 ng DNA/mL) (Figure 24).

400 1
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Figure 24. Biological response to PRGF (PRGF-A versus PRGF-B). Representative
images of primary human keratocytes (HK) supplemented with PRGF-A and
PRGF-B (Scale bars for both micrographs: 400 pym). The cell proliferation
quantitative analysis (ng DNA/mL) shows no differences between both
protocols.
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4 Discussion

The amount of trisodium citrate (3.8% w/v) has been reduced by 55% in
the PRGF-B with respect to the current protocol (PRGF-A). This
reduction does not affect the properties of anticoagulation, since the
amount of trisodium citrate (3.8%) present in the extraction tubes is in
excess in relation to whole blood calcium [232], providing a chelation of
all calcium from the extracted blood. Therefore, the whole blood in the
PRGF-B is diluted with the anticoagulant a 5.5% less than in the PRGF-A.
The increase in the blood/anticoagulant ratio produced a statistically
significant platelet enrichment and recovery of PRGF-B over PRGF-A.
However, in both protocols the buffy coat was smoothly excluded,
yielding a leukocyte count close to zero, thus enabling PRGF obtained by
the new protocol to remain in the same categories that the former

protocol, in terms of the different PRP classifications [110].

No significant differences were found regarding the pH, being around
7.6, a physiological value [233] that does not need further buffer
addition. In any case, pH remained above 6, which is a positive factor
eritical for an adequate platelet function [234].

The new PRGF protocol with reduced anticoagulant improves several
platelet function parameters. Platelet volume recovery after hypotonic
stress is a metabolic process which can be reduced in damaged or stored
platelets [235]. The relationship between the hypotonic stress response
and Jn vivo platelet viability was already demonstrated in the seventies
[236]. Both protocols have good recovery rate, but protocol B increases
existing viability by almost 10%. Basal values of platelet activation
assayed by flow cytometry are minimal for both PRGF protocols, and
even less than other five PRP systems [237], indicating that none of the

two PRGF obtaining protocols (A or B) activate prematurely the
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platelets. A slight, but statistically significant decrease in the basal
platelet activation status of PRGF- B compared to PRGF-A was observed.
When the PRGF is activated with ADP, an increased expression of P-
selectin was demonstrated, as an indicator that platelets are functional
and thus able to release the entire contents of their granules. No
differences between the two protocols were found for this parameter.
Thus, ADP-dependent activation was always greater than 80%, in line
with previous studies conducted by our research team [238]. Similarly to
the other platelet function assays, platelet aggregation assay also
indicated that the PRGF obtaining protocols do not affect the ability of
platelet aggregation, since in both protocols maximum aggregation was
higher than 80% [239]. Moreover, the PRGF-B protocol shortened the
lag phase compared to the PRGF-A one. This may be relevant from a
clinical point of view as it may shorten the time needed to obtain PRGF,
maintaining its therapeutic potential. The new PRGF protocol has also
reduced both the time of clotting and the required time to retract that
clot, so it can be used quickly and efficiently to produce a Ffibrin

membrane.

Growth factors are the active ingredients of the PRGF. In this study we
have measured four of them, three platelet-derived (VEGF, PDGF-AB
and TGF-B) and one plasma-derived (IGF-1). Systematically, these four
molecules showed a higher concentration in PRGF-B compared to PRGF-
A. Not only can be explained this increase by the lower dilution of the
blood in the extraction tube for PRGF-B protocol, but also by an
increased concentration of platelets in PRGF-B and a different ratio of
CaClzin the activation of PRGF. Another plausible explanation is that the
growth factors release kinetics of PRGF-B was accelerated, since both
the coagulation and retraction processes have a greater speed with this
new protocol. However, despite the increase of growth factors

concentration in PRGF-B, no differences in cell proliferation of HK cells
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were observed. This fact could be explained in several ways. Firstly, the
increased concentration of growth factors in PRGF-B may not be
relevant from a biological standpoint to stimulate cell proliferation in
this cell lineage [240], argument supported by previous studies where
the proliferative dose-dependent response can typically be adjusted to
a Gaussian distribution function [241]. Secondly, other proteins
different from the ones studied herein could be involved in the

regulation of cell proliferation in this cell type.

Currently, the international regulatory bodies are demanding to
regulate the biological therapies, including PRP. Specifically, the
European Union has classified the blood extraction tubes with
anticoagulant as a Class Il medical device, but the anticoagulant could be
considered in future as a medicinal product. The latter would imply that
extraction tubes become a Class Ill medical device if the manufacturer
does not prove that anticoagulant s totally removed [225]. The inclusion
in the class Ill category would involve more stringent regulation. In the
case of PRGF, in the activation step, trisodium citrate reacts with CaCl:
to form calcium citrate. In this way, trisodium citrate is totally removed
with CaClz activation. Calcium citrate is harmless at the concentration
that is present in the PRGF [242]. Moreover, different countries are
actively regulating PRP therapies, even as a human use medicinal

product, which makes the regulatory framework even more restrictive

[5].

One of the strengths of this study is the use of paired samples for both
protocols (single-donor model) which, in addition to conferring greater
statistical power, minimizes the biological variability. However, this
study has also several drawbacks. On the one hand, only the process of
obtaining the clot has been studied and not its characteristics, such as

clot strength, or the ability to retain other biomaterials. Regarding the
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biological response, it has been only observed the effect of PRGF in one
cell type; therefore, further studies are needed to observe the effect in

other cell types.

In conclusion, we have described a new protocol for obtaining PRGF, in
which both the amount of anticoagulant and activator have been
reduced. Additionally, we have characterized this new protocol in
comparison with the actual one, confirming an improvement in some of
the characteristics of PRGF.

Implementation PRGF protocol | 127






Chapter 6

Regulatory framework. Closing
regulatory gaps: new ground rules
for platelet-rich plasma

Perspective article published In Trends in Biotechnology [5]







Abstract

The Spanish-Agency-of-Medicines-and-Medical-Devices has drawn up a
comprehensive report and resolution, which regulates for the first time
the use of platelet-rich plasma as a human use medicinal product. This
regulatory framework offers emerging challenges to adapt the use of
platelet-rich plasma to the new requirements of safety and efficacy. The
heterogeneity of the different products can hinder their regulation,
which today differs substantially in the different worldwide regulatory

frameworks.

Regulatory framework | 131



1 Background on platelet-rich plasma therapies

Recent advances in cell biology and engineering, aided by new
discoveries in other fields are making possible new therapeutic
strategies in regenerative medicine. For example, platelet-rich plasma
(PRP) therapies are being increasingly used in different medical fields
ranging from dentistry to dermatology, traumatology and more recently
ophthalmology and have an estimated global market of $45 million in
2009, projected to grow to $120 millionin 2016 [243]. PRP therapies are
all based on the preparation and use of plasma obtained from peripheral
blood that has been enriched for platelets above the physiological level
[244]. Platelets contain a relevant number of bioactive molecules,
including growth factors that play an important role in the healing of
injured tissue. Additionally, the plasma fraction contains a pool of
molecules that contribute in a relevant way the regeneration of tissues,
such as fibronectin and vitronectin [2]. PRP technology can also be used
in ex vivo procedures for expansion of stem cells, replacing fetal bovine
serum (FBS) as a culture supplement [108], as demonstrated in a recent

clinical trial involving the expansion of adipose-derived stem cells [245].

However, there is no single standard as to the preparation or
composition of PRP, which has led to a lack of consensus on the very
definition of the term. There are differences between the different
commercial PRP kits regarding amount of platelet enrichment, presence
of leukocytes and erythrocytes, and activation mode. On this basis, the
different types of PRP may thus yield different clinical outputs.
Therefore, trying to regulate PRP technology will prove to be quite
challenging.
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2 Classifying platelet-rich plasma as a medicinal

product in Spain

Recently, the Spanish Agency of Medicines and Medical Devices (AEMPS)
has drawn up a comprehensive report [246] and a subsequent resolution
[247] which regulates for the first time the use of platelet-rich plasma as
a human use medicinal product. In order to establish this classification,
the AEMPS has considered, among other elements, the composition of
platelet-rich plasma, its mechanism of action and medical guidelines,
along with the definition of medicinal product given at both Spanish
[248] and European level [249]: “any substance or combination of
substances presented as having properties for treating or preventing
disease in human beings; or any substance or combination of substances
which may be used in or administered to human beings either with a view
to restoring, correcting or modifying physiological functions by exerting a
pharmacological, immunological or metabolic action, or to making a

medical diagnosis”.

The AEMPS has clarified that although it is a medicinal product for
human use, PRP obtention does not imply an industrial processing and
therefore the PRP cannot be considered as an industrially produced
medicinal product. On the other hand, the AEMPS has framed the PRP
outside the category of advanced-therapy medicinal products,
according to the definition given by the European Union [250]. From a
regulatory perspective, excluding PRP therapy from the category of
advanced therapies could clearly facilitate, from the regulatory

viewpoint, its use both intraoperatively and on an outpatient basis.

For the AEMPS, there are three direct consequences of the inclusion of
the platelet-rich plasmain the category of human use medicinal product.
First, according to Article 5 of Directive 2001/83/EC of 6 November 2001
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[249] referring to these types of products, the use of PRP must only be
prescribed by a doctor, dentist or podiatrist, within their respective
competencies, and not by any other healthcare or non-healthcare
professional. Second, only doctors, dentists and podiatrists with the
appropriate qualifications and experience in the treatment may
prescribe  PRP therapy. These physicians must always use the
appropriate equipment and instruments, and can only be used in
authorised healthcare Ffacilities and centres in accordance with the
current regional government regulations. And third, as with any other
medicinal products available only on prescription, advertising it to the

general public is prohibited.

The AEMPS report indicates that a case-by-case authorization is not
required. However, a physician who prescribes the treatment must
ensure regulatory compliance with the competent inspection
authorities. This legal framework enables the use of PRP therapies with
all the guarantees, providing guarantees of quality, efficacy, traceability

and pharmacovigilance (view Box 1 section).
3 Emerging challenges

There are still several key challenges in the development and evolution
of the regulation of PRP products in Spain. It will be necessary to have a
list of approved medical devices and the medical applications for which
their use is authorized. It should be noted that all systems for obtaining
PRP are different and that their different composition may influence the
clinical output. Thus, the presence of leukocytes in the plasma, the
platelet enrichment, and the method of activation and release of growth
factors will differ for each system. Although the systems can be grouped
by any of the proposed classifications [110], it is difficult to generalize

clinical results for one particular system to the rest of them.
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Following the principles of the Spanish new regulations, the approval of
a PRP commercial system for the treatment of a given pathology, does
not mean that automatically all PRP systems may be authorized to treat
this disease. This is due to the fact that the characteristics of others PRPs
could differ from those ones of the approved PRP, and therefore it
would affect the clinical outcome of the treatment. On the one hand,
the regulatory process would be hampered, becoming a slow and costly
process, but on the other hand, this would increase the guarantees of
security and efficacy. This may sound confusing when it comes to
biological products such as PRP, but it is of usual application in
conventional medicinal products. For example, if a medicinal product
contains two active ingredients, such as amoxicillin and clavulanic acid,
both active ingredients can be present in different concentration ratio
into two or more different medicinal products, soitis quite possible that
the prescriptions, namely indications, dosage schedules and even side
effects, can also differ between them. Nowadays it is difficult, almost
impossible, to characterize all active ingredients in PRP, which can also
be different in concentration for each individual. However, certain PRP
key parameters can be characterized, such as platelet and leukocyte
enrichment and some growth factors, which are the main changing
parameters among commercial PRP formulations. Therefore, approval
for each PRP type should be applied for, on the basis of their safety and
efficacy. Thus, it would be important to define weather the approval for
a specific indication is granted either individually for each commercial
system, or for each family of systems that share common characteristics

(key parameters).

The exact therapeutic mechanism of action of PRP is not well defined,
and all active molecules involved in its regenerative potential have not
been identified. This multifactorial complex mechanism of action, would

require the development of Potency Tests for PRP therapies as a key
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step to strengthen its efficacy, similar to those that can be developed

for cellular therapy [251] or tissue engineering products [252].

Another noteworthy aspect that should not be forgotten is that like a
conventional medicinal product, the dose and administration schedule
may influence the clinical outcome. For example, in the treatment of
knee osteoarthritis, it is not the same to perform a single PRP infiltration
than to perform three of them on a bi-weekly basis [110], as is not the
same to infiltrate a pure-PRP formulation or a leukocyte-enriched PRP
in terms of adverse events such as pain and swelling [195]. These are
important questions that should be considered by the AEMPS and other
regulatory bodies when assessing the efficacy of particular PRP

formulation.

Currently, the administration of PRP in the United States (U.S.) is
considered a medical procedure and therefore is not subject to
regulation by the U.S. Food and Drug Administration (FDA). However,
the devices used in the preparation of PRP are subject to regulation by
the FDA premarket approval process. A 510(k) is a premarket submission
made to demonstrate that the device to be marketed is at least as safe
and effective, that is, substantially equivalent, to a legally marketed
device “predicate” (21 CFR 807.92(a)(3)) that is not subject to Premarket
Approval (PMA) [253]. Currently the FDA has cleared over forty PRP
systems (as of Mar 6, 2015), the great majority of which are intended to
be mixed with autograft and/or allograft bone prior to application to an
orthopedic site, though there are also some systems intended for use at
the point-of-care for the treatment of ulcers and wounds of all types.
According to FDA regulations, any use not authorized is considered off-
label and its prescription should be considered under the responsibility

of the physician who carried the procedure out. Currently, FDA does not
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include PRP therapies within 21 CFR 1271 regulation of Human cells,

tissues, and cellular and tissue-based products [254].

At the European level, there are no real common rules for PRP therapies
that are applicable to all member countries. The European Medicines
Agency (EMA) has certain regulations, but each state has the authority
to independently regulate PRP therapy. Unlike in the USA, there is no

registry of authorized PRP systems.

In addition, several other challenges exist. Will the FDA and EMA
develop any regulations in their respective spheres establishing the use
of PRP in the same way that Spanish Agency of Medicines and Medical
Devices has done? Will this type of regulation be possible in the United
States, in Europe, or globally? On the one hand, it could adversely affect
the free medical practice, but on the other hand, it would reinforce the

guarantees of safety and efficacy in patients.

Will allogeneic PRP be considered a medicinal product in the future?
What should the regulatory requirements be for translational
applications? For example, in the veterinary field, specifically in the
treatment of horses, allogeneic commercial kits have been developed
with proven non-immunogenicity. It is expected that for humans use,
controls similar to those existing in blood banks would be established to

prevent disease transmission.
4  Concluding remarks and future perspectives

Commending the initiative of the AEMPS, we deem that the advances in
PRP therapy require a multidisciplinary approach with solid foundations
in preclinical research and conducting high quality randomized clinical
trials. Additionally, an appropriate regulatory framework must be putin

place to ensure both patient safety and the consolidation of existing
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treatments and the development of future applications. As in the case
of industrial “classical” medicines, we propose standardized protocols
and tight efficacy and safety requirements (clinical trials) for each type
of PRP product, that to take into account the way the product is
elaborated may significantly affect its final biological and therapeutic

outcomes.

5 Box 1. Guarantees required for the use of platelet-

rich plasma in Spain.

The guarantees required for the use of PRP therapies in Spain are the
following [246, 247]:

e Guarantees of quality

As for any other medicinal product, it will be necessary to establish
minimum quality guarantees throughout the manufacturing process.
The AEMPS and the different regional regulatory agencies will agree to
carry out a common policy on this issue. The regulation also
differentiates between "open technique" and disposable kits (closed
systems). The first will require more comprehensive quality controls and
inspections. Disposable kits must always be medical device CE marked,
indicating that they comply with European directives and should be used

following the manufacturer's instructions,

e Guarantees of efficacy

The AEMPS recognizes that PRP is used in several areas of medicine, but
the agency has no clear evidence of efficacy in all of them. Therefore,
the AEMPS will create a report including applications for which there is
clear evidence of efficacy, classifying the different applications of PRP
in three categories depending on the available evidence: pathologies in

which there is sufficient evidence to recommend the treatment, those
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that have shown that the benefit-risk balance is negative and will not be

recommended for use, and those requiring further evidence.

e Guarantees of traceability

One of the particular characteristics of this medicine is its biological
origin, and therefore the possibility of transmission of disease must be
present, despite its autologous character. Prescribing physician will have
to adopt the specific control, supervision and traceability measures
which prevent the transmission of infectious diseases. In this aspect, the
Spanish legislation has several royal decrees on blood donation,
autologous donation and autotransfusion, which must be taken into

account in ensuring the safety of the procedure for obtaining PRP.

e Guarantees of pharmacovigilance

Another highlight of the AEMPS report is the duty to promptly notify to
the competent pharmacovigilance authority of each regional
government any suspected adverse reactions result of treatment with
platelet-rich plasma. Thereby, it would be ensured in the same way as
for a conventional medicinal product the rapid location of defective or
contaminated lots, significantly increasing treatment biosecurity by

establishing a registry of adverse events.

e  Guarantees of information

All medicinal products must have a summary in which the characteristics
of the medicine are detailed, and a package leaflet with basic
information and instructions for the patient. However due to particular
characteristics, PRP has no a registered summary of product
characteristics. In spite of this and according to the new regulation, the
patient should receive a minimum information before any treatment,

ensuring that the product meets the quality requirements including
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recognized efficacy, the pros and cons compared to other treatments,

and any potential risks and/or side effects.
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Allogeneic platelet-rich plasma: at
the dawn of an off-the-shelf
therapy?

Perspective article published In Trends in Biotechnology [6]







Abstract

A new therapeutic tool is emerging based on a biomimetic strategy:
platelet-rich plasma (PRP) technology. Allogeneic off-the-shelf PRP
represents a safe and cost-effective treatment of osteoarthritis and
related diseases. This breakthrough opens the door to improved
treatments and opportunities but also to new challenges with multiple

uncertainties.
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1 Allogeneic platelet-rich plasma: at the dawn of an
off-the-shelf therapy?

The use of autologous platelet-rich plasma (PRP) therapies has spread
extensively in all fields of medicine, but especially in the treatment of
musculoskeletal conditions, like osteoarthritis [114]. Currently, PRP
technology is also used for ex vivo expansion and subsequent
transplantation of stem cells in a clinical setting [108].This biologically
inspired therapeutic approach uses the patient's own blood (Figure 25
A) to obtain a plasma volume enriched in platelets, known as PRP, to be
applied in the patient's injury in order to relieve pain and speed up the

recovery time.

Some limitations of PRP therapies include inter-individual variability;
large blood quantities required in some cases; diabetic patients; and
difficult treatment of neonates, infants, the elderly, or
immunocompromised or debilitated patients, so treating certain
patients can be challenging or even impossible. However, recent
preclinical evidence, together with recent trials, may open up new

avenues for PRP therapies.

Bottegoni et al. [255] recently published an article describing the
treatment of 60 patients diagnosed with osteoarthritis of the knee with
homologous (allogeneic) PRP therapy, or PRP obtained from donors in a

non-autologous manner (Figure 25 B).
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Figure 25. Comparison of the two different procedures of platelet-rich plasma
(PRP) preparation. (A) Briefly, peripheral venous blood from the own patient is
withdrawn into tubes. After that, the blood is centrifuged and the PRP is
obtained through the separation from other blood components. PRP can
subsequently be applied in form of different formulations with therapeutic
potential for the treatment of the patient's pathology, such as osteoarthritis of
the knee as shown in the figure. (B) By contrast, the allogeneic PRP is obtained
from the peripheral blood of one or more healthy donors. Later, the off-the self
PRP is prepared and preserved until its application in a patient. A same batch of
this type of PRP could be used to treat a single patient over time or to treat
several patients. The legend is shown at the lower part of the figure.

This is the Ffirst description in the scientific literature of knee
osteoarthritis treatment carried out with non-autologous PRP.
Interestingly, the authors of this study demonstrate that allogeneic PRP
is safe, so it can be used in those patients in whom the use of autologous
PRP would not be indicated, such as older patients with hematological
disorders. In addition, despite being an initial pilot clinical study, the
authors demonstrate that PRP therapy is effective in the short term
(two and six months post-treatment), reducing pain and recovering
articular function as assessed by three broadly used different clinical
scores (IKDC, KOOS and EQ VAS scores) that evaluate the course of knee

injury and treatment outcomes.
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This is not, however, the first pioneering application of allogeneic PRP
to treat musculoskeletal conditions. In two previous studies, non-
autologous therapies combined with bone grafts were applied to treat
disorders of the musculoskeletal system, such as long bone defects. The
first study [256] reported the treatment of one single patient, whereas
in the second study, a series of nine consecutive patients were treated
[257]. Treatment with allogeneic PRP has also been carried out in other
fields of medicine such as dermatology, ophthalmology, and oral and

maxillofacial surgery.

We would like to make a recommendation concerning the terminology
to use when referring to PRP obtained from donors, as we believe that
is more appropriate to use the term “allogeneic” than the term
“homologous,” which could be misleading [258]. Allogeneicis defined as
the transfer of cells, tissues, or organs between genetically different
individuals within the same species. Conversely, homologous is used to
broadly describe correspondence in structure, origin, and position [258].
The latter is in line with the FDA definition of homologous use for cell
therapies [259]: namely, the origin of the cells could be autologous or
allogeneic, while the intended use could be homologous or non-

homologous.

In 2010, a panel of international experts published a consensus paper on
the use of PRP in sports medicine [244], in which one of the topics
discussed was the possible effect of PRP as athletic performance-
enhancing substance (ergogenic effect) and its situation in the context
of anti-doping regulation. The World Anti-Doping Agency (WADA) had
included intramuscular infiltrations of PRP in its 2010 list of prohibited
substances. However, other routes of administration were permitted, as
long as they were declared. WADA's concern was based on the possible

stimulation of muscle satellite cells with subsequent muscle growth and
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increased muscle capacity beyond simple regeneration. Later, the
WADA lifted the ban in the 2011 list, and since then, the use of PRP by

all routes of administration has been allowed (https://www.wada-

ama.org/en/questions-answers/prohibited-list#item-380).  However,

the WADA does not differentiate between the use of autologous and
allogeneic PRP. Allogeneic PRP opens a challenging debate, given that
the last few years have seen an explosion in our understanding and use
of blood-derived PRPs. Furthermore, in the current state of scientific
knowledge, autologous PRP has not demonstrated any potential for
performance enhancement beyond a therapeutic effect, while

allogeneic PRP has not been studied from an ergogenic point of view.

Some parameters that have historically not been taken into account,
including age [260] and exercise [261] among others, can alter the
balance of growth factors present in PRP. Hypothetically, it would be
possible to postulate that injections of allogeneic PRP of selected
donors could accelerate the regeneration of tissues more than
autologous PRP can. Moreover, non-responders to such autologous
therapies might otherwise be responders to off-the-shelf PRP. This idea
is nothing new and is based on the parabiotic experiments conducted
for more than 150 years ago butitis in the last two decades when major
expectations and advances have been carried out. In such experiments,
two animals share a common bloodstream [262] providing a unique
opportunity to study the effect of the blood of a young animalin and old
one. Surprisingly, researchers found improvements in the brain, heart
and muscles of old animals that had been joined to young ones, which
clearly implies that there should be circulating molecules in the blood of

young animals responsible for this improvement in the old animals.

Another factor that presents some uncertainty is whether the presence

of leukocytesin allogeneic PRP (L-PRP) could be detrimental so that only
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leukocyte-free PRP (P-PRP) could be used as an allogeneic PRP. To the
best of our knowledge, there is only one comprehensive description
[263] of the immunogenicity of an allogeneic PRP infiltration in the bone
and muscle of rabbits. No significant immunological reaction was
observed by analyzing changes in the peripheral blood lymphocyte
population (CD4*/CD8*) and the muscle morphology at the infiltration
site.

Overall, we have seen that it is feasible to use an allogeneic PRP in the
treatment of musculoskeletal disorders such as osteoarthritis, but many
questions are yet to be resolved, ranging from the issue of terminology
to potential doping to leukocyte inclusion in the formulations. True
development of off-the-shelf PRP could represent a safe alternative,
and perhaps a more effective one than autologous PRP. Progress in
understanding the molecular mechanisms of action of PRP, and the
development of PRP potency tests, could contribute to the
development of a highly effective allogeneic PRP, not only for difficult
situations but for patients in general.
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Abstract

Stem cell and platelet-rich plasma therapies are promising
breakthroughs in the treatment of multiple conditions. However, the
lack of reproducibility due to inaccurately reporting the protocols used
to obtain these biologics can hinder their therapeutic progress.
Developing a reporting guideline for biological therapies is required to
address this issue.
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1 Reporting guidelines and reproducibility crisis

Proper reporting in clinical trials is gaining momentum in an era of
reproducibility crisis, one of the biggest challenges facing the scientific
community today [264]. The Consolidated Standards of Reporting Trials
(CONSORT) statement published in 1996, and the CONSORT 2010
update, are key milestones for increasing the transparency and
reproducibility of clinical trials [265]. The creation of the EQUATOR
(Enhancing the QUALlity and Transparency Of health Research) Network
was the first coordinated effort to systematically tackle the problems of
inadequate reporting on a worldwide scale, thus extending the use of
reporting guidelines to all areas of research in health sciences. The use
of reporting guidelines has contributed to improve science as well as to
increase the quality of research methods. For example, Cell Press has
introduced a new format for reporting methods [266] called "STAR
Methods" (structured, transparent and accessible reporting) in order to
improve transparency and reproducibility, in consonance with the
methodology of CONSORT and other reporting guidelines of the
EQUATOR network.

2 Stem cells and platelet-rich plasma (PRP) as

paradigm of biological therapies

New therapies, often experimental, are emerging in this era of
reproducibility crisis, and create a new scenario of contradictory results,
mainly due to their biological origin and to the great variability in the
protocols used to obtain biological therapeutics. Stem cell [267] and
platelet-rich plasma [8] therapies are the most promising ones, both in
terms of number of registered clinical trials and by clinical impact.
However, there is no agreement on their composition, dosage and

administration schedule. Furthermore, many of the clinical studies
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evaluating their efficacy and safety fail to report the methodological

details that allow their replication and contrast with other studies.

We believe that to overcome these limitations and to fuel the
advancement of stem cell and PRP treatments, a new reporting
guideline for biological therapies should be implemented for adequate
methodology reporting, as contemporary biological methods are not
completely covered by the CONSORT statement [265] nor by any of its
extensions. Likewise, this new reporting guideline would be appropriate

for preclinical research.

It is the time to adapt current reporting guidelines to new ground rules
that establish stem cell and PRP therapies, similar to others that have
been developed for specific interventions, such as acupuncture
interventions, non-pharmacologic treatments, or Chinese herbal

medicine formulas [268].

3  Transparency and reproducibility in biological

therapies

To the best of our knowledge, there are currently two worthwhile
initiatives that seek to increase the transparency and reproducibility of
stem cell and PRP therapies that could serve as keystones for the

development of the new reporting guideline.

The first one, led by the International Society for Stem Cell Research
(ISSCR), focuses on stem cell research and clinical translation [269].
Recommendation 3.3.6.3 in this detailed guide states that all
randomized clinical trials (RCT) should be reported according to the
CONSORT statement. This action, together with prior registration of all
clinical trials, aims to increase the transparency and reproducibility of

stem cell therapies. However, the CONSORT guidelines are not fully
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adapted to all items that should be reported in this type of therapy,
since it does not include key methodological details, such as the

obtaining protocol or the administration protocol.

The second initiative was developed by a group of experts attending
two symposia organized by the American Academy of Orthopaedic
Surgeons/Orthopaedic Research Society (AAOS/ORS) and by the
American Orthopaedic Society for Sports Medicine (AOSSM). These new
recommendations, recently published by Murray and colleagues [270],
will provide the basis for the "Minimum Information for studies
evaluating Biologics in Orthopaedics" (MIBO) which should accompany
any clinical study in this area. We encourage the use of MIBO. The MIBO
philosophy is similar to any reporting guideline. It provides two
independent and well elaborated checklists, one with 25 items for stem
cell and another with 23 for PRP therapies. Both checklists are
structured in different sections that correspond to the study workflow:
study design, patient details, injury description, intervention, specific
biological details of each procedure, delivery, postoperative care and
outcomes including side effects. The core of both checklists is specific
biological detail together with the delivery or administration of stem
cells or PRP. This core had a pivotal role in the development of reporting
guidelines not only for clinical trials, but also for in vitro and in vivo

preclinical studies.
4  Accurate characterisation is required

The accurate characterization of the products to be applied, either stem
cells (Box 1 section) or PRP (Box 2 section), is one of the most relevant
points to increase the reproducibility of studies. In the same way as the
guidelines of the EQUATOR network, MIBO should continuously evolve

and include items not currently listed, such as uses of allogeneic PRP [6]
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and customized PRP, PRP classification, potency assays, determination
of the chromosomal stability for stem cells, different culture
supplements used in ex vivo expansion, or concomitant treatment (stem
cell + PRP injection). MIBO recommendations could represent a turning
point for adequate reporting of stem cell and PRP in clinical trials in
orthopaedics with the aim of improving transparency and

reproducibility.

One example of an opportunity for stronger recommendations is a
systematic review recently published by Pas and colleagues [271]
evaluating the efficacy of stem cell injections in knee osteoarthritis. The
authors conclude that there is a high risk of bias in the studies evaluated
and do not recommend this type of therapy for knee osteoarthritis.
Among the recommendations made for new studies is to standardize
the methodology and report the results appropriately following the
CONSORT statement. However, making this statement by itself does
not provide sufficient detail to achieve reproducibility in stem cell and
PRP therapies.

More recently, on behalf of the Platelet Physiology Subcommittee of
the Scientific and Standardization Committee (SSC) of the International
Society on Thrombosis and Haemostasis (ISTH), Harrison [272]
highlighted that there is insufficient data for evidence-based guidelines
development of PRP treatment. One of the causes of this inability is
inadequate reporting of data on preparing and characterizing PRP. Only
approximately 10% of the clinical studies in which PRP was used to treat
musculoskeletal injuries adequately reported the protocol used to
obtain the PRP, which implies that replication and comparison to other

studies are almost impossible to achieve [273].
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5 Concluding remarks and Future perspective

The purpose of this paper is twofold: both to draw attention to the lack
of transparency and reproducibility reporting both preclinical and
clinical trials with stem cells and PRP, and to stimulate discussion and
collaboration between stakeholders (authors, reviewers, journal
editors, readers, funding bodies and policy makers) in order to develop
a new reporting guideline for biological therapies. These ground rules
should follow the premises of the EQUATOR network and the
philosophy of the foundry reporting guidelines, such as the minimum
reporting guidelines for biological and biomedical investigations (MIBBI)
and their subsequent evolution to FAIRsharing [274, 275]. MIBO is a key
starting point to building the foundations of a new reporting guideline,
but at the same time it should also be broader than MIBO and be
adopted for all medical and surgical specialties and not just for
orthopaedics. Biological therapies are cross-cutting tools of all clinical
specialties, and not only of orthopaedics. The new reporting guideline
for biological therapies would work as a module or extension, both for
clinical studies (as a CONSORT extension) and for preclinical research in

vivo and in vitro.

Each product that is applied to the patient should carry its "barcode", its
biological signature, in which all the necessary data and metadata [275]
are described in a standardized and accurate fashion: origin, obtaining
protocol, administration and all the relevant characteristics that may be
involved in their safety and effectiveness. Only in this way it would be

possible to compare between different products.

Patients deserve safe and effective treatments as in any field of
medicine, which is accomplished in part by improving the transparency
and reproducibility of the publications describing these treatments.

Biological therapies present great potential, but their progress and
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widespread as well-established medical practices may depend to a great
extent on proper reporting of results. All of these suggest that there is
a compelling need for a new reporting guideline for biological therapies,
mainly stem cells or PRP. Consensus among all key stakeholders

involved is essential to foster these therapeutics.
6 Box 1. Stem cell therapies.

Advances in stem cell therapies have raised expectations in the
treatment of multiple conditions [267]. However, the clinical reality is
not in accordance with their theoretical potential, due in part to the lack
of standardization of this type of biological therapy. Therefore, it is
necessary an adequate reporting of all the parameters involved in the
obtaining, ex vivo procedures and administration of the stem cells
(Figure 26).

The obtaining protocol must collect the relevant data that allow the
entire procedure to be replicated, beginning with the origin of the donor
tissue, since the cell populations that it contains may present different
proliferative ability and differentiation potential, giving rise to different

clinical responses.

Stem cells have to be expanded in vitro if they are needed in a clinically
relevant number for many pathologies. Their heterogeneity has a
marked influence on the properties of the expanded cells, since during
the ex vivo expansion procedures a clonal selection is produced that
could result in loss of proliferative capacities. It has also been shown
that the choice of stem cell culture supplement, for example fetal
bovine serum (FBS) or platelet derivatives, can originate different
responses and influence the reproducibility of the process. According to
good cell culture practices it is recommended not to use xenogeneic

components, such as FBS, in order to reduce immunogenic risks.
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- Autologous versus Stem cells

allogeneic
- Type and characteristics
of the donor tissue

- Tissue processing
protocol

- Ex-vivo expansion
procedures

-Yield, purity and
heterogeneity

- Population doubling level,
passages and viability

- Characterization and
Immunophenotyping

-Chromosomal stability,
aging and senescence
evaluation

- Biological activity
assessment (potency assays)

- Dose, volume and vehicle
of application

- Administration route

Figure 26. Key parameters in the proper reporting of stem cell therapies. Stem
cells can be isolated from various tissues by multiple purification protocols. This
diversity makes the comparison between trials a challenge. This figure describes
critical parameters that should be reported for an adequate characterization,
including those of MIBO (Murray et al, 2017) and other additional items.

One of the main concerns of ex vivo expansion processes is the
possibility of spontaneous and uncontrolled transformation of stem
cells due to theirintrinsic potential. Therefore, it is critical to control and
adequately report the whole ex vivo expansion process. It is key to
specify the different parameters that guarantee that these cells are safe
before treating the patient, such as yield, purity, heterogeneity,

population doubling level, number of passages and viability. One
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consistent observation is that the greater the time of in vitro expansion,
the greater the risk of spontaneous transformation, whereby it is
necessary to perform the characterization and the immunophenotyping

immediately before the use of stem cells [276].

A critical point is the importance of developing and reporting robust
potency assays that measure stem cell attributes that guarantee both

quality and consistency and finally predict clinical efficacy.

Finally, it is essential to adequately define the administration route of
stem cells, local or systemic, since this election can condition the
efficient homing to injured organs and thereof drastically affect the

clinical efficacy.
7 Box 2. Platelet-rich plasma therapy.

Platelet-rich plasma (PRP) is broadly defined as a blood derivative with
a supraphysiological platelet concentration that is used to regenerate
damaged tissues (Figure 27). Traditionally PRP has been obtained from
autologous blood, however there is a growing trend towards to use of
allogeneic off-the-shelf PRP in certain situations, but nevertheless the
risk of blood-borne pathogens and alloimmunization must be minimized

by viral detection and/or inactivation.

In addition to the characterization of blood safety, in all cases it would
be necessary to carry out and report a basic blood count of the whole
blood, in order to compare it with the PRP and thus determine if the
obtaining protocol has been carried out accurately. With this
performance characterization we would obtain the values of platelet
enrichment and recovery with respect to the basal levels of peripheral
blood.
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Platelet-rich plasma - Autologous versus
off-the-shelf

- Whole blood
characterization

- PRP obtaining protocol

- Platelets

- Differential leukocyte
count

- Erythrocytes

« PRP formulation

- Enrichment and
recovery

- Activation type
- PRP classification

- Dose of components and
application volume

- Administration route

Figure 27. Core attributes in adequate reporting of platelet-rich plasma (PRP)
therapies. The use of PRP as autologous biological therapy has reached
unexpected limits in recent years, both in the number of clinical trials and in the
obtaining systems (Padilla et al, 20171). However, the clinical outcomes are
contradictory, mainly due to the variability of the formulations and the
inadequate reporting thereof. The development of appropriate reporting
guidelines that include the obtaining protocols is crucial to increase the
reproducibility of this biological treatment (Murray et al, 2017).

Proper reporting of the PRP obtaining protocol (anticoagulant type,
time and g-force of centrifugation/s or storage) is essential, since
variations in it can generate different products in terms of enrichment,

concentration, or purity of its components. Both viability and function
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of platelets could also be compromised, leading to reduce the clinical

efficacy.

PRP always contains a supraphysiological concentration of platelets,
however some formulations may be enriched in leukocytes (or in some
of their subpopulations) and indirectly in erythrocytes. The presence of
any of these elements modulates both the type and quantity of growth
factors and cytokines present in the PRP and therefore the clinical

outcome.

On the other hand, the type of activation of platelets (freeze-thaw,
calcium chloride, thrombin, etc) can condition the growth factors release

of platelet granules.

It is worth noting that in light of the great variability of issues that
condition both the efficacy and the safety of the product, we consider
that classifying the PRP is a key point in order to be able to compare

different protocols.

Finally, as in the case of any other medicinal product, a detailed report
of the dose, route and schedule of administration is necessary. PRPs are
complex multimolecular biological products, so the performance of
both pharmacokinetic and pharmacodynamic studies is a challenge.
Even thought PRP is applied locally in the injured tissue, its therapeutic
action depends on both the receptor tissue and the type of formulation.
The bioavailability and release kinetics of growth factors are
conditioned by the matrix or scaffold that contains them. For example,
the growth factors are retained in the fibrin matrix and released
gradually over the time, unlike if they are administered in its liquid form

without scaffold resulting in a fast release or burst.
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1 Discussion

Regenerative medicine, a field in constant evolution that comprises a
multidisciplinary area of research and clinical applications, aims to repair
tissues, or even organs, and restore their function [277]. The
phenomenon of an aging population and the increase in chronic and
degenerative diseases is a challenge that we face today and requires a
new strategy that allows the rapid regeneration and replacement of
damaged tissues [278]. Without doubt, innovation in surgical techniques
and transplants has been a milestone in the history of regenerative
medicine (Figure 28), but the true revolution has emerged from the
knowledge of the biological mechanisms that dictate the processes of
tissue repair and regeneration [279]. Thus, we have moved from a
twentieth century medicine in which symptoms were treated to a
twenty-first century approach in which diseases are cured. However, the
current use of organ and tissue transplantation to treat injuries and
losses of organs and tissues suffers from a limited supply of donors and
in some cases even from immune complications [280]. These hurdles can
be overcome through the use of regenerative medicine and tissue
engineering strategies. A further step is not only to develop new
regenerative strategies, but to ensure that these are minimally invasive
and cost effective in order to reach the greatest number of patients
[281].
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2014

First human clinical trials using stem
cells to treat macular degeneration, ALS,
diabetes & heart disease

2013
Researchers convert human skin cells into neurons
that arrange themselves into structures resembling
the anatomy of the foetal brain

2012

Human embryonic stem cells show medical promise to
treat blindness

2010

A person with spinal injury becomes the
first to receive medical treatment derived
from human embryonic stem cells

2008

iPS reprogrammed into
neurons to improve
Parkinson’s symptoms

in animal model
2006

Professor Shimya Yamanaka shows that
differentiated adult cells can be
reprogrammed by inserting four key
genes, giving rise to the term
‘induced pluripotent stem cells’

1999
Researchers discover that stem cells can be made to
differentiate into different cell types
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that a lizard can regenerate it’s tail crayfish limb regeneration

Figure 28. Summary of some of the main milestones in the field of regenerative
medicine. Figure from Jessop et al 2016 (BMC Medicine 14:115).

To overcome these unmet medical needs, clinicians have a poweful tool
based on the use of blood derivatives in tissue regeneration, based on

mimicking natural wound healing processes as a therapeutic strategy
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[282]. This approach is based on the role of some of the blood

components

in tissue

regeneration

in order to restore tissue

functionality through regeneration rather than simple repair (Figure 29).

Haemostasis

Response to injury

' Proliferation

Remodelling

* e

1 hour{1day 1 week
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1 year

« Coagulation

* Immune cells
infiltration

« Pathogen killing

« Debris clearance

* Fibroblast proliferation

+ Scar formation and
wound contraction

+ Collagen synthesis

» Angiogenesis

derivatives

* Re-epithelialization
* ECM remodelling
» Apoptosis

Figure 29. Overview of the natural phases of wound healing versus regenerative
medicine therapy approach. (I) The processes of wound healing occur in an
orchestrated manner in a spatial and temporal response to injury. (I) The
balance of these events plays an important role in the switch between tissue
repair and tissue regeneration after injury. Blood derivatives are expected to
positively modify the outcome by attempting to generate functional tissue.
Figure from Mendes et al 2018 (Adv Drug Deliv Rev 129:376-393)

Blood derivatives, usually known as platelet-rich plasma, use the body's

own mechanisms to promote the regeneration of damaged tissue. This

Discussion
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aid consists of the controlled release of multiple molecules with
regenerative capacity at the site of the injury with the ultimate goal of
mimicking and accelerating the body's own natural regeneration
processes. As we have learned from this hypothesis, platelets are the
main actors in this optimization of the natural process of wound healing,
as they present several hundreds of molecules in their granules, which
are released at the site of the injury after their activation (Figure 30)
[125].
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Figure 30. Platelet granules store a myriad of bioactive molecules. Dense
granules, alpha granules and lysosomes contain several hundred powerful
substances such as lysosomal enzymes, coagulation factors, immune and
adhesion molecules, chemokines and growth factors among others, all of which
are focused on the defense against aggression and on promoting tissue
regeneration. Figure from Burnouf et al 2016 (Biomaterials 76:371-387).

However, there are contradictory results in the clinical efficacy of

platelet-rich plasma, mainly due to the different formulations that are
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used in clinical practice. There are multiple variations in the composition
and enrichment of the various components, such as platelets,
leukocytes, erythrocytes or plasma proteins [30, 283, 284]. Within the
jungle of all these different platelet-rich plasma products, plasmarichin
growth factors - PRGF is a technology with more than two decades of
evolution that obtains several therapeutic formulations from a small
volume of blood, producing a plasma that is free of both leukocytes and
erythrocytes, and that moderately concentrates the platelets [1]. To
ensure both the safety and the clinical efficacy of PRGF, it is necessary
to know in detail its composition and mechanism of action. For any
medicinal product with a defined composition it is relatively easy to
perform. However, in the case of biological products such as PRGF, the

accurate characterization presents a great challenge.

Taking this context into account, the experimental work of the current
doctoral thesis focused on the systematic and detailed characterization

of PRGF and its posterior optimization (Figure 31).

Characterization

retained in
~ close contact

PRGF scaffold

Cumulative release
(9% of total incorporation)

Time (Days) '

Figure 31. Summary of the experimental work of this thesis, both
characterization and optimization of the PRGF technology.
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In a first step, we aimed to perform a detailed proteomic
characterization of the biomolecules that are retained in close contact
with the fibrin network of the PRGF clot [2]. For that purpose, we carried
out a high-performance proteomic characterization of proteins that are
retained in the PRGF-fibrin scaffold. As it is known, the main constituent
of this clot is the fibrin network, but there is little knowledge about
other proteins that interact with this scaffold and can act as adjuvantsin
the wound healing process. In the course of the fibrin polymerization
process (Figure 32), multiple molecules are trapped inside it, mainly
growth factors released from the platelet degranulation and different

molecules from the plasma [285].
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Figure 32. Overview of the conversion of the soluble fibrinogen molecule into
the insoluble fibrin. Once the fibrin is polymerized, the fibrils branch and
interconnect to form a fibrin network. This is the final step in the natural
coagulation cascade that PRGF technology mimics. Figure from Roberts et al
2020 (Macromol Biosci 20: e1900283).
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All these proteins bind to the heparan sulfate proteoglycan domains of
fibrin through a crosslinking reaction that functionalizes fibrin during
the fibrinogen polymerization with multiple cell-signalling molecules

related to wound healing [286].

A double proteomic approach was performed in order to characterize
the proteins enclosed and retained in the PRGF scaffold. On the one
hand, a 1D-SDS-PAGE approximation followed by LC-MS/MS, and on the
other 2-DE followed by MALDI-TOF/TOF (Appendix |I. Supplementary
Figure S1). Through this dual approach, an in-depth description of the
most relevant proteins that were in close contact with the fibrin matrix
was obtained. Specifically, we detected the presence of TSP-1,
vitronectin, fibronectin, alpha-1-antitrypsin and alpha-1-
anticymotrypsin, among others, all of them proteins of relevant interest
in wound healing. Afterwards, a ontological analysis of genes of all
identified proteins was carried out, showing a significant enrichment of
certain terms of ontological analysis that were associated with tissue
repair and regeneration, such as immune response, wound healing,
angiogenesis, cell migration and adhesion, and lipid metabolism, among

others.

Since the pioneering publication of this proteomic study [2], and to the
best of our knowledge, only two studies have reported a detailed
proteomic characterization of the PRP [287, 288]. Longo et al [287] have
compared and characterized the proteins of the platelet gel releasate
from adult peripheral and cord blood, finding globally similar results,
even though the methodology was different from our dual approach.
Recently, Lee et al [288] have published a proteomic study in which they
describe the proteins present in PRP obtained through two different
commercial systems. The results are similar for both, and also to those

obtained with PRGF, that is, an enrichment of proteins related to wound
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healing. Unfortunately, this study does not explore the differences

between the commercial PRP systems with and without leukocytes.

The next goal was to characterize the molecules that are released by the
PRGF clot. For this purpose, we studied the release kinetics of several
growth factors and proinflammatory molecules, in comparison with a
formulation that not only contains platelets but also leukocytes and
erythrocytes [3]. The biological mechanism by which PRGF exerts its
therapeutic effect is partly determined by the release of the molecules
it contains, including growth Ffactors, into the microenvironment
surrounding the area of application. In this way, we analyse the release
kinetics of six of the main growth factors (PDGF-AB, TGF-31, VEGF, EGF,
HGF and IGF-1) involved in the tissue regeneration process [3]. For this
purpose, PRGF scaffolds were incubated for 8 days at 37 °C. Altogether,
the results showed the existence of an initial release phase with a high
percentage of the content of each molecule released during
approximately the first 24 hours (initial burst effect). Afterwards, a
second phase of slow and sustained release followed (controlled
release), in such a way that after 8 days the PRGF matrix retained

approximately 30% of the total amount of the growth factors.

The next stage of this study was to compare this release pattern with
the one obtained if leukocytes were included in the formulation (L-PRP)
[3]. We also studied the release of two proinflammatory molecules, IL-
1B and IL-16, in the PRGF and L-PRP matrices at different study times.
Both scaffolds showed similar release profiles for all of the growth
factors analysed, with the exception of VEGF. Specifically, a drastic
decrease of VEGF in the culture medium was observed after three days,
until it disappeared after seven or eight days. The removal of VEGF is
probably due to a possible uptake of this molecule by its soluble

receptor synthesized by leukocytes or to the destruction by proteases
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released from them. It has recently been described that leukocytes have
the ability to regulate VEGF signalling by releasing both VEGF and its
soluble antagonistic VEGF-1 receptor [289]. In any case, this fact
highlights the negative role of leukocyte inclusion in the PRP, since their
presence would translate into a potentially lower angiogenic response.
Another relevant result of this research was the demonstration of the
absence of inflammatory cytokines in the PRGF fibrin matrix compared
to a high release observed in the case of those prepared with leukocytes
(L-PRP) [3]. With all these data, in addition to contributing to the
characterization of PRGF's active ingredients, we have set the
groundwork for trying to unravel the molecular mechanisms responsible
forits clinical effectiveness and the differences with other formulations

that contain leukocytes.

After conducting a comprehensive characterization, the next stage of
this doctoral thesis was to optimize the protocol for obtaining PRGF and
compare it with the former one [4]. As with any medical procedure, PRGF
is a constantly evolving technology, and therefore it is necessary to
adapt it to the new scientific evidence and the current regulatory
framework. The new PRGF obtaining protocol consist of reducing the
levels of anticoagulant and activator, in order to perform a more
physiological protocol. The current protocol (PRGF-A) uses extraction
tubes with 0.9 ml of trisodium citrate as an anticoagulant and 50 pl of
calcium chloride / ml of PRGF to activate it. In contrast, the new protocol
(PRGF-B) reduces the amount of sodium citrate and calcium chloride to
0.4 ml and to 20 pl, respectively. No parameter of those studied had
worse results in the new protocol. Furthermore, most of the results of
new protocol were improved. When it was proposed to optimize the
PRGF obtaining protocol, the need to reduce the concentration of both
anticoagulant and activator was taken into account, but maintaining the

necessary amounts to prevent spontaneous coagulation of the blood,
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while allowing controlled activation with calcium chloride when

required by the clinician.

Once the PRGF protocol had been characterized and optimized, we
proposed to take another step forward and perform a theoretical
analysis of three key points in the development of therapies with the
blood derivatives, namely, the new PRP regulatory framework in Spain,
the possibility of using allogeneic PRP as therapeutics, and the

requirement for standardization of biological therapies such as PRP.

In relation to the new regulatory framework of the PRP in Spain, an
exhaustive review has been carried out of the new regulatory
framework for platelet-rich plasma introduced by the Spanish Agency
for Medicines and Healthcare Products (AEMPS) in Spain [5]. The
implications of considering PRP as a medicinal product for human use
and the guarantees of safety and efficacy offered by this classification
have been discussed. In addition, the gaps and limitations of these rules
have been analysed [5]. Unfortunately, the AEMPS has not moved
forward with this reqgulation, as the indications for the use of PRP in
different pathologies based on current scientific evidence remain to be

developed.

We later focused on the possibility of applying PRP from a donor to treat
a different patient, i.e. to perform an allogeneic therapy with PRP [6].
The advantages and disadvantages were presented, and it was clearly
concluded that the development of off-the-shelf PRP is crucial and it is
postulated as a huge market niche. The development of long-term
preservation techniques, such as freezing or freeze-drying, may be
required for adequate translation to the market and at the same time to
compete with the autologous option. Such strategies are been recently
tested on small groups of patients, such as freeze-dried PRP for the

treatment of osteoarthritis [290].
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The appropriate reporting of the methods of obtaining and applying the
PRP is another essential issue and it has become clear in the previous
chapter of this thesis [7]. In fact, Murray et al [291] recently publishes a
very illustrative infographic (Figure 33) in which the most important
points of MIBO, both for PRP and stem cell therapy, are summarized

graphically.

Minimum Reporting Standards

www.mibo-statement.org

Recipient
Details

Injury
Details

Example:
Platelet

RichPF;:sma Biologic-Specific Example
(PRP)

Details Mesenchymal

St Cell
White Cell Conc. em Cells
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Operative
Care Outcome

INTERPRETABLE RESULTS

Figure 33. Infographic that summarizes the minimum information for studies
evaluating biologics in orthopaedics (MIBO). There are some parameters
common to all biological therapies and others specific to PRP or stem cell
therapies. MIBO is focused on sports medicine and orthopaedics. Figure from
Murray et al 2019 (Br J Sports Med 53: 974-975).
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In line with the aforementioned, the only journal entirely dedicated to
the platelet world, "Platelets" journal, has defined a new policy for the
publication of articles with PRP, both preclinical and clinical [292]. These
guidelines aim to adequately report the methods in which PRP are
obtained and applied, i.e. basically the items originally described by
Murray et al [270] in the MIBO statement for studies related to
traumatology and orthopaedic surgery, and that recently Anitua et al [7]
have proposed to extend to all therapeutic areas in which PRP are
applied. This is a relevant example of how an accurate standardization
and reporting of the PRP obtaining methods is going to be
implemented, not only in orthopaedics, but in all medical specialties, as

advocated in our publication [7].

PRGF technology has been applied for more than twenty years for the
treatment of multiple pathologies (Figure 34) [285]. This technology is a
pioneer among blood derivatives [139]. Its application began in the field
of oral and maxillofacial surgery [137], and later extended to other
areas. Traumatology and orthopaedic surgery was the next medical
specialty [8]. In Ffact, the Ffirst scientific publication using PRP in
traumatology was the treatment of a cartilage avulsion with PRGF in
2003 [293].

Later, other areas such as ophthalmology [98] or dermatology [294],
have been developing specific procedures in their field to treat different
pathologies with PRGF. For all these reasons, it is necessary to perfectly
translate the advances produced in the development of PRGF. However,
this translation must be bidirectional [295], in order to optimize the
formulations applied to the patients, who are ultimately the ones who
benefit.
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Figure 34. Summary of the application of PRGF technology in the treatment of
various pathologies (A) chronic tendinopathies, (B) severe knee osteoarthritis
and osteochondral injuries, (C) muscle tears, (D) peripheral nervous system
injuries, (E) chronic low back pain, (F) ulcers and skin burns, and (G) ocular surface
injuries. Figure from Anitua et al 2019 (Biomaterials 192;440-460).
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As already mentioned, in this translation from the bench to the bedside
it is essential to perform an appropriate PRGF characterization, to
attempt to guarantee and optimize its clinical effectiveness. Once the
active ingredients, the biomolecules that are present, have been
described, it is necessary to determine their contribution to clinical

outcome.

For this purpose, one of the challenges that will arise in the future is the
development of potency assays for PRGF [296]. The progress of other
types of biological therapies, such as stem cell treatment, has been
enhanced by the development of these types of assays [297]. It is
therefore necessary to move forward and develop potency assays that
not only allow us to evaluate the PRGF activity in certain pathologies,
but also to optimize the different formulations, customizing the PRGF
technology in function not only of the pathology, but even of its stage.
To date there are few preclinical and clinical studies that evaluate the
customization of PRP formulations, both including and eliminating
molecules. One of the most attractive approaches is the removal of TGF-
B from the PRP, in order to try to attenuate possible fibrosis in muscle
regeneration [298]. If we Ffocus on additive strategies, a
supplementation of bone morphogenetic protein 2 (BMP2) could be
helpful in stimulating bone regeneration [299], or with basic fibroblast
growth factor (bFGF) to stimulate epithelial regeneration [300]. PRGF
contains all these biomolecules, but enhancing or silencing some of

them, it would be possible to improve the clinical outcome.

We are at the dawn of a new type of personalized medicine, and the
results and reflections provided in this doctoral thesis are a starting
point for the expansion of PRGF technology in a way that is customized

to each patient, both in a safe and effective manner.
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1 Conclusions

Following the specific objectives of this doctoral thesis, the conclusions
obtained are the following:

1. A high-performance proteomic characterization of the PRGF-
derived scaffold has been performed, identifying proteins that
are bound in close contact with the fibrin network, and that are
not released to the supernatant, but remain retained in the
mesh itself. These proteins have been classified into families
based on their function and gene ontology. It has been observed
that PRGF's fibrin network is enriched in proteins specifically

involved in tissue regeneration and wound healing.

2. The release kinetics of morphogens and pro-inflammatory
cytokines was determined in PRGF scaffolds for eight days.
Furthermore, it was observed that the inclusion of leukocytes in
PRGF did not increase the release of growth factors, but it did
increase the presence of IL-13 and IL-16, two pro-inflammatory
cytokines that were practically absent in leukocyte-free PRGF

matrices.

3. A new PRGF obtaining protocol has been developed in which
both the concentration of the anticoagulant (sodium citrate) and
the activator (calcium chloride) are reduced. In this way, a double
objective has been achieved: to develop a more
physiological protocol that adapts to the new regulatory
requirements and, on the other hand, to improve some of the
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characteristics of the obtained PRGF, such as increasing
platelet enrichment, decreasing coagulation and retraction

time, or increasing the concentration of growth factors.

4. The new regulatory framework for PRPs, including PRGF
technology, has been analysed after the AEMPS resolution that
considered the application of the PRP as a medicine for human
use, but not for industrial production or advanced therapy. This
resolution is positive in order to guarantee the adequate use of
PRP therapies; however, this new regulation leaves relevant
issues to be clarified in the future.

5. The use of allogeneic PRP has multiple advantages over
autologous treatment and is a strong candidate for widespread
its use in the short term. However, there is currently little clinical
experience, so more studies are needed to confirm both its

efficacy and safety.

6. Ithasbeen observed that the lack of reproducibility in the PRP
obtaining protocols is a limiting factor in the progress of PRP
biological therapies. Thus, it is recommended to make a detailed
characterization of the product to be applied. In addition, the
methods used must be described in an appropriate and unified
fashion following the guidelines in line with those established
by the EQUATOR network, and more specifically by MIBO.
Therefore, it is necessary the development of a new guide to

inform and publish, both for preclinical and clinical research.
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2

Conclusiones

Siguiendo los objetivos especificos de esta tesis doctoral, las

conclusiones obtenidas son las siguientes:

1.

Se ha realizado una caracterizacion proteémica de alto
rendimiento del coagulo derivado de PRGF, identificAndose
proteinas que estan unidas de forma muy estrecha a la red de
fibrina, y que no son liberadas en el sobrenadante, sino que
quedan retenidas en la propia malla. Esta serie de proteinas ha
sido clasificada en familias en base a su funcién y su ontologia
génica. Se ha observado que la red de fibrina de PRGF esta
enriquecida en proteinas especificamente involucradas en la

regeneracion de los tejidos y en la curacién de heridas.

Se determiné la cinética de liberacion de morfégenos vy
citoquinas proinflamatorias en las matrices de PRGF durante
ocho dias. Ademas, se observé que la inclusién de leucocitos en
el PRGF no aumentod la liberacién de factores de crecimiento,
pero si la presencia de IL-1B y and IL-16, dos citoquinas
proinflamatorias que se encontraban practicamente ausentes

en las matrices de PRGF libres de leucocitos.

Se ha desarrollado un nuevo protocolo de preparacion de
PRGF en el que se reduce tanto la concentracién del
anticoagulante (citrato soédico) como del activador (cloruro
calcico). De esta forma se ha logrado cumplir un doble objetivo:
lograr un protocolo mas fisiolégico que se adapta a las nuevas
exigencias regulatorias y, por otro lado, mejorar algunas de las
caracteristicas del PRGF obtenido, como aumentar el

enriquecimiento en plaquetas, disminuir el tiempo de
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coagulaciéon y retraccion, o aumentar la concentraciéon de

factores de crecimiento.

4. Se ha analizado el nuevo marco regulatorio de los PRPs,
incluyendo al PRGF, tras la resolucion de AEMPS en la que se
consideraba la aplicacién del PRP como un medicamento de uso
humano, pero no de produccion industrial ni de terapia
avanzada. Esta disposicion, si bien es positiva para garantizar la
adecuada utilizaciéon de las terapias de PRP, deja cuestiones

relevantes que deberan de ser aclaradas en el futuro.

5. La utilizacion de PRP alogénico presenta multiples ventajas
sobre el tratamiento autélogo y se postula como firme
candidato en terapias con PRP en un futuro cercano. Sin
embargo, actualmente existe poca experiencia clinica, por lo
que son necesarios mas estudios que confirmen tanto su eficacia

como su seguridad.

6. Se ha observado que la falta de reproducibilidad en los
protocolos de obtencion del PRP es un factor limitante en el
avance de este tipo de terapias bioldgicas. Por ello, se
recomienda realizar una caracterizacion detallada del producto a
aplicar. Ademas, los métodos empleados han de ser descritos
de forma adecuada y unificada siguiendo unas directrices en la
linea de las que establece la red EQUATOR, y mas
concretamente de MIBO. Por ello, es necesario el desarrollo de
una nueva guia para informar y publicar, tanto para

investigacion preclinica como clinica.
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3  Appendix Il List of figures

Figure 1. Esquema de las publicaciones cientificas incluidas en la
presente tesis doctoral. Comprende un articulo introductorio de
revision del estado del arte de la tecnologia PRGF, tres articulos
experimentales donde se caracteriza y optimiza la tecnologia, y
finalmente tres ensayos cientificos que analizan el marco regulatorio de

los derivados de plaquetas asi como los nuevos retos y desafios.......... 10

Figure 2. Outline of the scientific publications included in this doctoral
thesis. It comprises an introductory article reviewing the state of the art
of PRGF technology, three experimental articles where this technology
is characterized and optimized, and finally three scientific assays that
explore the platelet-rich plasma regulatory framework and the new

challenges and EFENAS. ... e e 17

Figure 3. PRGF-Endoret technology overview. PRGF-Endoret aids in the
preparation of different autologous therapeutic formulations from

PALIENL'S OWN DlOOM. ...ttt re oo s sesene 35

Figure 4. The plasma transfer device 2 (PTD2) is a disposable and sterile
aspiration system that allows the fractionation of PRGF. The device
contains an ergonomic button that allows fine control of the suction
flow. The suction is performed by the vacuum containing in the
fractionation tube (TF9). The aspiration needle is a blunt needle to
prevent accidental stab injuries. In this way, PRGF-Endoret is obtained
directly in a fractionation tube, in which it can be directly activated with
calcium chloride. It is possible to perform the whole procedure without

opening the extraction tubes, using an adapter needle.........cccceeeueuuneeee 37

Figure 5. PRGF-Endoret technology formulations: (A) three-dimensional

clot or scaffold, (B) elastic and dense autologous fibrin membrane. (C)
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liquid formulation activated at the moment and deposited on the
implant surface, and (D) the PRGF supernatant, ideal as eye drops or cell
CULEUTE SUPLEMENL. ..o sene 40

Figure 6. Three-dimensional structure of PRGF-Endoret clot or scaffold.
(A) PRGF scaffold observed with the naked eye. (B) Optical microscopy
reveals a 3D network of fibrin with platelet aggregates scattered
throughout the network (May-Grunwald-Giemsa staining, original
magnification x 400). (C) Closer inspection reveals regular and
interconnected intact fibrin strands in a leukocyte-free plasma rich in
growth factors (PRGF)-Endoret scaffold (original magnification x 3500).
Adapted, with permission, from Anitua et al, Trends Biotechnol.
20713;31:364-T A eeeeeeeeerectr e cee e sts et s e ste s s e s s et e et e e sse e s e e e et e asaannenens 41

Figure 7. Summary of the process of preparation, characterization and
strategy for analysis of the different samples. (A) Schematic illustration
of the most important steps in the preparation of samples and
subsequent analysis. After centrifugation and fractionation, F1 and F3
fractions were processed independently. After extraction with
acetonitrile, samples were processed and analyzed following the dual
approach commented (see materials and methods section for further
details). Microscopic characterization of the PRGF-Endoret 3D scaffolds
prior (B and C) and post (D and E) protein extraction. Original
magnifications for SEM (B and D) are x5000 and for TEM (C and E) are
X28000. ..eeeeeeereereeeeeeteertertee e e te e ste e te s e et e et e et e et e e ese e ere e e et e e sentesensenan 57

Figure 8. F1 and F3 fractions analysis using SDS-PAGE LC-MS/MS
technology. (A) Protein extracts from F1 and F3 fractions resolved by
SDS-PAGE. Protein coming from the three different individuals (Ind. 1-3)
was independently run and processed. Venn diagrams depicting the
proteins identified by LC-MS/MS in F1 (B) and F3 (C) extracts. A decoy
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search-based 1% FDR cutoff was set for peptide identification. Proteins
identified in at least 2 out of 3 individuals were only considered for
further analysis. (D) Overlap between these proteins identified in at
least 2 out of 3 F1 and F3 extracts. Supplementary data section provides
the full list of identified Proteins........ceeeeererercrercceeee e 67

Figure 9. F1 fraction analysis by means of 2D SDS PAGE MALDI TOF/TOF
and comparison with the LC-MS/MS study. (A) 2-DE gel of a
representative F1 protein extract. Protein from 3 individuals was pooled
and analyzed by 2-DE as described in the materials and methods section.
(B) Venn diagram showing overlap between proteins identified by 2-DE
and LC-MS/MS in F1 extract. Spot distribution of the F1 proteins
identified in both 2-DE and LC-MS/MS approaches (C) and 2-DE-exclusive
proteins (D). Supplementary data section provides the full catalog of

IdENEIFIEd PrOLEINS. .t sene 68

Figure 10. Gene ontology analysis of proteins identified in F1 extract. GO
term distribution was compared against a background database (IPI
Human) in order to determine which biological processes were
significantly enriched in our dataset. This approach offers a classification

of fibrin close contact proteins according to their biological function.70

Figure 11. Network analysis results of all proteins identified in F1
fraction. The top networks that were found were amino acid
metabolism, molecular transport and small molecule biochemistry
(upper network); lipid metabolism, molecular transport and small
molecule biochemistry (middle network); and cell signalling,
inflammatory response and lipid metabolism (bottom network). The

identified proteins in our dataset are indicated in dark gray colour.....72
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Figure 12. Canonical pathways analysis results of all proteins identified
in F1 fraction. The most important ten canonical pathways are shown.
The chart displays the significance threshold (>1.3 = p <0.05) from which
our dataset and the pathways are not associated randomly (Fisher's
exact test). It also shows the ratio of proteins present in PRGF-Endoret
that are included in a particular pathway (identified proteins / proteins

N ENE PALRWAY). ettt 74

Figure 13. Graphical representation of sample preparation process.
After blood centrifugation F1 and F2 PRGF-Endoret can be obtained
over the buffy coat. To prepare L-PRP white cells must be collected with
F2 fraction. Contrarily, the buffy coat is avoided in the obtaining of F2

PRGF-Endoret. The experimental design is also represented.................. 86

Figure 14. Microscopic characterization of the fibrin scaffold obtained
from PRGF-Endoret (A-C) and from L-PRP (D-F) scaffolds. Samples were
observed by staining with H & E (A and D) and by SEM at low (B and E)
and high (C and F) magnifications. Scale bars: Aand D, 50 um; Band E, 25
HM; CANA F, 5 M ceeiceeeeetetetetetetetesesesesesesesesese e e e sesesese e e sese e e e e e e sesesesesenns 91

Figure 15. PDGF-AB and VEGF release from fibrin scaffolds obtained
from PRGF-Endoret and from L-PRP during an observation period of 8
AYS. %1 P S 005t e e e be s ne 93

Figure 16. TGF-B1 and EGF release from PRGF-Endoret and L-PRP fibrin
scaffolds during an observation period of 8 days. *: p < 0.05.................. 94

Figure 17. IGF-1 and HGF release from PRGF-Endoret and L-PRP Ffibrin
scaffolds during an observation period of 8 days. *: p < 0.05..........c...... 96
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Figure 18. Pro-inflammatory cytokine (IL-1B and IL-16) release from
autologous Ffibrin scaffolds (PRGF-Endoret and L-PRP) during an
observation period of 8 days. *: P < 0.05......c.oeeeeeeeeeeeeeeeeeererenene 97

Figure 19. Images of cells adhered to the cell-culture well after removing
a fibrin (L-PRP) after 8 days of incubation. (A) Photomicrograph at low
magnification (phase contrast combined with Hoechst 33342 nuclear
staining). Note the presence of multinucleate cells. (B) High-
magnification image showing a detail of the cells found in the culture
well. Scale bars: A, 200 HM; B, 50 M cevvvireeeeeeererereeererererereresesesesesesesssesenesenes 98

Figure 20. Experimental design and PRGF preparation workflow with A
and B protocols. The differences between the two protocols (volume of
anticoagulant and activator) are highlighted. The measurements
performed at each step of the procedures are indicated with boxed
numbers (one to five) and the number of donors (n) assayed in each

phase of the study is also indicated (WP, whole plasma). ........ccceeuueu. 111

Figure 21. Platelet function assays. (A) Hypotonic stress response. (B)
Flow cytometry platelet activation representative images are shown:
the upper-left panel represents a typical forward versus side scatter
histogram (FS/SS) for platelets, the upper-right panel shows an
histogram with the constitutive platelet marker CD41, the lower-left
displays a histogram showing no-activation (resting) for CD62 (P-
Selectin), and the lower-right panel is a representative histogram of
ADP-activated sample marked for CD62. (C) Chart representing the
mean values for platelet activation in both PRGF protocols. (D) Typical
platelet aggregation monophasic responses for PRGF-A and B protocols.
(E) Quantitative aggregation data, maximal aggregation and lag phase
for both protocols. ** indicates p < 0.01 and *** indicates p < 0.0001. (A,

C and E data are expressed as Mean  SD). ....ccceeurevecerrnerecsnneseessesnnnens 119
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Figure 22. Clotting and retraction time analysis. Representative images
of the coagulation process are shown. The mean coagulation and the
retraction time are shown in the graphic (as mean * SD). * indicates p <
0.05 and *** indicates P < 0.000T.......ooeeeveereeeeeeeeeseesesessesesesesnens 121

Figure 23. Growth factor concentration analysis in PRGF-A and B.
Transforming growth factor 31 (TGFB1), Insulin like growth factor -1
(IGF-1), Vascular endothelial growth factor (VEGF) and Platelet derived
growth factor -AB (PDGF-AB) were assayed in triplicate. The mean + SD
concentration are represented. * indicates p < 0.05, ** indicates p <0.01
and *** INAICALES P < 0.00T. ..ot ees s s s sesseseaenes 122

Figure 24. Biological response to PRGF (PRGF-A versus PRGF-B).
Representative images of primary human keratocytes (HK)
supplemented with PRGF-A and PRGF-B (Scale bars for both
micrographs: 400 pm). The cell proliferation quantitative analysis (ng

DNA/mL) shows no differences between both protocots..................... 123

Figure 25. Comparison of the two different procedures of platelet-rich
plasma (PRP) preparation. (A) Briefly, peripheral venous blood from the
own patient is withdrawn into tubes. After that, the blood is centrifuged
and the PRP is obtained through the separation from other blood
components. PRP can subsequently be applied in form of different
formulations with therapeutic potential for the treatment of the
patient's pathology, such as osteoarthritis of the knee as shown in the
figure. (B) By contrast, the allogeneic PRP is obtained from the
peripheral blood of one or more healthy donors. Later, the off-the self
PRP is prepared and preserved until its application in a patient. A same
batch of this type of PRP could be used to treat a single patient over
time or to treat several patients. The legend is shown at the lower part
OF ERE FIGQUIE. s senene 147
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Figure 26. Key parameters in the proper reporting of stem cell therapies.
Stem cells can be isolated from various tissues by multiple purification
protocols. This diversity makes the comparison between trials a
challenge. This figure describes critical parameters that should be
reported for an adequate characterization, including those of MIBO
(Murray et al, 2017) and other additional items. .......ccccevvrrrrrrnrnnnne 162

Figure 27. Core attributes in adequate reporting of platelet-rich plasma
(PRP) therapies. The use of PRP as autologous biological therapy has
reached unexpected limits in recent years, both in the number of clinical
trials and in the obtaining systems (Padilla et al, 20171). However, the
clinical outcomes are contradictory, mainly due to the variability of the
formulations and the inadequate reporting thereof. The development
of appropriate reporting guidelines that include the obtaining protocols
is crucial to increase the reproducibility of this biological treatment
(MUTTAY €L AL, 2071 7). coeeeeeeeeeeececeeececeereeereeerererenesesesesesesssesesesssssssssssssssssssesssone 164

Figure 28. Summary of some of the main milestones in the field of
regenerative medicine. Figure from Jessop et al 2016 (BMC Medicine
TAITT5) . et se e se e b e sesesenene 170

Figure 29. Overview of the natural phases of wound healing versus
regenerative medicine therapy approach. (I) The processes of wound
healing occur in an orchestrated manner in a spatial and temporal
response to injury. (Il) The balance of these events plays an important
role in the switch between tissue repair and tissue regeneration after
injury. Blood derivatives are expected to positively modify the outcome
by attempting to generate functional tissue. Figure from Mendes et al
2018 (Adv Drug Deliv ReV 129:376-393) .....ceeeeeeeeeeeeeeeeeeessesnesesanens 171
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Figure 30. Platelet granules store a myriad of bioactive molecules.
Dense granules, alpha granules and lysosomes contain several hundred
powerful substances such as lysosomal enzymes, coagulation factors,
immune and adhesion molecules, chemokines and growth factors
among others, all of which are focused on the defense against
aggression and on promoting tissue regeneration. Figure from Burnouf
et al 2016 (Biomaterials 76:371-387) v veereeereeeeeeeeeessssssseasanans 172

Figure 31. Summary of the experimental work of this thesis, both

characterization and optimization of the PRGF technology................. 173

Figure 32. Overview of the conversion of the soluble fibrinogen
molecule into the insoluble fibrin. Once the fibrin is polymerized, the
fibrils branch and interconnect to form a fibrin network. This is the final
step in the natural coagulation cascade that PRGF technology mimics.
Figure from Roberts et al 2020 (Macromol Biosci 20: €1900283) ....... 174

Figure 33. Infographic that summarizes the minimum information for
studies evaluating biologics in orthopaedics (MIBO). There are some
parameters common to all biological therapies and others specific to
PRP or stem cell therapies. MIBO is focused on sports medicine and
orthopaedics. Figure from Murray et al 2019 (Br J Sports Med 53: 974-
O75) ctetereeeterese ettt sttt bbbt a sttt as bt as bt banas 179

Figure 34. Summary of the application of PRGF technology in the
treatment of various pathologies (A) chronic tendinopathies, (B) severe
knee osteoarthritis and osteochondral injuries, (C) muscle tears, (D)
peripheral nervous system injuries, (E) chronic low back pain, (F) ulcers
and skin burns, and (G) ocular surface injuries. Figure from Anitua et al
2019 (Biomaterials 192;440-460)........c.cocvvevevrrrrererrrrrrerssssssssssssens 181
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4  Appendix IV. List of tables

Table 1. Platelet protein classification and their biological role. A set of
proteins present in platelets and its physiological role in the
regeneration of tissues is shown. Reproduced with permission from the
FEFEMENCE [B7] v rssessssssssssssssssssssnssssesessssnsnsnesenens 30

Table 2. Summary of the characterization of whole blood and PRGF
samples from thirty donors. The values for PRGF correspond to the
whole plasma column. Leukocyte, platelet and erythrocyte
concentration was measured in whole blood and PRGF. Leukocyte and
platelet concentration factor (enrichment as fold increase) relative to
the level of peripheral blood (LCF and PCF) and platelet yield (%) are also
indicated. Data are expressed as mean + SD. Reproduced with

PErmission FromM refErenCe [A].... v eeeeeeeeeeeeeeeeeereseresenesesesesesesesesesesens 36

Table 3. Hematologic features of the three donors. Enrichment of
platelets (fold increase) compared to its baseline peripheral blood is

indicated for each fraction. (MPV, Mean platelet volume). .......ocuevuuee. 65

Table 4. Platelet, leukocyte and erythrocyte measurements in PRGF-
Endoret and L-PRP from three donors. The change relative to the values

of peripheral blood is indicated in brackets. (n.d.: not determined). ....90

Table 5. Characterization of whole blood and PRGF samples from the
thirty donors included in this study. Leukocyte, platelet and erythrocyte
concentration was measured in whole blood and PRGF. Leukocyte and
platelet concentration factor (enrichment as fold increase) relative to
the level of peripheral blood (LCF and PCF) and platelet yield (%) are also

indicated. Data are expressed as mean £ SD. ......eeeereeereeeeeeeeeeeeenennenns 118
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