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ARTICLE INLIFO ABSTRACT
Kfﬂ’w'ﬁfff-‘: LEvolution, from invertebrates to mammals, has yielded and shaped immunoclotting as a defense and repair
E"“"j““” responsc against trauma and infeetion. This mosaic of immediate and local wound-scaling and pathogen-killing
I—Tnalm}g . mechanisms results in survival, restoration of homeostasis, and tissue repair. In mammals, immunoclotting has
CioAgit ar:?n been complemented with the neuroendocrine system, platelets, and contact system among other embellishments,
llemostasis 5 i H 3 s

) addmg, l'dy(:'ls of cumplwuiy through inlerconnecting blood-bormn prulculyl]t: cascades, Dlood cells, and the

Platelets 2

neutoendocrine system. In doing so, immunothrombosis endows humans with survival advantages, but entails

Fibrinogen
vulnerabilities in the current unprecedented and increasingly challenging environment. Immunothrombosis and

Serine proteases

Platelel-rich plasma
Complement system
Growth factors

tissuc repair appear to go hand in hand with common mechanisms mediating both processes, a fact that is
underlined by recent advances that are deciphering the mechanisms of the repair process and of the biochemical
pathways that underpins coagulation, hemostasis and thrombosis. ‘This review is intended to frame both the
universal aspects of Lissue repair and the therapeutic use of autologous fibrin matrix as a biology-as-a-drug
approach in the context of the evolutionary changes in coagulation and hemostasis. In addition, we will try to
shed some light on the molecular mechanisms underlying the use of the autologous fibrin matrix as a biology-

inspited, evolution-tailored, and human-engineered biomimetic therapy.

1. Introduction

Every living being, from single-celled organisms to complex multi-
cellular and multi-system animals including vertebrates, possesses a
variety of physical and chemical barriers, and a vast repertoire of
physiclogical responses in order to secure integrity, survival, and ho-
meostasis, processes often grouped as the immune or host defense sys-
tem [1-3]. Invertebrates and vertebrates, including mammals, have
evolved a cluster of immediate and local responses known as immuno-
clotting and immunothrombosis respectively that function in a
wound-sealing, microbial-killing and -clearing, and
homeostasis-restoring manner resulting in tissue repair [4-9]. Pivotal
players of immunothrombosis are blood circulating and tissue stationary
and mobile resident cells, and the intravascular innate immune system
[8,10,11]. The plasma proteins of the humoral intravascular innate

immune cascade systems such as prothrombin-thrombin [12-14], fibrin
{ogen) [15,16], FXII [17-20] and complement (C3, C5, and their active
fragments C3a, C5a anaphylatoxins) [21-23] together with the payload
released by activated platelets play a major role in tissue repair and
remodelling [12,16,22,24,25]. Pathological changes in the interplay
between the intravascular serine protease cascade systems and circu-
lating blood cells as well as vascular and tissue cells, however, are
involved in the pathogenesis of several systemic conditions such as
sepsis, hemorrhagic shock, systemic inflammation, liver fibrosis, or
rheumatic syndromes [8,11,26-228]. Recent work deciphering the roles
of blood cells and of the biochemical intravascular innate immune ma-
chinery, specifically coagulation and hemostasis, has led to filter out
platelets and coagulation proteins that ereate an autologous fibrin ma-
trix (AFM). These blood-derived products have a healing potential as a
local biology-as-a-drug approach, to repair musculoskeletal tissues, skin
and corneal uleers and burns with many other uses [11,29-31].
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Abbreviations

AFM Autologous fibrin matrix
APC Activated Protein C

BK Bradykinin

CNS Central nervous system

CcP Classical pathway

CRP C-reactive protein

cs Contact system

DAMPs Damage-associated molecular patterns
DC Dendritic cell

DCO Damage control orthopaedics

DC-SGN Dendritic cell-specific intracellular adhesion molecule-3-
grabbing non-integrin

ECs Endothelial cells

ECM Extracellular matrix

EPCR Endothelial protein C receptor
FGF Fibroblast growth factor

FXII Factor XII
GAG Glycosaminoglycans

GFs Growth factors

HA Hyaluronic acid

HGF Hepatocyte growth factor

HMWK High-molecular-weight kininogen

HPA Hypothalamic-pituitary-adrenal

HUVEC Human umbilical vein ECs

IGF-1 Insulin-like growth factor 1

IL Interleukin

KKS Kallikrein-kinin system

iny Lectin pathway

1PS Lipopolysaccharide

LXA4 Lipoxin A4

MAMPs Microbe-associated molecular patterns
MASP-1 Mannose-associated serine protease 1

MBL Mannose-bind ing lectin

MEP cell Megakaryocyte/erythrocyte progenitor cell
MIF macrophage migration inhibitory factor
MK Megakaryocytes

MMP-2 Matrix metalloproteinase-2

MODS  Multiple organ dysfunction syndrome

Mya Million years ago

NET Neutrophil extracellular oaps

NF-xB Nueclear factor kappa-light-chain-enhancer of activated B
cells

NLRs Nod-like receptors

NO Nitric oxide

PAMPs Pathogen-associated molecular patterns

PDGF Platelet-derived growth factor

PGE, Prostaglandin E,

PGI, Prostacyclin I,

Piezo2  Piezo ion channel 2

PK Prekallikrein

PMP Platelet microparticles

PPO Prophenoloxidase system

PRP Platelet-rich plasma

PRRs Pattern recognition receptors

RAGE Receptors for advanced glycation end products

ROS Reactive oxygen species

SASP Senescence-associated secretory program

SDF-1 Stromal cell-derived factor 1

SIRS Systemic inflammatory response syndrome

SMA Smeoth muscle actin

SMAD2 Mothers against decapentaplegic homeolog 2
SPMs Specialized pro-resolving mediators

STAT3  Signal ransducer and activator of transcription 3

TFPI Tissue factor pathway inhibitor
TFs Transcription factors

TGF-p Transforming growth factor beta
Th2 T helper 2 cells

TLR Toll-like receptor

™ Thrombomodulin

TRP Transient receptor potential channels
VEGF Vascular endothelial growth factor
VVEC Vasa vasorum ECs

VWF von Willebrand factor

This review is intended to frame both the universal aspects of tissue
repair as a byproduct of the mechanisms underlying the host defense
system and AFM. In addition, we will try to shed some light on the
biological paradox of host defense mechanisms (immunothrombosis) as
local tissue repair enhancer on the one hand while generating systemic
pathogenic processes on the other. We will do so by linking an evolu-
tionary and a clinical-therapeutic perspective, with an emphasis on the
coagulation system, platelets and hemaostasis.

2. Evolutionary perspective of intravascular innate immune
cascade systems

Mammalian intravascular innate immune cascade systems (comple-
ment, coagulation, contact, and fibrinolysis systems) were not generated
from scratch nor were they assembled all at once but, like mammalian
cell types and their biochemical pathways, they derived from simpler
versions originating in non-mammalian vertebrates and invertebrates
[32-35]. At the molecular and cellular level, they evolved from pre-
cursor genes, proteins, and cell types that originally served other func-
tions [32-34,36-38].

2.1. Innate immunity and coagulation: partners throughout evolution

To cope with trauma- and infection-induced disruption of physico-

chemical and anatomical barriers, invertebrates evolved a vast reper-
toire of immediate and local cell-and /or humoral-based responses, with
dual roles in Immunity and clotting. These responses consist of wound-
sealing and pathogen-killing, resulting in restoration of homeostasis and
wound healing [6,10,39-42]. Thus, in marine invertebrates like sea
urchins, with low protein content in their plasma, the only type of cell
present in the coelomic fluid, the coelomocyte, aggregates upon injury
or in the presence of foreign substances to form a cellular clot mediated
by amassin, a plasma protein whose multimers attach the coelomocytes
to each other and ending up by sealing the wound [4]. However, inmore
highly evolved invertebrates like the american horseshoe crab (Limnulus
polyphemus), clotting defense responses involve cell and humoral com-
ponents and are initiated by the hemocyte (also known as amoebocyte)
that detects non-self molecules (PAMPs) such as lipopolysaccharide
(LPS) through pattern recognition receptors (PRRs), leading to hemo-
cyte activation [4-6,9]. This activation triggers hemocyte aggregation,
hemocyte antbacterial- and hemolymph clotting-factor release,
including coagulase and coagulogen, the latter rapidly transformed into
the gel coagulin, and the activation of the primordial complement sys-
tem [4,6,9,43]. These responses are the basis of hemolymph clotting,
clearance-killing of pathogens and foreign bodies, and wound healing
with dual defense and repair roles of immunoclotting [4,6,9,44]. In in-
sect, immunoclotting evolved as a locally operative mechanism, even
generating microclots to entrap bacteria, with a very low risk for
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thrombosis due to the open circulatory system of invertebrates [6,43,
45], but also as an integral part of the healing-regeneration process [6,
46]. Mammals instead, have coupled inflammation and coagulation
through a combination of cooperative host defense components and
strategies, whose pivotal players are circulating blood cells (poly-
morphonuclear cells, monocytes, lymphocytes and platelets), tissue
stationary and mobile resident cells (dendritic and mast cells, noci-
ceptors, endothelial cells, macrophages and fibroblasts), and intravas-
cular innate immune cascade systems (complement, coagulation,
contact, and fibrinolysis systems) [3,8,10,11].

In the evolutionary journey of the vertebrate coagulation and he-
mostasis system (Fig. 1), the first vertebrate clotting component to
emerge was a thrombin-like protein. The thrombin precursor diverged
from the preexisting complement and mannan-binding protein associ-
ated serine proteases (Clr, C1s, and MASP-1, MASP-2, MASP-3) already
present in deuterostomes 710-780 million years ago (Mya), that were
already operating as a primordial complement system (C3, Bf, and MASP
genes) [47-51]. These trypsin-like serine proteases in turn had derived
by gene duplication, exon shuffling, and simple mutation, from the
chymotrypsin-like serine protease domains with trypsin as the origin
gene [34,51], leading to amino acid replacement [35], similar to the
origin of thrombin and other vitamin K- dependent serine protease
clotting factors (FVIL, FIX, and FX) later on [7,33-35,52].

The aforementioned variations endowed the complement, coagula-
tion, and fibrinolysis systems with complex modular allosteric serine
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proteases, sharing some domains and thereby generating intrinsic
chemical affinities with one another or with other protein substrates or
cofactors, being especially useful in creating local, cooperative, molec-
ular networks as infection and injury recognition molecules [7,11,34,35,
64]. The evolved genes and encoded proteins conferred to their bearers
advantages for host survival, but also generated systemic vulnerabilities,
as we will see in section 4 [3,11,28,35]. Accordingly, the allosteric and
catalytic serine protease thrombin plays multiple roles as regulator of
inflammation and in tissue repair, and is an example of pleiotropism that
directly cross-links immunity and coagulation with the repair process as
we will describe further in section 3.1 [13,39,65].

The second and essential substrate of vertebrate blood clots, fibrin-
ogen, is not present in invertebrates [35], although they carried the raw
material in the form of fibrinogenlike loci encoding
fibrinogen-domain-containing proteins with no coagulation but rather
an immune-parasite defense function [66]; an example is the urochor-
date sea squirt, that occupies a critical intermediary position between
invertebrates and vertebrates (Fig. 1), and possesses three genes that
encode a protofibrinogen with almeost all the features of vertebrate
fibrinogen [35]. In any event, the prototype of the coagulation cascade
derived from these molecules in urochordates would not be effective in
hemostasis but rather an immune enhancer with hemolymph cell
agglutination as a cell-based wall-off mechanism simultaneously acting
as a prophylactic mechanism in trapping soluble parasite-derived mol-
ecules, and in killing bacteria [35,67,68].
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Fig. 1. An overview of some of the main events in the evolution of the vertebrate blood coagulation system. Phylogeny and the approximate times of
evolution (as determined by fossil records and molecular clock framework analysis) of various chordates, highlighting significant evolutionary events and in-
novations in the emergence of the human coagulation and hemostatic systems. The red star and purple dot represent the points in evolution where the first and
second whole-genome duplication events have been proposed to occur. The red bold line represents a period of innovations. This period spans the time that followed
the divergence of urochordates and the lineage giving rise to the earliest jawless vertebrate (hagfish and lampreys, more than 500 Mya), which are marine animals
that possess a simple coagulation version involving prothrombin, tissue factor, fibrinogen, FVII and X though they lack genes for coagulation factors VI, and IX, and
the entire contact system [51,53]. This very period of time of great inventions witnessed the emergence of a true endothelium, the blood cell-type diversification, and
the adaptive immune system, and broadly coincides with the onset of Gambrian radiation (540 Mya) [54]. The purple bold line indicates the emergence of the contact
system (FXII, HMWK, and PK), that is associated, somewhere along the Devonian period around 400-390 IMya, with the water-to-land transition of vertebrates, and
with the appearance of first amphibians, and then reptiles [55]. The origin of the MK-platelet axis remains to be determined but has been suggested to occur in the
200-160 Mya window [56,57]. The blue triangle represents the time in evolution that includes the placental radiation of mammals, including rodentia and primates
has been hypothesized to occur [58,59]. The red triangle represents the Cretaceous-Paleogene (K-Pg) mass extinction event, 66 Mya, where among the existing
mammals only borrowing small animals survived (E Ediacaran, G cambrian, © ordovician, $ silurian, D devonian, Car carboniferous, Per permian, Tr wiassic, J
jurassic, K cretaceous, Pal paleogene, N neogene) [35,55,56,58-62]. Adapted from Ref. [63] with permission. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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Notwithstanding the superficial resemblances and functional com-
mon trends between invertebrate hemocyte aggregation, hemocyte
clotting factor release, and hemolymph jelling on the one hand, and
mammalian platelet aggregation and fibrin clotting on the other, there is
little similarity between the primary st ucture of proteins involved in the
invertebrate coagulation reactions (amassin, coagulogen, vitellogenin),
and proteins necessary for the thrombin-catalyzed conversion of
fibrinogen to fibrin in vertebrates (Prothrombin, fibrinogen, FVII); the
similarities being an example of convergence in function [6,35,44,57,
69]. Analysis of gene organization, the toolbox of protein domains,
molecular cloning data, and comparative sequencing, supports the
concept that the simplest version (genes and proteins for generating the
thrombin-catalyzed conversion of fibrinogen to fibrin) of the complex
vertebrate blood coagulation network evolved independently and was
assembled more than 500 Mya, over a period of a 50-100 million year
window (Fig. 1) [35,54,70,71]. Nevertheless, genetic variations (in the
form of gene duplication, exon shuffling, or simple mutation) predate
protein novelties and depend on environmental changes to be turned
into biological innovations [57]. The relatively short window of time
that followed the divergence of protochordates (cephalochordates and
urochordates) and the lineage giving rise to earliest vertebrates known
as jawless fish (agnathans similar to today’s hagfish and lampreys) [35,
36,53,70,71] also witnessed the emergence of a closed and increasingly
pressurized circulatory system, blood cell specialization, the endothe-
lium, and the adaptive immune system (Fig. 1) [35,54,70]. From the
simplest version of the jawless coagulation system with tissue factor,
prothrombin and fibrinogen as the starting peint, to the sophisticated
and embellished mammal coagulation system, the clotting machinery
evolved in distinet stages [35], from downstream onwards by inte-
grating enzymes upstream [/2]. This is the case of the emergence and
integration of the inflammatory arm of the contact system (CS) into the
older tissue factor-triggered extrinsic coagulation pathway [35,52,73]
(Fig. 1). Made up of serine proteases factor XII (FXII) and prekallikrein
(PK), and the multidomain glycoprotein high-molecular-weight kini-
nogen (HMWK), the kallikrein-kinin system (KKS) initially evolved asan
inflammatory pathway by domain acquisition, chromosomal segment
duplication, and exon shuffling parallel to the still independent of fibrin
elot formation cascade [52,74]. Although present in all vertebrates, the
non-protease HMWK expanded from lampreys to humans by domain
acquisition and shuffling [35,52] as confirmed by a recent research that
identified the presence of the PK gene (klkb1) and a simple version of the
HMWK gene (kngl) in the coelacanth and lungfish, two lobe-finned fish
ancestral to tetrapods [52,74]. On the other hand, the serine protease
FXIL, arose through duplication of a hepatocyte growth factor activator
(HGFA) containing chromosomal segment [73-75]. The FXII gene (f12)
is present in lungfish, amphibians, reptiles, and mammals but not
cartilaginous or ray-finned fish, whereas the FXI gene (f11) is present in
platypus and opossum, but not in amphibians, reptiles, or birds [74]
somehow suggesting that the duplication of the PK gene (klkb1) giving
rise to FXI gene (fl1) occurred late in vertebrate evolution in a
proto-mammalian ancestor (Fig. 1) [74]. Importantly, new research
reveals that kallikrein (PK) may directly activate FIX [74,76] as does its
parent molecule FXI, resulting in thrombin generation and fibrin for-
mation independently of FXII and FXI [77] which suggest that the
merger of inflammatory and hemostatic arms of CS contact/kallikrein
system with the fibrin formation pathway might have occurred with the
emergence of tetrapods [76,77] in the water-to-land transition of ver-
tebrates around 400-390 Mya [35,52,55,74,75]. Overall, these new data
confirm that the chain of genetic events necessary to lead to biclogical
innovations with change in function predate and never come about
during the great transitions that change in function are associated with
(see Fig. 1 and section 3.2) [57].
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2.2, Intravascular innate immune cascades, endothelium, and the
circulatory system: a solution to multi-systemic organisms

Multicellularity and the progressive yet transitional spatially orga-
nized and regulated division of labor through cell type diversification
involved segregation and divergence of function in the sister cell types
[78-80]. These processes allowed primitive metazoans to perform
different eellular functions at the same time, a significant evelutionary
leap in sharp contrast with protozoans in which just one cell performed
all of the physiological functions [1,2,78] yet with a complex life cycle
with multiple temporarily regulated cell states [78]. Multicellularity
however inexorably led animals to grow larger body size, and size
matters. Both the earliest single-celled animals and today’s 100-metric
ton blue whale ultimately depend on diffusion to supply oxygen and
nutrients to, and remove carbon dioxide and metabolic wastes from each
cell in the body [54,81]. Moreover, growing bigger increased metabolic
rates and generated large diffusion distances compromising the afore-
mentioned functions (diffusion of oxygen, supply of nutrients, and
elimination of metabolic wastes) [54,81]. In this evolutionary landscape
of animals, cardiocirculatory systems have evolved to provide every cell
in the body with a bulk flow delivery of gases and nutrients, and elim-
ination of wastes to meet the metabolic requirements [54,81]. In this
context, the proteolytic serine protease cascades underlying the immu-
noclotting defense system, which in invertebrates such as arthropods
operates locally and immediately [¢], faced new challenges imposed by
the greater sophistication and the increasingly large bodies of many
invertebrates in the Ediacaran (E 600 Mya), and in the Cambrian
diversification (C 543 Mya) leading to emergence of vertebrates (Fig. 1)
[82]. Initially, in lower vertebrates, the novel endothelial cells that lined
an emerging closed and inecreasingly pressurized circulatory system
together with thrombocytes were keeping the already irreplaceable
commodity containing the precious red cells, namely the blood, in a
fluid phase [35,54]. But this was not enough: the newly generated
vascular and interstitial space had to be free from noxious biotic and
abiotic particles [32,83], a challenge that in primitive vertebrates
prompted blood cell type diversification, including the emergence not
only of thromboeytes but of neutrophils, lymphoeytes and other blood
cells [84-86]. But by then, the diversification of soluble blood proteins
of the complement and coagulation system was already underway and
increasingly complex [32,34]. To understand this complexity, consider
that humans possess approximately 100,000 km of vessels lined with 1.3
willion of endothelial cells, covering a surface area of 4000 m2-7000 m?
[45,87,88], and the elbow to elbow time for an individual red blood cell
has been estimated to be less than 30 s [35,83].

The challenge of integrating immunothrombosis can be interpreted
as follows. Firstly, by conferring a significant survival advantage to the
bearers, selection pressure conserved the local, immediate, and vigorous
immunoclotting response that involved endothelial cells, thrombocytes,
and negatively charged phospholipid membrane-mediated and cat>
dependent activation of blood-borne proteolytic cascades [7,28,35,89].
In this way, proteclytic cascades maintained a compartmentalized de-
fense response simultaneously limiting blood loss and avoiding both the
replication and access of pathogens within a closed, endothelial
cell-lined circulatory system [28,83,90]. Today, this is also so for
lingering foecal infections and/or the myriad breaches inflicted on
vertebrate skin and organs such as lungs and gut by parasites, where
immunothrombosis, aids both in killing intruders and in repairing the
breaches, thereby preventing the infection from being systemic [7,40].

Secondly, the newly generated vascular and interstitial space had to
be kept free from noxious biotic and abiotic particles as an additional
survival requirement. This need likely exerted a strong selective pres-
sure on the complement and coagulation systems as well as on blood cell
type diversification, establishing an intense crosstalk among them [32,
83]. Accordingly, the multi-arm mammalian complement system
evolved in several steps through more than 1200 million years [32,47,
48,50,01]. Starting as an intracellular C3-like multi-task protein with
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metabolie, cell survival, and opsonic immune functions in single-celled
organisms such as cheoanoflagellates (the precursors of sponges), the
complement system of vertebrates evolved as a multicomponent
network of foreign and altered host cell detectors, mediators, and ef-
fectors from oypsin as the precursor gene [32,34,38,51,91], In doing so,
the complement system, as well as ather blood cascade systems, took on
a novel role of guardian of the inavascular homeostasis by protecting
and keeping the inmacellular, interstitial, and intravascular space free
from biotic, abiotie, and altered and non-self cells [32,47,48,50] thereby
operating as a purging system [7,32,35,83,91].

Similar to blood cascade systemis, blood cell types of mammals
evolved from less specialized precursor cell types that originally were
multifunctional, performing several steps of an ancient innate immune
response as well as serving other digestive, metabolic, and homeostatic
roles |9,79,84,92]. Despite this understanding, the overall picture and
the precise evelutionary history of the astounding emergence and
diversification of vertebrate blood cell types remain unresolved. Endo-
thelial cells, erythrocytes, thrombocytes, granulocytes and monocytes,
and lymphocytes all emerged following the divergence of proto-
chordates and the appearance of the earliest vertebrates (period of in-
novations, see [Fig. 1) [9,35,54,71,93-95]. An interesting
evolution/developmental hypothesis in biology that articulates phylo-
genetic and ontogenetic approaches suggests that all the cell lineages
that make up the cell phenotypes of the vertebral vascular system
including endothelial cells, pericytes, and blood circulating cells, share a
common phylogenetic and ontogenic ancestor, This could be the case of
a free floating coelomie cell originated from a coelomic wall of the
invertebrate hemal system, termed the hemocyte [94,96,97]. Signifi-
cantly, endothelial cell heterogeneity has been conserved from the most
basal vertebrate (Hagfish) to mammals [54], complementing the
conserved adherent, migratory and secretory functions of their inver-
tebrate coelomic amoebocyte ancestor with the new epithelial pheno-
type of vertebrate endothelial cells [54,70,94,97]. Accordingly, these
functions of the mammalian endothelial cell as exploratory and migra-
tory cells are at the core of angiogenesis and repair function. For
example, the mobilization of bone marrow endothelial progenitor cells
to the circulation in response to vascular endothelial growth factor
(VEGF), and their accumulation within the damaged tissue [94,97].
Moreover, under physiclogical conditions, mammalian endothelial cell
secretory function contributes to the blood fluidity by promoting anti-
coagulant properties and counteracting platelet activation. They do so
by expressing a large range of proteins and metabolites including but not
limited to thrombomodulin (TM), tissue factor pathway inhibitor (TFPI),
endothelial protein C receptor (EPCR), prostaglandin E» (PGE3z) and
prostacycelin I (PGIp), and nitric oxide (NO), all acting as brakes. In this
way they provide the luminal surface of the endothelium with antico-
agulant antithrombotic, and anti-inflammatory properties. Noteworthy
is their absence from artificial surfaces of medical devices in contact
with blood [87,08-100].

Similar to the origin of endothelial cells, much of our knowledge
about the cell type diversification of the myeloid lineage remains poorly
understood. Sponges, one of the most basal multicellular metazoans,
possess cells termed archaeoocytes that bear structural and functional
similarities with blood stem cells in vertebrates, and which serve as a
stem cells that generate other cell types (gametes, scleroeytes) [84].
Similarly, interstitial cells in the phyla cnidarians or the neoblasts in
platyhelminths (flatworms) perform stem cell funetions [84]. On the
other hand, molluscs and arthropods possess a hemolymph fluid with a
variety of hemocytes (plasmatocytes or monocytes, granulocytes, and
eleocytes) whose precursor is the immature hemelymph prohemocyte
with multipotent capabilities, although in terrestrial arthropeds hemo-
cytes are interconvertible, unlike blood cells of vertebrates [85].
Invertebrate haemocytes store metabolic waste products, distribute
nutrients, encapsulate and phagocytose eggs from parasites, and some
contain densely packed granules similar to vertebrate neutrophils, eo-
sinophils and basophils [9,84]. While plasmatocytes can best be
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compared with vertebrate monocyte/macrophages, coagulocytes may
represent a specialized type of plasmatocyte-bearing granules that store
hemolymph clotting and antibacterial factors similarly to vertebrate
thrombocytes and mammalian platelets [6,9,84]. In addition, inverte-
brate granulocytes share some of their cargo with vertebrate neutro-
phils, eosinophils and basophils, with granules packed with
enzyme-filled lysosomes [6,9,84]. These examples of circulating cell
phenotypic diversity at the beginning of metazoan evolution reflect that
the ancestral myeloid cells had already a high degree of phenotypic
complexity, which was partially underpinned on a specific and inde-
pendent genetie core regulatory complex that enabled and maintained
the distinct gene expression program of a cell type within the organism
[80]. Therefore, blood cell type diversification and specialization in
vertebrates and mammals did not necessarily add complexity to an in-
dividual cell type but rather, and through segregation and divergence of
primary and accessory or supportive functions, led to the emergence of
many specialized cell types by partitioning and modifying the already
existing functions of ancestral cell type into the new sister cell types [79,
80,92]. Examples supporting this paradigm may be the professional
macrophages [02], the red blood cells [95], or even the megakaryocytes
(MKs) [101] of mammals where vertebrate thrombocytes are repre-
sented as anucleated platelets in mammals [101], and the nucleated
erythrocytes of vertebrates undergo deletion of nucleus and crganelles.
Moreover, and indirectly supporting the hypothesis of the coelomic
hemoeyte as the common cell type ancestor of blood cells, erythrocytes
are emerging as modulators of innate immunity in birds, amphibians,
fishes, and mammals [95]. Their CD35 membrane receptor binds
opsonized particles and transports them to liver and spleen where car-
ried particles are removed [83]. At this point we must emphasize
however that the developmental and evolutionary lineage of cell types
are not necessarily the same, which could be the case of erythrocytes and
megakaryocytes [101].

2.3. The multicompetertt platelet: the last newcomer in the immune
continuum of mammals?

Another layer of complexity in this evolutionary journey of coagu-
lation and hemostasis (Fig. 1) in the context of the closed circulatory
system of mammals is the emergence of platelets, as only mammals
possess a megakaryocyte/platelet axis [9]. Despite remarkable pheno-
typic similarities including bactericidal, phagocytic, migratory,
chemotactic, and hemostatic functions between invertebrate hemocytes,
non-mammalian vertebrate nucleated thrombocyte and mamumalian
platelets [7,9], cell type homology is essentially only to be drawn be-
tween hemoeytes, thrombocytes, and megakaryocytes [101] as only
nucleated cells are considered units of evolution [9,80]. The blood cell
type with primary hemostatic function in vertebrates is the thrombocyte
that in non-mammalian vertebrates is nucleated, as is the erythrocyte,
both derived from a thrombocyte-erythroid progenitor and sharing
features of a nucleated, diploid oval-shaped phenotype [101]. Similarly,
the mammalian unique enucleated erythrocytes and the polyploid
megakaryocytes from which derive the cell fragments termed platelets,
are generated from a common bipotent myeloid mega-
karyocyte/erythrocyte progenitor (MEP) cell [101,102].

Recent studies suggest that selective forces might have favored a
more rapid and robust local immunothrombosis over systemic throm-
bosis risk in mammals. These consist of many survival advantages and
tade-offs among defense mechanisms and hemodynamic consequences
of the coagulation system and hemostasis [7,14,37,103,104]. A feature
is the hemodynamic advantage of platelets that stems from their small
size, which endows them with biophysically optimized features to actas
the first of the circulating cells following vascular injury or pathogen
aggression [105,106]. Given the diameter of capillaries, avian throm-
boeytes, and mammalian platelets (10-50 pm, 6-7 um, and 1-3 pm
respectively), platelets are optimized to fulfill their function under shear
in flowing blood, aggregating to provide thrombus formation and then
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promoting fibrin formation leading to stabilization of the initial hemo-
static plug. The generation of resistant arterial plugs optimizes hemo-
stasis in the high-pressure, high-flow conditions of mammalian arterial
systems [16,103]. Furthermore, anucleated platelets possess a high
surface-to-volume ratio, and a membrane with, for example, the aIIbp3
integrin present at 50000-80000 copies per platelet. This feature ren-
ders them highly reactive, a key property to survey and repair any
endothelial breach [107], which exposes collagen from the sub-
endothelial matrix and binds to circulating von Willebrand factor (VWF)
[87]. Once platelets sense endothelial damage they initially adhere
through platelet surface GPIbx receptors to the Al domain of VWF
glycoprotein, which through the exposed A3 domain has already bound
to the exposed subendothelial collagen I and III fibers [37]. Transient
attachment is stabilized through «2p1 and GPVI [37,108,109] with
platelet activation leading to platelet aggregation with principally
fibrinogen, but also fibronectin, vioonectin, VWF and thrombospondin
participating in the formation of platelet to platelet bridges [110].
Importantly, platelets activated by the tissue factor-induced thrombin
offer their membrane surface as a gathering point for the zymogen ac-
tivations involved in local generation of more thrombin, in the genera-
tion of fibrin and in contolling inflammatien [35,111].

Significantly, in a quiescent mamner, approximately 750 billion
platelets patrol with manoeuvrability, massively occupying the external
border near the vessel wall in flowing blood, a phenomenon known as
margination [105,112,113], In doing so, they survey and perform
reparative labor on the vasculature, thereby acting as the first re-
sponders to endothelial disruption of multiple origins [105,106].
Roughly 100 billion new platelets (10% of the platelet count) released
daily by megakaryocytes are used up in this maintenance work that,
together with more than twenty plasma proteins that constitute the basis
of the coagulation system and more than fifty plasma soluble and cell
receptor proteins of the complement system, and endothelial-expressed
and secreted thrombomodulin (TM), tissue factor pathway inhibitor
(TFPI), endothelial protein C receptor (EPCR), prostacyclin (PGly, and
nitric oxide (NO), keep the intravascular space and blood both sterile
and the later in a fluid state [11,87,114,115].

Platelets, besides the release of platelet microbicidal peptides
(thromboceidins and kinocidins) [116,117] and through toll-like receptor
(TLR) 2 und 4, receplor for advaniced glycation end produets (RAGE),
and dendritic cell-specific intracellular adhesion molecule-3-grabbing
non-integrin (DC-SGN), also sense and recognize damage-associated
molecular patterns (DAMPs) and PAMPs, thereby contributing to
tagging and eliminating pathogens [104-106,118].

Furthermore, in the case of injuries and pathogen invasion [9,102,
119], there may be an explosive fragmentation of MK generating
thousands of platelets on demand [14,101,102]. Thrombin-mediated
activation of IL-1x feeds back to hemostasis by adding an extra boost
of platelets but also supports local immunothrombosis and wound
healing, a fact that again links immunothrombosis and healing [14,119].
In fact platelets can be considered as an innate immune and repair
effector of MKs as secretory cells [102,111]. Finally, Martin and Wagner
[120] suggested another significant biological advantage stemming
from a compartmentalized, robust megakaryocyte/platelet-mediated
hemostatic response, namely, to facilitate embryo implantation by
allowing an invasive placentation and to avoid mortal hemorrhage
during childbirth of eutherian mammals (Fig. 1). However, the origin of
the megakaryocyte/platelet axis has been suggested to have occurred
around 166 Mya [9,56], a date that goes further back compared to the
appearance of eutherian mammals roughly 100 Mya [58,120] (Fig. 1).
Moreover, comparisons of the hemostatic systems of non-placental
(egg-laying meonotremes, and marsupials) and placental mammals, do
not show noticeable differences in megakaryocytes and platelets [2]. But
these facts do not preclude Martin and Wagner’s [120] suggested se-
lective advantage (Fig. 1).

Overall, the series of events that eventually gave rise to the emer-
gence of the megakaryocyte/platelet axis remain a puzzle [9] as is the
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polyploid feature of megakaryocytes. Some authors point to megakar-
yocyte’s enormous genome as a means to support such massive synthetic
activity that leads to a daily release of 100 billion new released platelets
that carry a rich repertoire of messenger RNAs, microRNAs and even
transcription factors. These endow platelets with a translational activity,
and a copious amount of growth factors, adhesion molecules, and cy-
tokines that contribute to their multifaceted roles in immunothrombosis
and tissue repair [111,113,121,122].

3. Defense and repair: two sides of the same coin

Defense and repair functions are evolutionarily linked to the inver-
tebrate and vertebrate responses to environmental challenges, and
grouped as immunoclotting [3,9]. This response consists of both im-
mediate and local wound-sealing and pathogen-killing mechanisms to
restore homeostasis and effect tissue repair (Fig. 2) [3,9,35,69]. Despite
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Fig. 2. Tmmimothrombagis: a mosaie of defense mechanisms assembled,
selected, and evolved to act loeally. Inmunothrombosis is a highly conserved
local and multitask cluster of defense responses made up of hemostasis and
coagulation, the sensory nervous and innate immune systems, and fibrogenesis,
whose key cell players are circulating blood cells (polymorphonuclear cells,
monocytes, and platelets), and tissue stationary and mobile resident cells (no-
ciceptor neurons, endothelial cells, macrophages, and fibroblasts) [3,10,11,27,
28,39,89,90]. Tissue injury- and infection-derived DAMPs and PAMPs activate
blood circulating cells, tissue stationary and maobile resident cells, and intra-
vascular innate immune cascade systems [8,10,11]. Tissue factor expressed on
damaged tssue, and actvated FXIIa trigger the generation of thrombin which
leads to stopping bleeding through the fibrin clot and platelet plug, and
together with the activation of neutrophils, immunothrombosis will result in
the containment, destruction, and expulsion of pathogens including metazoan
parasites, as well as abiotic molecules [8,41,106]. After this early
hemostatic-inflammatory process curtails bleeding and pathogen invasion,
molecular checkpoints stemmed from local necrotic, hypoxic and acidic
microenvironment including cytokines such as IL-6 and IL-13, and transcription
and growth factors from platelets, nociceptors, leukocytes, and macrophages
(TGF-p, PDGF, VEGF, IGF-1, specialized pro-resolving mediators such as IXA,
and maresins) [3,7,27,126-128] will shut down inflammation, switching the
process from killing and destroying mode to healing mode through cell
reprogramming, angiogenesis, and fibrogenesis. Examples of the induced
transient repair cell phenotypes through adaptive cellular reprogramming of
adult differendated cells [92,127,129,130] are fibroblast/myofibroblast dif-
ferentiation, myelin Schwann cell/repair Bungner cell transdifferentiation, and
macrophage M1, M2, M3, M4 and neutrophil polarization [92,127,129-132]. In
addition, the proliferation of endothelial cells together with fibroblast/myofi-
broblast differentiation will lead to angiogenesis and fibrogenesis respectively
[98,129,133-135], two key processes in tissue healing. Adapted from
Ref. [136] with permission.
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the highly conserved function of immunoclotting, however, the molec-
ular and cellular components underlying this multistaged process differ
significantly among diverse phyla [9,35,43,123-125].

3.1. Tissue repair process: past and priorities with precision but not
perfection

In arthropods like butterflies, clot formation initiates with coagulo-
cyte aggregation and degranulation, and activation of the proph-
enoloxidase system (PPO); the result is a hard clot that will attract
plasmocytes late in clot formation. These events enable epidermal
regeneration that grows across the wound and replaces the scab, and
whose final outcome depends on the presence-absence of microbial in-
vaders and the nature of foreign antigens [6].

Similarly, in insects like drosophila, wound healing relies mainly on
plasma proteins such as fondue and hemocyte-released hemolectin, the
latter a VWF domain-bearing protein that promotes hemolymph coag-
ulation serving the formed clot as a defense against nematodes as well as
a scaffold for the repair process [43,46]. In deers instead, the regener-
ation of antlers, a muscle and joint-free bony cranial appendage of
approximately ten kg is completed in 55-60 days (up to 28 rounds in a
life cycle) [137]. The process starts with bleeding on the cast plane of a
pedicle stump immediately after casting of the anter, followed by a
significant proliferation and differentiation of a single stem cell coming
from the pedicle periostium, a process similar to human bone fracture
healing [137]. Besides playing a central role in blood coagulation and
NO release from ECs, thrombin and proteolytically inactive
thrombin-derived  peptides exhibit at low concentration
anti-inflammatery, antiapoptotic, and growth factor-like aectivity by
stimulating fibroblasts and endothelial cells similarly to activated Pro-
tein C (APC), and thrombin itself appears to be necessary for limb, heart,
and lens regeneration in the salamander [12,65]. Moreover, thrombin
activates the HGFA-HGF-MET signaling pathway [138], platelets
through the cleavage and activation of the receptors PAR-1 and PAR-4
[109], and the prollL-1w, the latter favering thrombopoiesis and
wound repair after acute platelet loss and injury [14].

But mammals have evolved as well a Th2 response to deal with
lingering focal infections and/or the myriad breaches inflicted by par-
asites on the epithelial layer of organs such as skin, lung and gut [41,
the immunothrombotic response. Immunothrombosis in physiological
conditions occurs only on demand and is dictated by microenviron-
mental cues coming from tissue injured. These include hypoxia, acidic
pH, necrotic cell- and microbial-derived molecular signals (DAMPs,
PAMPs), cytokines such as IL-6, and transeription (TFs) and growth
factors (GFs) [3,7,27,127]. Furthermere, immunothrombosis shares
several molecules with the senescence-associated secretory program
(SASP) such as transforming growth factor beta (TGF-p), IL-6, VEGF, and
Insulin-like growth factor 1 (IGF-1) [139,140]. Also to be considered are
tissue injury-derived biochemical signals [127,141] such as sub-
endothelial collagen, VWF deposited on collagen, and tissue factor that
combine to activate the coagulation and hemostasis as well as the
complement system [11,29,41,89]. In addition, other stimuli including
but not limited to TGF-p, VEGF, NFxB, STAT3, SMAD2, will induce
transient repair cell phenotypes through adaptive cellular reprogram-
ming of adult differentiated cells [92,127,129,130,140] (Fig. 2). Some
significant examples of this cell plasticity are fibroblast/myofibroblast
differentiation, myelin Schwann cell/repair Bungner cell trans-
differentiation, and macrophage M1, M2, M3, M4 and neutrophil po-
larization [92,127,120-132]. Both immunothrombosis and cell
reprogramming also appear to be crucial to culminate in the tissue repair
process [127,130,132,140,141] (Fig. 2); The early
hemostatic-inflammatory period not only stops bleeding through the
fibrin clot and platelet plug but also mediates the containment,
destruction, and expulsion of pathogens and metazoan parasites,
through Th2 lymphocytes. These cells will release T1.-13, a cytokine that
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polarizes macrophages toward a profibrotic and reparative M2 pheno-
type thereby bridging the gap between sealing-killing and healing [41,
133,134] (Fig. 2). In the absence of pathogen, as under sterile inflam-
matory conditions (severe trauma, ischemia, ischemia-reperfusion,
intravascular artificial medical devices), activated intravascular serine
protease cascades, platelets and endothelial cells together with polarized
M2 macrophages release TGF-p, PDGF, VEGF, LXA4, IL-6, IL-13 and
IGF-1 that operate as molecular checkpoints. In doing so, they rapidly
shut down early inflammation including neutrophil infiloation and
dendritic cell (DC) activation, switching the process from an inflam-
matory to a healing mode through the macrophage M1 to M2 pheno-
typic switch, differentiation of fibroblasts into myofibroblasts, and the
proliferation of endothelial cells, leading to fibrogenesis and angiogen-
esis respectively [98,129,133-135,140,142] (Figs. 2 and 3).

This early time window appears to be determinant since the
continued presence of neutrophils (necessary in infectious inflamma-
tion, but dispensable in sterile inflammation) may delay the healing
process and generates fibrosis [17,23,125,140,142,148,152]. As pri-
mary effector cells in tissue repair and fibrosis together with macro-
phage M2, myofibroblasts synthesize and deposit extracellular matrix
(ECM) components including fibrillar collagen types I to IV, fibronectin
and release reactive oxygen species (ROS), thereby bridging the injury
gap and replacing the transient fibrin scaffold [129]. Therefore,
immunothrombosis as a multicomponent response has built in redun-
dancy and robustness where signaling versatile proteins including
thrombin and thrombin-derived peptides, FXII, VEGF, TGF-§, HGF,
IGF-1, and PDGF among others, and some wanscription factors rather
than cells per se, are used interchangeably in vivo in a complex non-lineal
manner during cell information transfer prineiple in the regulatory
pathways which operate locally during defense and tissue repair [12,92,
106,134,140,153]. Tt is highly likely that selection exerted a strong
pressure on mechanisms underlying the early phases of immuno-
thrombosis to operate quickly with biological precision by linking im-
munity and coagulation as a key effective survival factor. Evolution has
left the immuno-reparative function of fibrogenesis and angiogenesis as
open and condition-sensitive processes aimed at functional recovery
rather than at structural perfection [3,39,41,134,154].

3.2. Tissue repair as a byproduct of immunothrombosis

The immunoreparative role of immunothrombesis relies on bio-
molecules including thrombin, fibrin (ogen), growth factors, cytokines,
and microparticles primarily originating from plasma, activated plate-
lets, and tissue resident macrophages, all of which are tissue repair en-
hancers [12,16,22,106,140]. In this respect, tissue healing might be
conceptualized as a bypreduct of immunothrombosis. And activated
plasma-born intravascular innate immune cascade systems together
with polymorphonuclear cells, monocytes, and platelets prevent the
hemorrhaging and pathogen invasion caused by trauma- and
infection-induced damage. Moreover, interaction with resident tissue
cells including nociceptors, endothelial cells, macrophages, and fibro-
blasts will favor tissue repair [10,39,41,65,154] (Figs. 2-4). Although
injury, defense, and repair appear to go hand in hand, tissue healing is
developed in a manner that is not pre-specified by any genetie program,
and it is dictated by microenvironmental cues stemmed from cell- and
soluble factor-mediated circuits of immunothrombosis, as well as from
pathogen and commensal microorganism products [92,135,140,147,
148]. This is the case of fibrogenesis as a physiological process with a
continuum spectoum that might be wansformed into a pathological
fibrotic condition [42,129,140,141], thus the repair process will not
resolve with a unitary outcome (Fig. 2) [140,155]. For instance, the
coexistence of commensals or pathogenic bacteria and their products
(microbe-associated molecular pattern (MAMPs) and PAMPs) [147, 148]
or ECM-molecule debris (DAMPs) stemmed from tissue damage (sterile
inflammation), elicit a persistent profibrotic M2 macrophage phenotype
and the release of PDGF, IL-6, IL.-13, and TGF-p [42,129,135].
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Fig. 3. Immunothrombosis: Challenges and therapeutic opportunities. By coupling inflammation and coagulation, immunothrombaosis operates as a cooperative
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platelets and neutrophils, and plasma innate immune cascade systems [8,10,11] leads to curtail and compartmentalize the damage through wound-sealing, clear-
ance-killing of pathogen and foreign bodies, and synthesis of ECM, thereby closing the damaged gap and giving way to tissue repair (see section 3). But, when the
local inflammatory response is not resolved timely, often a persistent chronic inflammation leads to the formation of a nonfunctional secondary angioneurofibrotic
scarring (local granulome and fibrosis) [129,143-145]. Autologous fibrin matrix may act as a shortcut therapeutic strategy in musculoskeletal sterile inflammatory
pathologies by dampening inflammation and enhancing tissue repair and reducing pain [30,126,146]. However, when the triggering emergency cannot be handled in
a tissue autonomous manner (due to the patient status, a severe polytrauma, and/or the use of cutting-edge medical strategies), the numeric and topographic race
between DAMPs and PAMPSs, and the well-developed local checks including intravascular innate immune cascade systems tips the balance towards a gradual or
massive entry of biotic and abiotic molecules into the bloodstream [147,148]. In this new either sterile-inflammatory or infectious-inflammatory context, the
complement cascade, the coagulation-contact and fibrinolytic systems may be locally and systemically dysregulated, thereby causing a SIRS [27,149,150]. Moreover,
the neurcendocrine stress response mediated by the activation of the autonomic nervous system interacts with the endothelium and the innate immune system,
resulting in a barrier dysfunction that may lead to an endotheliopathy, coagulopathy, immunoparesis, and the breakdown of protective cell barrier of the gut.
Frequently, the non-lineal dynamic response of systemic immunothrombosis operates as a feedback loop with several arms leading to MODS and sepsis (see section 4)

[27,151].

With dual fibrogenic and anti-inflammatory roles, TGF-p influences
the number, activity, and/or life span of myofibroblasts and the gener-
ation of a fibrotic process [42,129]. Accordingly, sterile well-performed
surgical techniques generate little or no inflammation and scar [42],
whereas an excess of trauma- and surgery-derived DAMPs induces im-
mune activation with local and systemic detrimental consequences. This
has given rise to the concept of damage-control orthopaedic (DCO)
surgery and the use of minimally invasive surgical approaches (Fig. 5)
[27].

Supporting this idea, several studies in germ-free Swiss mice have
shown that fetal skin wound healing and skin wound healing were
accelerated, scarless, and associated with a reduced presence of neu-
trophils and increased content of anti-inflammatory M2 macrophages
[125,148,152]. Similarly, early phases of wound healing on mice lack-
ing the complement C3 component are acecelerated, which is associated
with a lessening mode of the inflammation intensity, significant reduc-
tion of neutrophils, important increase of mast cells, and accelerated
angiogenesis at the injured sites [23].

Last but not least, FXII is an important plasma zymogen whose FXIL/
uPAR/pAkt 2 axis may drive the neutrophil-driven inflammation by
promoting neutrophil trafficking and neutrophil extracellular trap
(NET) formation resulting in impaired wound healing in a model of
sterile inflammation, even though it favors further plasma FXIla gen-
eration and blood coagulation [17]. In addition, FXII activation accel-
erates and strengthens fibrin-clotting formation in the presence of inert

soil particles as a proxy of contaminated wounds in the plasma of
terrestrial mammals like mice and humans but not in cetaceans (whales,
dolphins) which lack of PK and possess an inactive pseudogene FXII, and
in birds which have lost the FXII gene [18]. Moreover, a recent study
showed that the fibrin biofilm formed in air-liquid interface in human
and mice plasma, and in a murine dermal injury model, covers the
formed blood clots and protects from bacterial proliferation and
dissemination [160]. Overall, and taking into account these three
studies and the aforementioned considerations, it is reasonable to hy-
pothesize that FXII is necessary in vivo mainly to reinforce clotting in
infectious conditions. Accordingly, recent research indicates that FXII
operates as a pattern recognition molecule in infectious epithelial
wounds by binding to both microbial walls or their products [19,161],
and to infectious proxies such as soil particles, shortening the fibrin
formation, atoacting and promoting neutrophil activities and NETosis,
as well as generating local bradykinin-mediated vasodilation [17-19,
160,161]. In doing so, FXII may contribute to quickly compartmentalize
and sterilize the wound thereby limiting the systemic spread of biotic
elements in terreswial animals [17,160], which are in contact with
dirt-soil particles [18,162], as well as the systemic spread of small
abiotic nanoparticles that escape from the multiarmed complement
system [11,143], thereby promoting survival, Therefore, this
FXII-mediated function in epithelial wounds (and likely in the epithe-
lium of lungs and gut) might have played a strong selection pressure in
animals in their wansition from water to land. In fact, intertidal, mud,
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Fig. 4. Tissue repair as a byproduct of the biological defense process. The
activation of the host biological defense processes and tissue repair appear to go
hand in hand with mutual mechanisms mediating both immunothrombaosis and
healing. Several disruptors including infectious agents, environmental factors,
ischemia, and mechanical stress may activate one or several arms of the host
defense responses in an attempt to curtail the damage. In this context, the
restoration of injured tissue might be conceptualized as a byproduct of the
activated intravascular innate immune cascade systems, and tissue stationary
and migratory cells including nociceptors, endothelial cells, fibroblasts, and
resident macrophages [10,39,65,104,154], Adapted from Ref. [30]
with permission.

and dirty soil environments are abundant in white clay with silica-rich
compounds like kaolin and Celite (key cofactors to activate FXII) [18,
163]. This microenvironment prevailed for the first amphibians, and
latter for reptiles and other terrestrial vertebrates, including mammals
[164]. In fact, marine mammals possess an inactive pseudogene FXII,
and many fish lack FXII as do aerial animals like birds that have lost the
FXII gene [73,74]. On the other hand, in the current cutting edge
medical therapies, FXII as key zymogen of the contact system may
impair wound healing in a model of sterile inflammation [17], as well as
induce immunothrombosis on medical devices, both events to be
considered as a rade-off of the contact system’s activation [11,17,42].

4. Living with the past: emerging tradeoffs of intravascular
innate immune system

From an evolutionary peoint of view, the integration of immuno-
clotting into an increasingly complex mammal bodies generated much
interplay among the blood-born proteclytic cascades, blood cell types,
and the neurcendocrine system changes that endowed enormous sur-
vival advantages. However, in our modern world, with developed cut-
ting edge therapeutic strategies and technologies, this functional eross
talk entails tradeoffs in a complex nonlinear manner [27,28,149,
165-167]. This is the current case of the exposure of blood to un-
scheduled and never anticipated medical devices and procedures,
sedentary and prothrombotic life-style, and highly polluted environ-
ments so unlike those on which the integrated systems were evolved,
tuned, and operated. The result has been increasing vulnerabilities at
unprecedented levels in the form of new diseases, from
thrombo-embolic events and ischemia/reperfusion injuries to systemic
inflammatory syndrome and sepsis [11,27,106,167,168]. Sepsis, a
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Fig. 5. Autologous fibrin scaffold: Mimicking the immunoreparative role
of local thromboinflammation in sterile inflammatory conditions. This
model is a representation of both the activation of host biological systems in
sterile inflammatory conditions, and the scientific rationale behind the use of
the autologous fibrin scaffold. The disruption of structural integrity of vascu-
larized mammalian tissues by noxious agents, and affecting tissues such as skin,
the central and peripheral nervous system, or musculoskeletal tissues, elicits the
activation of platelets and nociceptor neurons, the formation of a fibrin clot,
and the recruitment of neutrophils and monocytes to the affected site as a first
stop-and-go check point to quickly stop bleeding, destroy bacteria, and avoid
noxious stimuli created by behavioral changes [10,89]. However, in the
absence of pathogen or their products, as in a sterile inflammation setting,
molecular checkpoints rapidly shorten and dampen the early inflammatory
window, switching the process from a killing and destroying mode to one that
promotes healing [42,98,129,153-135] as suggested from how regenerative
species react to injury [125], and from fetal scarless wound healing [156-158]
(Fig.. 2 and 3). Early inflammation has been suggested to be an important
therapeutic window, and its dampening might drastically reduce the fibrotic
outcome of tissue injury in a cell-circuit framework for tissue repair and fibrosis
[140]. Accordingly, in sterile inflammation defense responses are shorter and
less intense than in infectious immunothrombosis (Fig. 2). Importantly, plate-
lets may play an important role in the early resolution of sterile inflammation
since they are a significant source of SPMs including maresins, resolvins, and
1XA4 [126,128], the latter an endogenous arachidonic acid-derived mediator
that has been reported to counter-regulate inflammatory processes and promote
resolution responses in Achilles tendinopathic stromal cells [159]. Moreover,
studies using leukocyte-free autologous fibrin matrix in musculoskeletal tissues,
skin and corneal injuries reported a shorter repair time of tissue damage, a
significant pain reduction, and expedite recovery function compared with the
control group [24,30].

deleterious, non-resolving inflammatory host respense to infection, oe-
curs in 1.5 million Americans annually and it causes more than 250000
deaths each year in the United States alone [169,170]. Moreover, the
final common end-point of these infectious (sepsis) or severe sterile
challenges (such as polytrauma, hemorrthagic shock, massive and re-
petitive blood transfusions, use of extracorporeal circulatory devices,
organ and tissue transplantations, and intravascular artificial medical
devices) is the increasingly seen multiple organ dysfunction syndrome
(MODS) (Fig. 3) [27,149,171].

4.1. Immunothrombosis: a mosaic of defense mechanisms assembled to
act locally

Immunothroembeosis in humans is a multilayered nonlinear response
where the local cell-to-cell and extracellular matrix-to-cell short range
signaling pathways represented by complement, coagulation and con-
tact systems, and fibrinolysis, have been complemented with and inte-
grated into the long-range neuroendocrine-immune signaling pathways
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[10,149,165,172,173]. Pathogen- and damage-recognition molecules
including Toll-like receptors (TLRs), Nod-like receptors (NLRs), re-
ceptors for advanced glycation end produets (RAGE), FXII, FVII, HMWK,
Clq, Mannose-binding lectin (MBL), Ficolins, Properdin, C-reactive
protein (CRP) are multidomain molecules present intracellularly, in the
fluid phase and/or embedded in membranes of blood cells, endothelial
cells, and nociceptors [11,174 - 176]. The serine proteases of the com-
plement, coagulation and centact, and fibrinolysis system, whose pro-
tein domains possess intrinsic affinities, have created molecular
networks that operate locally and extremely fast both in positive and
amplifying or in negative and containment feedback loops. This is the
case of the thromboinflammatory response to microbial pathogens,
hemorrhagie shock, ischemia-reperfusion injuries, massive and repeti-
tive blood wansfusions, extracorporeal circulation, organ and tissue
transplantations, intravascular artificial medical devices and massive
trauma and burning injuries [11,27,28,149,171]. In order to compart-
mentalize the damage [3,7,33-35,177], blood circulating cells, noci-
ceptor neurons, endothelial cells [166,178], tissue resident
macrophages, dendritic and mast cells, and stromal fibroblasts are major
effectors and players with dual roles in local neuroimmune surveillance
and systemic body hemodynamic and organ homeostasis [166,178].

On the one hand, sensory neurons (Fig. 4) form networks within the
primary physical barriers, namely, the different epithelial layers of the
skin and mucosal surfaces of the respiratory and gastrointestinal tract, as
well as joints and muscles. These nociceptor terminal branches form a
receptive field which may include vascular endothelial and smooth
muscle cells, tissue resident macrophages, and dendritic and mast cells
among other immunocompetent cells [10,179,180]. The branches are
endowed with receptors at the axon endings (transient receptor poten-
tial (TRP) ion channels VI (TRPYI) and subfamily M member 8 (TRPMS8),
piezo ion channel 2 (Piezo2), several TLRs, and receptors for TNF,
IL-1p). As a result, nociceptors sense the noxious stimuli and generate
action potentials that travel in an orthodromic fashion te neuronal
bodies toward the central nervous system (CNS) but when action po-
tentials reach branch points they are diverted to other peripheral end-
ings of the same neuren in an antidromic manner [10,179,180]. This
mechanism, known as axon reflex, together with the activated platelets
results in the local release of histamine, serotonin, ATP, Ca+2, substance
P, calcitonin gene-related peptide, and matrix metalloproteinases,
concomitantly with the activation of coagulation and hemostasis path-
ways. This leads to vasodilation and increased permeability of local
vessels that allow the passage of plasma and leukocytes into the
damaged tissue parenchyma [10,87,129,181]. Sensory neurons not only
mediate in the local but also in the remote responses to injury and
infection by local and systemic immunomodulatory axon reflexes that
are at the origin of neurogenic inflammation and the anti-inflammatory
response [10,27,178].

In contrast, endothelial cells in their quiescent state, offer their sta-
tionary yet dynamic luminal membrane in constant contact with cireu-
lating bloed as an anti-thrombotic and complement-regulatory surface
thanks to a layer of proteoglycans and heparan sulfate molecules
covering the endothelium known as the glycocalyx. However, the
opposing endothelial membrane in contact with the basement mem-
brane is in close vicinity with nociceptor neurons, tissue resident mac-
rophages, dendritic and mast cells, among other tissue resident cells [10,
08,179]. Therefore sandwiched between the local intravascular innate
immune system with its humoral and cellular arms and the systemic
neuro-immuno-endocrine system, the heterogeneous endothelium is the
interface between the environment and the internal milieu, acting as a
gathering point, barrier, and target of host defense mechanisms [35,98].
The evolution-tailored hierarchical interplay of serine protease proteins
of the complement and coagulation cascades and the contact system
with immune and endothelial cells, and neurons, with their positive and
negativemolecular feedback mechanisms and neural axon reflexes, have
evolved to operate extremely fast and precisely providing significant
survival advantages. This is the case when local challenges are miner
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enough to be solved by the house keeping activity primarily carried out
by resident macrophages and helped by ECs, platelets and stromal fi-
broblasts, the later using their inflammatory memory [3,27,182 - 184].
However, when the triggering processes, cannot be handled in a tissue
autonomous mamner, the insufficient local containment response gives
way with increasing amounts of DAMPs and PAMPs gaining access to
intravascular space. Importantly, and in its role of a purging system, the
collaborative crosstalk between blood complement, coagulation and
contact systems, with tissue stationary fibroblasts, dendritic and mast
cells, tissue resident and migratory macrophages, endothelial cells and
circulating polymorphonuclear cells, monocytes, and platelets becomes
overwhelmed and dysregulated (Fig. 3) [7,11,177]. This new scenario
may lead to a systemic, amplifying inflimmatory syndrome as a zealous
response and vicious cycle of intravascular innate immune cascades,
endothelium, and blood cells, yet revealing the costs and vulnerabilities
of host defense systems (Fig. 3) [3,11,27,90].

4.2. Lifestyle and medical novelties with roles in emerging tradeoffs

This is the case of major rauma and massive burns, hemorrhagic
shock, ischemia-reperfusion injuries, sepsis or when patients in intensive
care units, react badly to massive and repetitive blood transfusions,
organ and tissue transplantations, and the use of blood-contacting
medical devices including exwacorporeal circulation [11,27,28,149,
171,185]. These patients, who would previously have died, now sur-
vive, but the danger is not finished once the “mlismanic” values of the
physiological homeostasis, including blood pressure and red blood cell
count among other values, have returned to normal levels [7,27,28,149,
166,169,186]. The physiological systems of these “new patients” may
usher in systemic inflammatory syndrome and sepsis, frequently leading
to MODS [27,149,166,169,187]. These novel complex-to-treat medical
conditions bring out biological tradeoffs that owr organism tolerated in
other environments due to the major benefits conferred by the inter-
connectedness of immunothrombosis and neuroendocrine system [3,11,
35,143]. In fact, the dysregulated nonlinear host response of patients
suffering from systemic inflammatory syndrome and MODS (Fig. 3),
makes it enormously difficult to therapeutically rebuild the broken
physiological cardiorespiratory, digestive and renal networks in those
patients suffering from MODS [27,149,165,188] as well as to rebalance
the intravascular innate immune system due to the evolutionary mo-
lecular interconnectedness.

Our modern society has also brought vulnerabilities in the form of
new diseases, from thrombotic events and ischemia/reperfusion injuries
to autoimmune conditions and chronic inflammation and cancer [11,27,
143,167,168,189]. This is the case with a sedentary and prothrombotic
life-style, the exposure of blood and other body fluids to medical de-
vices, procedures, and novel and toxic environmental nanoparticles
stemming from food supplements, household materials, dental appli-
cations, cosmetics, vehicle exhaust and mechanical wear of the brakes
(oFes0O3) or from smoke (cigarettes, environmentally-caused wild fires,
cooking). For example, small nanoparticles of TiO, (present in paint,
toothpaste, sunshield and cosmetics) are too small to activate the clas-
sical complement pathway through the multi-armed recognition pro-
teins of complement (Clq, ficolins) and get rid of them in its role of
purging system [143,190]. In contrast, the pattern-recognition protein
FXII binds one to one with TiO, nanoparticles as well as with other
particles of similar size and may mount an inflammatory and
bradykinin-mediated inflammatory and angiogenic response that might
aggravate chronic inflammatory pathologies [143,100]. Therefore, we
should take into account owr novel life-style model and environmental
innovations as a source of elements that render our biology not imper-
fect or imprecise but unpredictable for some current human therapeutic
purposes instead of blaming the blood-born proteolytic cascades, blood
cell types, and neuroendocrine system for operating and fulfilling the
roles for which they were crafted and tuned very precisely [3,10,11,35,
124,143,167].
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5. From tissue repair as byproduct to fibrin matrix as biology-as-
a-drug approach

Blood is a multitask, fluid, connective tissue that besides coordi-
nating and communicating between nonadjacent tissues, its circulating
proteins and cells influence the repair and regenerative capacity of
multiple tissues and organs having always been present in the equation
of healing therapies [101-193]. Several lines of evidence derived either
from systemic or local stem cell niche therapies, and represented by
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parabiosis or microfractures and tendon scarifications, respectively,
support the concept that factors derived from platelets or plasmatic
proteins are candidates for mammalian tissue rejuvenation and healing
[24,192,193].

Autologous fibrin matrix (AFM) is emerging as a local biology-as-a-
delivery system of GFs to expedite repair of sterile inflammatory in-
juries such as osteoarthritis, tendinopathies, cartilage injuries, periph-
eral neuropathies, intervertebral disc degeneration, skin burns and
ulcers, corneal ulcers, and dry eyes among other conditions [24,29,30,

Fig. 6. Autologous fibrin scaffolds as a
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194],

The therapeutic potential of this liquid-to-gel dynamic scaffold relies
on the biochemical machinery of coagulation and platelets, including
but not limited to thrombin [12,13], fibrin [15,16], FXII, and the
payload released by activated platelets from growth factors and cyto-
kines to microparticles (Figs. © and 7) [16,24,20-31].

5.1. A brief history of the development of autologous fibrin scaffolds

The recent history of AFM began in the early twentieth century with
the use of fibrin and its derivatives as hemostatic agents in surgery
[195], Later, Young and Medawar described the use of fibrinogen-fibrin
in the suture of peripheral nerves in animals [196]. It was in 1944 when
Cronkite first deseribed the use of fibrinogen and thrombin as a bio-
logical glue in skin transplants [197]. However, the preparations used so
far lacked the necessary strength and were not very stable over time.
Already in the seventies, Matras and colleagues continued with the
development of fibrin sealants, specifically trying to increase the adhe-
sive and healing properties of fibrin by the econcentration of fibrinogen
by chemical and cryoprecipitation methods [198], A disadvantage of
these methods was that they present a risk of disease transmission and
the possibility of generating allergie reactions due to the use of bovine
thrombin. More recently, Tayapongsak et al. used autologous fibrin
clinically as an adjuvant in maxillofacial surgery [199]. These early
concepts of combining the properties of two products, fibrin sealants and
platelet growth factors, led to the development of AFM technologies.
Following these principles, Marx [200] developed in 1998 a method to
produce platelet-rich plasma (PRP) from a density gradient separator
and applied it successfully in maxillofacial surgery, however the great
disadvantage of this technique was the large amount of patient blood
(400-450 mL) required. In the same decade, Anitua described the use of
autologous PRP, but starting from small volumes of blood (approxi-
mately 40 mL) and activating with calcium chloride instead of using
bovine thrombin [201]. After the initial development in the field of oral
and maxillofacial surgery, AFM have been used in various medical
specialties, such as traumatology, orthopaedic surgery and sports
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medicine, dermatolegy, ophthalmology, reproductive medicine, nerve
regeneration, general surgery and wound healing, among others [30,
202-206].

In addition, AFMs have been used alone or as an adjuvant in eom-
bination with different materials in order to increase their regenerative
power, such as hyaluronic acid, bone, fat or dermal substitutes [206,
2071,

New non-clinical applications include the use of PRP as a culture
medium supplement for ex vivo expansion of stem cells [208] or as a
patient-specific bio-ink for tissue engineering [209]. Finally, platelets in
the AFM are likely to have an increasingly important role in the devel-
opment of new drug delivery approaches. As we have discussed so far,
these small acellular fragments derived from megakaryocytes act as key
players not only in hemostasis and thrombosis but also in multiple roles
such as angiogenesis, inflammation and immunity. Their particular
structure linked to these functions enables to exploit their full potential
as a tool in the development of new approaches of biomedical engi-
neering. Recently developed platelet-mimetic nanoparticles, nano-
coatings and nanofibers can enable the targeted delivery of therapeutic
proteins to struggle against cancer, help in vascular injury or fight off
infections [210-212].

5.2, The scientific rationale behind autologous fibrin scaffolds

Autologous fibrin scaffolds and related products derived from
platelet-rich plasma (PRP), are a by-products of nature’s own healing
systems that involve blood anticoagulation and mild eentrifugation steps
followed for fibrin formation by restoring thrombin production. Initially
this involves the separation of a fluid phase plasma where platelets,
white cells, and red cells are suspended in different concentrations
depending on the centrifugation and fractionation methods employed
[29,30,213]. The ex vive activation of PRP by adding CaCl2, at low
concentrations to restore calcium homeostasis [214,215] generates low
but yet efficient concentration of autologous thrombin [216]. This re-
sults in a slow, gradual, and dynamic liquid-to gel fibrin scaffold, via the
already activated intrinsic pathway of epagulation downstream of FX
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[162,217]. Moreover, the generated native thrombin simultaneously
activates platelets and their degranulation allows the release of a pan-
oply of biologically active proteins and metabolites; the polymerization
of plasma fibrinogen into a progressively insoluble fibrin matrix pro-
vides the functional unit for tissue repair [29,31,218].

The scientific rationale behind AFM as a tissue repair enhancer in
sterile inflammatory injuries is essentially provided by GFs and bio-
molecules stemmed from platelets and plasma, the fibrin matrix, and the
interaction of native GFs with both the newly generating ECM and tissue
cells where the liquid-dynamic matrix is injected or applied [29,31,221]
(Fig. 6). The architectural keystone of the fibrin matrix is the high
content of heparin sulfate domains that ransiently bind growth factors
protecting them from proteolysis thereby extending their short half-life,
and placing them in the vicinity of cells facilitating tissue penetration,
spatial localization, and in situ delivery of tissue enhancer biemelecules
[30,194]. Ample evidence indicates that beside the antimicrobial and
regenerative properties of the fibrin matrix and the biofilm itself [16,
136,160,227,228], the biomolecules contained within the matrix
including thrombin [12-14], fibrin (ogen) [15,16], complement C3a,
Cha fragments [22,23] together with growth factors, cytokines, contact
system zymogen FXII, and microparticles either released by activated
platelets or derived from plasma, play a significant role as tissue repair
enhancers [12,16,20,22,30]. In addition, platelet-released effector
molecules influence the resolution of inflammation since they are a
significant source of specialized pro-resolving mediators (SFMs)
including maresins, resolvins and Lipoxin A4 (LXA4) [126,128], and
therefore may contribute to shorten the early inflammatory process in
sterile inflammartory context (Fig. 5). In doing so, fibrin mawix partially
mimies the injured ECM by acting as a depot of regulatory factors
(Figs. 6 and 7) [222,229-231].

AFM is injected as a liquid dynamic scaffold in the time window of
1-5 min when the fibrin matrix is still liquid macroscopically but un-
dergoing a microscopic gelling process, which is marked by the gel point
or clotting time, meaning the change from liquid to solid undergone by
the matrix when 15-20% of the fibrinogen has been incorporated into
the gel by branching points (approximately 4-5 min) [232]. The
liquid-to gel dynamic scaffold extensively permeates through areas that
surround the injection site, and anchors by way of the activated platelets
conveyed by the fibrin clot to the collagen and other ECM proteins
exposed in damaged tissue margins; the result is a 3-D
fibrin-extracellular matrix-like malleable structure [30,87] (Fig. 7). In
doing so, the injected fibrin bridges the gap of injured areas where tissue
plasmin will initiate the fibrin biodegradation by tissue fibrinolysis, and
during the next 7-10 days will be releasing both immediately and in a
gradual and delayed manmer the growth factors trapped during the
fibrin formation, thereby operating as a biomimetic biphasic GF delivery
system (Fig. 6) [16,30].

Several biological features might partially account for the safety and
efficiency of fibrin mawix as a GF delivery system [30] (Figs. 6 and 7).
The first is the autologous fibrin scaffold-mediated paracrine effect
exerted on several cell phenotypes that induces the synthesis of addi-
tional amounts of HGF, VEGF and ECM compounds including hyaluronic
acid that will amplify the initial cell response [233-236]. The second is
the angiogenic effects of FXII, and thrombin, the latter being
anti-inflammatory at low concentrations (Fig. 6) [12,13,20]. The third is
that microparticles shed by platelets (PMPs) and present in the plasma
may contribute to the resolution of inflammation [237-240], exert an
immunosuppressive [237] and anti-inflammatory [237,241,242] effect
by the immediate release of TGF-p, as well as providing an angiogenic
and neurogenic effect [243-245]. The fourth is the locally limited
spatial and temporal scale to which autologous fibrin matrix is exposed
to cells by generating chemotactic GF gradients of differing durations
(Fig. 7) [246,247]. Finally, the low amounts of growth factors released
by this matrix while increasing the sensitivity of cells to changes at
nanoscale level will also facilitate their fast clearance of them resulting
in a rapid restoration of growth factor homeostatic conditions [30,248,
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249].
5.3. Fibrin matrix: a complex nonlinear therapeutic growth factor system

Initially, the use of AFM raised concerns about generating fibrosis
and aberrant neovascularization due to the significant presence of TGF-
Bl and VEGF, two master switches regulating fibrogenesis and angio-
genesis respectively [129,250,251]. Experimental and clinical evidence
coming from the application of AFM or its supernatant, however, indi-
cate that biomelecules trapped within the fibrin matrix operate, with
cell-instructive functions, in a complex nonlinear dynamic manner
during tissue healing process [30]. Accordingly, GFs such as TGF-f,
VEGF, HGF, IGF-1, stomal cell-derived factor 1 (SDF-1), and PDGF
among others, generate biological information circuits whose redun-
dancy and easily changeable regulatory linkage at the molecular level
influence and accommeodate fibrogenesis and angiogenesis [3,39,41,
134,154], two key processes aimed at functional healing rather than at
tissue structural perfection [3,39,41,134,154].

For example, the synthesis of ECM elements such as collagen type [
[234-236, )-254], decorin and fibronectin [ 253,254], and hyaluronic
acid (HA) [236] from healthy human tenden, skin, and synovial fibro-
blasts, primary human gingival fibroblasts, and tendinopathic cells
cultured with fibrin matrix supernatant is the same regardless of
whether low or high concentration of TGF-f1, PDGF, and VEGF are
present [234 236,252 254]. In addition, primary human keratocytes
and conjuctival fibroblast cultures stimulated with AFM supernatant
whose concentration of TGF-pl1 was 2.5 ng/mL did not induce any
myofibroblast differentiation whereas when stimulated with 2.5 ng/mL
of TGF-p1 alone they showed a significant increase in the number of
myofibroblasts [255]. Similarly, primary human gingival fibroblasts
cultured with 6 or 10 ng/mL of TGF-p1 in the AFM supernatant did not
affect the fibroblast myodifferentiation rate [256]. Significantly, in
primary human keratocyte, conjuctival fibroblast, and gingival fibro-
blast cultures, the concurrent presence of TGF-f1 and AFM surpernatant
prevented the TGF-pl-stimulated fibroblast myodifferentiation with less
than 0.2% a-smooth muscle actin (SMA) positive cells present in these
cell eultures [255,256]. Likewise, for TGF-B1-pretreated primary human
keratocyte, conjuctival fibroblast, and gingival fibroblast cultures there
was a significant reduction in the number of x-SMA positive cells to
below 12% when AFM supernatant was added [255,256]. These out-
comes are consistent with a HGF-reduced a-SMA and type III collagen
expression and elevated matrix metalloproteinase-2 (MMP-2) expres-
sion on TGF-pl teated primary Achilles tendon fibroblasts [257].
Finally, results from healthy tendon and primary human gingival fi-
broblasts cultures indicate that the paracrine secretion of VEGF and HGF
is independent of the low or high concentration of TGF-p1, PDGF, VEGF
conveyed by fibrin mawix supernatant or fibrin matrices whose HGF and
IGF-1 is similar [233,234,236].

In vivo studies stemmed from corneal wound healing in mice, rabbits
[258,259] and human ocular surface pathologies (neurotrophie keratitis
and Sjogren syndrome) where the opacification of the cornea by fibrotic
scar formation leads to loss of visual acuity [259-265] corroborate that
AFM or its supernatant operate as a complex nenlinear therapeutic
growth factor provider with anti-fibrotic and tissue-specific angiogenic
outcomes. The application of a fibrin-free eye drops formulation (with a
similar compaosition to fibrin matrix supernatant) in either a photore-
fractive keratectomy mouse model or a cornea wounded rabbit model
induced a faster re-epithelization and a mature and specialized corneal
epithelium with a very low presence of o-SMA expressing cells and no
haze formation, significantly reducing an eventual scar formation [258,
259,266], Importantly, several human studies have evaluated the bio-
logical and clinical effects of the fibrin-free eye drops formulation on
persistent corneal epithelial defects and ocular surface pathologies
(neurowrophic keratitis, Sjogren syndrome and autoimmune dry eye,
evaporative dry eye, ocular rosacea, traumatic glaucoma, herpes and
adenovirus keratitis) [260-265]. Results show a significant reduction of
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pain, dryness, photophobia, and blurred vision, associated with high
rates of corneal defect/ulcer resolution, and importantly, with no
angiogenesis and scarring on the damaged ocular surfaces [260-265].
Suceessful corneal healing, an improvement or maintenance of visual
acuity, a reduction of inflammation, and an antifibrotic effect in t
complex ocular surface surgeries have also been reported using a fibrin
membrane formed from autologous plasma rich in growth factors [202,
267]. Overall, the analysis of data resulting from these in vitro and in vivo
research suggests that the presence of TGF-p1, a hallmark of fibrogenesis
and potentially profibrotic cytokine [129,268] within AFM is counter-
acted by the simultaneous presence of HGF, IGF-1, fibroblast growth
factor (FGF), VEGF, and PDGF as well as by PMPs concomitantly
conveyed by AFM or its supernatant (eye drops).

Several mechanisms have been suggested to account for this complex
nonlinear dynamic of GFs within AFM on fibrogenesis. HGF, a multi-
domain protein with pleiotropic and multipurpose functions, has been
reported to attenuate decapentaplejic (SMAD) nuclear translocation
[269] on renal fibroblasts stimulated by TGF-pl leading to an anti-
fibrotic effect as a downsteam effector of the peroxisome
proliferator-activated receptor-y (PPAR-y) [269], and to expedite
re-epithelialization in skin wound healing by dedifferentiation of
epidermal cells through the B1Integrin/ILK pathway [270]. Moreover,
in primary tenden fibroblasts the TGF-f1 induced myofibroblast differ-
entiation is inhibited by HGF through the activation of AMPK signaling
[271] or by activating the inhibitory protein SMAD7 leading to the in-
hibition of TGF-p1 signaling pathways [272-274]. Furthermore, HGF
promotes myofibroblast apoptosis [275] and matrix degradation by
increasing collagenase expression (MMP-1 MMP-2 and MMP-3) and
decreasing their inhibitor TIMP-1 expression [257,276]. Accordingly,
HGF reverses fibroproliferative disorders such as hypertrophic scars
[277] and keloids [278]. Another significant morphogen within AFM is
IGF-1 which may contribute to the non-scarring cornea healing by
inhibiting the TGF-p/SMAD pathway of fibrosis in human keratocytes in
vitre [279]. In addition, IGF-1 is known to accelerate muscle and nerve
regeneration by promoting a balance between inflammation and fibro-
genesis through the suppression and activity of macrophage migration
inhibitery factor (MIF) and NFxB, both implicated in macrophage type I
peolarization leading to non-wresclving inflammation and fibrosis
[280-282]. Supporting the aforementioned results, the treatment with
IGF-1 of injured muscles in an IGF-IR + heterozygous mouse model,
inhibited TGF-p-stimulated Smad3 phosphorylation and increased the
p-Akt and Smad3 interaction in myoblasts. In doing so, IGF-1 interrupts
TGF-p signaling leading to a stimulation of myogenesis and preventing
fibrosis [283-285]. However, a decrease in IGF-I has been associated
with inflammation and fibrosis [285] in patients with nen-alecholie
fatty liver disease, while an increased expression of IGF-I limits
fibrosis through an antiapoptotie, anti-inflammatory, and antioxidant
effect [285-287]. Another growth factor within AFM, namely FGF, is a
further potential candidate to attenuate the fibrotie effect of TGFp-1 by
triggering the dedifferentiation of myofibroblasts and favouring the
fibroblast phenotype [288,28C].

Angiogenesis is a multistep process driven by the spatial and tem-
poral cooperative interplay of endothelial cells (ECs), pericytes, mac-
rophages, and fibroblasts and angiogenie factors including, VEGF, HGF,
IGF-1, TGF-p1, PDGF, SDF-1,FXII, and Ang 1, and PMPs. It is another
example of the complex nonlinear effect of AFM in promeoting tissue-
specific angiogenic outcomes [233,234,244,290-301]. For example,
the in situ application of VEGF/PDGF [ 03], FGF2/PDGF [304,305]
or VEGF/IGF-1 [292,304] in a hindlimb ischemia mouse model pro-
motes a therapeutic angiogenesis indicating that a combination of
angiogenic factors rather than a single growth factor is more effective in
generating a mature functicnal vascular network [306]. Moreover, a
belus application of VEGF and IGF-1 did not show benefits in terms of
vascularization and perfusion [202], whereas the sustained delivery of
the same GFs within an alginate gel stimulated angiogenesis and
perfusion, enhanced neuromuscular junction and musecular
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regeneration, and reduced fibrosis [292]. Consistent with these results,
AFM supernatant and platelet-derived extract promote the proliferation
of primary human umbilical vein ECs (HUVEC) and pulmeonary artery
vasa vasorum EC (VVEC), and induce the formation of new eapillaries in
the in vive implanted matrigel plugs as indicated by a double immuno-
histochemical staining for CD31/4-SMA and for CD31/PECAM-1
respectively [307,308]. Importantly, the absence of TGF-p does not
affect in vivo angiogenesis as demonstrated in patients with defective
a-granule biogenesis in megakaryocytes, linked to a Gray platelet syn-
drome in humans or TGF-p neutralization with antibodies [268,309].
Significantly, TGF-p1, HGF, IGF-1, and FXII are GFs that are present ina
latent form and whose cell signaling requires proteclytic activation, a
fact that contribute to why AFM acts with a complex nonlinear dynamic.

Significantly, and though indirect evidence in support of AFM as
complex nonlinear therapeutic growth factor provider, human thera-
peutic clinical doses of autologous GFs conveyed by AFM for an absclute
larger skin, cartilage, nerve, and muscle injured area are significandy
lower compared with the single or combinatorial recombinant GF
application used for stucture-modifying regenerative purpoeses in ani-
mal and human research [30,221,2¢ 10-316]. Several factors might
account for this observation [30]. The first is the paracrine effect exerted
on several cell phenotypes that adds an amount of HGF, VEGF and ECM
compounds thereby amplifying the initial response [233-235]. The
second is the angiogenic effect of FXII and thrombin, the latter being
anti-inflammatory at a low concentration [13,20]. The third is that
platelet and plasma microparticles provide an additional source of
TGF-p and other biomelecules with anti-inflammatory, immunomodu-
latory, angiogenic, and neurogenic effects [243-245]. The fourth is that
fibrin operates as a carrier of GFs to the close vicinity of target cells
somehow filling the spatial gap in the damage area. This fact is key as
GFs are biochemical signals that operate for limited length and time
scales in an intracrine, autocrine and paracrine modes diffusing over
distances of just a few micrometers. Thus, the intensity of the signal
decays more than linearly with the distance from the source roughly
12 being in 3-D even more rapid [249].

Overall, such in vitro, in vivo, and clinical studies suggest that these
blood-derived products operate in a complex nonlinear dynamic, with a
robust antifibrotic and tissue-specific angiogenesis effects as emergent
properties that cannot be predicted by the concentrations of TGF-pl1,
VEGF, HGF, or IGF-1 on their own, and where the simultaneous presence
of several growth factors appears to be pivotal for the therapeutic effects
[30,165,317].

5.4, Technical ins and outs of the use of the autologous fibrin mairix with
biological repercussions

There exist several pitfalls derived from the many preparation
methods (type of anticoagulant, activation or not, centrifugation speed
to separate platelets from other blood cells, pH), which in conjunction
with the poor standardization in the way that it is applied can lead to
misleading conclusions regarding their clinical efficacy derived from the
very diverse biological composition and effects [224]. Importantly, this
localized therapy does not appear to entail any thrombo-inflammatory
reaction [315,318,319] as might be expected by both the activation of
the contact system and the interplay between intravascular innate im-
mune cascade systems [8,11,224].

The uncoupling of thrombotic and inflammatory respenses of this
biologic together with the antifibrotie, antialgic, and immunomodula-
tory actions are the hallmark of AFM [30]. Although the mechanisms
that drive the ex wvive uncoupling of FXII-driven thrombosis and
inflammation remains to be determined, several factors might account
for this dissociation [320]. Among them, is the absence of leukocytes,
the ex vivo activation of the intrinsic coagulation pathway with caleium
chloride (CaCly), and the citrate-dependent inhibition of activation of
the complement system [11,16,30]. The ineorporation of leukocytes
(and inevitably erythroecytes) into the fibrin matrix, primarily
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neutrophils, promotes local pathophysiological reactions such as
inflammation [321], a fast and early ECM and fibrin degradation, and
proinflammatory cytokine release [322]. In in vitro and in vivo experi-
mental models, leukocytes in the fibrin matrix through their incomplete
separation when preparing PRP will allow their interaction with already
primed and inflamed stromal fibroblasts, aigger fibroblast inflamma-
tory memory and favor the release of pro-inflammatory cytokines [182,
183], a fact that is not observed when the PRP preparations are
leukocyte-free [254,323-327]. Moreover, there may be other detri-
mental effects stemmed from an erythrocyte-derived heme-iron indue-
tion of the pro-inflammatory macrophage phenotypic switch [182,
328-331] that together with neutrophil activities and NETosis may
operate as non-resolving inflammation and profibrotic agents respee-
tively [17,140,159,332,333]. This can even exacerbate the
inflammation-driven pathelogy that the applied fibrin based network is
intended to treat [334,335]. Importantly, ex vivo activation of PRP with
CaCly yields low concentrations of thrombin, which itself exhibits
growth factor-like fibroblast and endothelial cell proliferation, migra-
tion, antiapoptotic, and inflammatory modulation activity. In contrast,
alternative modes of PRP activation can generate high doses of
thrombin, which would then also operate as an inflammatory mediator
to recruits monocytes, activates the NF-xB of endothelial cells, and
triggers the release of cytokines from mast cells [13,216]. The ex vivo
activation of PRP, in the absence of leukocytes, will circumvent the
NF-xB-dependent inflammatory gene expression and the generation of
proinflammatory cytokines by monocytes [336]. Not to be forgotten is
that, when directly injected non-activated PRP, platelets may activate
the complement system, as well as promote the formation of
platelet-leukocyte complexes and neutrophil extracellular waps (NETs)
in sity [33,336,337]. The growth factor HGF is secreted as an inactive
precursor (proHGF) and its proteclytic activation by HGFA is promoted
by thrombin and kallikrein enzymes, thereby producing pleiotropic HGF
Tegenerative activities in damaged areas provided that the coagulation
cascade has been activated [138,338]. Exogenous activation with
commercially available bovine thrombin runs the risk of adverse effects,
which include immune reactions, thrombosis, and hemeorrhage [339].
The use of citrate as anticoagulant has a significant biological impact on
PRP dynamics as this anticoagulant inhibits both coagulation and
complement activation by chelating and removing ion Ca?t from plasma
but not FXII and therefore the inflammatory arm of the contact system
[217], which may contribute to the uncoupling between thrombotic and
inflammatory responses of this biologic. In fact, while the addition of
CaCly initiates the intrinsic arm of the coagulation cascade, the classical
(CP) and lectin (LP) pathways of complement continue to be disturbed
[117; citrate is a potent complement inhibiter already at a low 0.25 mM
concentration and reduces the granulocyte activation [217,340].
Significantly, since sodium citrate does not inhibit the activation of FXII
there is a generation of bradykinin (BK) [217]. This major proin-
flammatory mediator not only recruits neutrophils to the injured site
and activates resident macrophages [341] in vivo it also induces a
second-generation of mediators such as nitric oxide, prostaglandins, and
leukotrienes [320,342]. However, and due to the very short half-life of
the BK in plasma and serum (<30 s) [343], by the time the fractionated
plasma is first activated ex vivo and then injected as an AFM (at least
10-15 min after the activation of the inflammatory arm of the contact
system), most of generated BK has been degraded by plasma kininases
and by blood clotting enzymes [343,344]. This physiological BK
degradation in AFM is indirectly confirmed by the absence of pain or
inflammation at the site of the autologous fibrin scaffold injection [315,
3109,345]. Last but not least, the use of citrate as anticoagulant does not
modify the growth factor kinetic nor the major biclogical properties of
AFM [231].

6. Future perspectives

Evolution, from invertebrates to manumals, has yielded and shaped
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immunothrombosis as a highly conserved defense and repair response.
The constitutive molecular pathways are a goldmine from where to learn
to design and optimize new bioengineering and synthetic biologically-
based therapies. Tissue repair as a by-product of the processes under-
lying immunothrombosis highlights potential therapeutic interventions
to enhance the repair of musculoskeletal injuries associated with chronic
inflammation. This is the case for blood-derived autologous fibrin
scaffolds that have a significant repair and regenerative potential and
which harness the healing properties of molecular and cellular compo-
nents of coagulation and hemostasis. Nonetheless, further work is
required to better address and overcome some of the challenges that
have arisen from its use, the myriad of methods for AFM preparation
often with incomplete characterization and with poor standardizatien in
the way they are applied. Moreover, the precise molecular mechanisms
underlying this versatile, bioclogy-inspired, evolution-tailored, and
human-engineered biomimetic therapy remain insufficiently under-
stood, as is the paradox of host defense mechanisms acting as local tissue
repair enhancers in man while in other situations generating systemic
pathogenic processes.

7. Conclusions

1. Evolution from invertebrates to mammals has yielded and shaped a
mosaic of mechanisms with roles in inflammation, clotting, and
healing, that has led to consider tissue healing being considered asa
bypreduct of the mechanisms underlying immunothrombosis.

2. Despite the superficial resemblances and common functional rends
between invertebrate immunoclotting and mammalian immuno-
thrombosis, the complex vertebrate blood coagulation network
emerged independently, together with a closed circulatory system,
blood cell specialization, the endothelium, and the adaptive immune
system, more than 500 Mya, over a period of a 50-100 million year
window.

3. The emergence of multi-systemic organisms, through gene and
whole genome duplication, exon shuffling, and mutations, has led to
sophisticated host defenses by the progressive addition of complexity
in the form of the contact system, the embellishment of the neuro-
endocrine system, blood cell type diversification and endothelium
development, the expansion of the proteins of the complement
pathway, and the emergence of the megakaryocyte-platelet axis
among others.

4. The systemic interplay among blood proteolytic cascades, blood cell
types and endothelium, and neuroendocrine system endowed their
bearers with survival advantages. But in the current world, that has
provided unprecedented cutting-edge therapies, the trade off is that
disruption of physiological homeostasis has led to thrombotic and
inflammatory diseases largely influenced by lifestyle and posing a
heavy economic burden.

5. Hamnessing the healing potential of fibrin matrix, an autologous
liquid-to-gel scaffold operates as a local and inexpensive shortcut
therapeutic srategy in sterile inflammatory conditions by mimicking
the immunoreparative role of growth factors and other biomolecules
trapped in the fibrin fabric. Once applied to damaged area, fibrino-
lysis will gradually release its cargo, including growth factors and
other biomolecules with antialgic, anti-inflammatory, and trophic
effects.

6. This versatile, biology-inspired, evolution-tailored, and human-
engineered biomimetic therapy is in its naissance, and offers much
hope for the future particularly as it is well adapted for third world
countries.

Declaration of competing interest
The authors declare the following financial interests/personal re-

lationships which may be considered as potential competing interests:
The authors declare that E.A. is the Scientific Director of and S.P. and R.

56



Capitulo 3: PUBLICACIONES ORIGINALES

S. Padilln et al.

P. are scientists at BTI Biotechnology Institute, a biomedical company
that investigates in the fields of regenerative medicine and PRGF-
Endoret technology. The rest of the authors state that that they have
no conflicts of interest that are relevant to the content of this article.

References

[1]
[2]
[3]
[4
[5]

[6

[71
[8]

[9:

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]
[26]
[27]

[28]

K Buchmann, Evolution of innate immunity: clues from invertebrates via fish to
mammals, Front. Immunol. 5 (2014) 459.

M.D. Gooper, B.R. Hertin, How did our complex immune system evolve? Nat.
Rev. Immunol. 10 (1) (2010} 2-3.

5.C. Stearns, R. Medzhitov, Evolutionary Medicine, Sinauer Associates, Inc.,
Publishers, Sunderland, Massachussetts, 2016.

L Cerenius, K. $oderhéll, Coagulation in invertebrates, J. Innate Immun. 3 (1)
(2011) 3-8.

P. Jiravanichpaisal, B.L. Lee, K. Soderhall, Cell-mediated immunity in arthropods:
hematopoiesis, coagulation, melanization and opsonization, Immunobiology 211
(4} (2006) 213-236.

U. Theopold, O. Schmidt, K Soderhall, M.5. Dushay, Coagulation in arthropods:
defence, wound closure and healing, Trends Immunol. 25 (6) (2004) 289-294.
B. Engelmann, S. Massberg, Thrombosis as an intravascul ar effector of innate
immunity, Nat. Rev. Immunol. 13 (1) {2013) 34-45.

F. Gaertner, 5. Massberg, Blood coagulation in immunothrombosis-At the
frontine of intravascular immunity, Semin. Immunol. 28 (6) (2016) 561-569.
J. Levin, 1 - the evolution of mammalian platelets, in: A.D. Michelson (Ed.),
Platelets, fourth ed., Academic Press, 2019, pp. 1-23.

S. Talbot, S.L. Foster, C.J. Woolf, Neuroimmunity: physiology and pathd ogy,
Annu. Rev. Immunol. 34 (2016) 421-447.

K.M. Ekdahl, Y. Teramura, O.A. Hamad, S. Asif, C. Duehrkop, K Fromell,

E. Gustafson, J. Hong, H. Kozarcanin, P.U. Magnusson, M. Huber-Lang, P. Garred,
B. Hilsson, Dangetous liaisons: complement, coagulation, and kallikrein/kinin
cross-talk act as a linchpin in the events leading to thromboinflammation,
Immunol. Rev. 274 (1) (2016) 245-269.

B. Olszewska-Pazdrak, J.S. Bergmann, G.M. Fuller, D.H. Carney, Thrombin and
thrombin peptides in wound healing and tissue repair, in: M.E. Maragoudakis, M.
E. Tsopanoglou (Eds.), Thrombin: Physiology and Disease, Springer, HNew York,
Hew York, MY, 2009, pp. 115-132.

L.R. Gorbacheva, E.V. Kiseleva, 1.G. Savinkova, 8.M. Strukova, A new concept of
action of hemostatic proteases on inflammation, neurotoxicity, and tissue
regeneration, Biochemistry (Mosc.) 82 (7) (2017) 776-790.

L.C. Burzynski, M. Humphry, K. Pytillou, KA. Wiggins, J.N.E. Chan, N. Figg, L.
L. Kitt, C. Summers, K.C. Tatham, P.B. Martin, IM.R. Bennett, M.C.H. (arke, The
coagulation and immune systems are direety linked through the activation of
interlenkin-1c by thrombin, Immunity 50 (4) (2019) 1033-1042.e6.

H. Laurens, P. Koolwijk, M.P. de Maat, Fibrin structure and wound healing,

J. Thromb. Haemostasis 4 (5) (2006) 932-939.

R.L Litvinov, J.W. Weisd, What is the biological and clinical rd evance of fibrin?
Semin. Thromb. Hemost. 42 (4) {(2016) 333-343.

E.X. Stavrou, C. Fang, K L. Bane, AT. Long, C. Maudin, E. Kucukal, A. Gandhi,
A. Brett-Morris, M.M. Mumaw, S. Izadmehr, A. Merkulova, C.C. Reynolds,

O. Alhalabi, L. Nayak, W.M. Yu, C.K. Qu, H.J. Meyerson, G.R. Dubyak, U.

A. Gurkan, M.T. Nieman, A. Sen Gupta, T. Renne, A.H. Schmaier, Factor XII and
uPAR upregulate neutrophil functions to influence wound healing, J. din. Invest.
128 (3) (2018) 944-959.

L.J. Juang, N. Mazinani, 8.K. Novakowski, E.N.P. Prowse, M. Haulena, D. Gailani,
LM. Lavkulich, C.J. Kastrup, Coagul ation factor XII contributes to hemostasis
when activated by soil in wounds, Blood advances 4 (8) (2020) 1737-1745.

T. Renne, E.X. Stavrou, Roles of factor XII in innate immunity, Front. Immunol. 10
(2019) 2011,

A.H. Schmaier, E.X. Stavrou, Factor XII - what’s important but not commonl ¥
thought about, Research and practice in thrombosis and haemostasis 3 (4) (2019)
599-606.

P.A. Tsonis, J.D. Lambris, K Del Rio-Tsonis, To regenetation... with complement,
Adv. Exp. Med. Biol. 586 (2006) 63-70.

D.C. Mastell os, R.A. Deangelis, J.D. Lambris, Complement-triggered pathways
orchestrate regenerative responses throughout phyl ogenesis, Semin. Immunol. 25
(1) (2013) 29-38.

S. Rafail, I. Kourtzelis, P.G. Foukas, M.M. Markiewski, R.A. DeAngelis,

M. Guariento, D. Ricklin, E.A Grice, J.D. Lambris, Complement deficiency
promotes cutaneous wound healing in mice, J. Inmunol. 194 (3) (2015)
1285-1291.

8. Padilla, M. Sanchez, G. Orive, E. Anitua, Human-based biological and
biomimetic autologous therapies for muscul oskel etal tissue regeneration, Trends
Biotechnol. 35 (3) (2017) 192-202.

H. Sinno, 8. Prakash, Complements and the wound healing cascade: an updated
review, Plast Surg Int 2013 (2013) 146764,

T. van der Poll, H. Herwald, The coagulation system and its function in early
immune defense, Thromb. Haemostasis 112 (4) (2014) 640-648.

M. Huber-Lang, J.D. Lambris, P.A. Ward, Innate immune responses to trauma,
Hat. Immunol. 19 (4) (2018) 327-341.

S.M. Opal, C.T. Esmon, Bench-to-bedside review: functional relationships
between coagulation and the innate immune response and their respective roles
in the pathogenesis of sepsis, Crit. Care 7 (1) (2003) 23-38.

16

[29]

[30]

[31]

[32]

[33]
341
[35]
[36]

[371

[38]
[39]
[40]
[41]

[421
[43]

[44]
145]
1461
1471
[48]
1491
1501

[511

[52]
[531

[54]

[55]
[56]
[57]

[581

[591

[60]

[61]

[62]

Biomaterials 279 (2021) 121205

AT. MNurden, P. Murden, M. Sanchez, I. Andia, E. Anitua, Platelets and wound
healing, Front. Biosci. 13 (2008) 3532-3548.

E. Anitua, P. Nurden, R Prado, A.T. Hurden, S. Padilla, Autdogous fibrin
scaffol ds: when platelet- and plasma-derived biomolecules meet fibrin,
Biomaterials 192 (2019) 440-460.

T. Burnouf, H.A. Goubran, T.M. Chen, K L. Ou, M. H-Ekiaby, M. Radosevic,
Blood-derived biomaterials and platelet growth factors in regenerative medicine,
Blood Rev. 27 (2) (2013) 77-89.

M. Hvington, M.K. Liszewski, J.P. Atkinson, Evolution of the complement system:
from defense of the single cell to guardian of the intravascular space, Immunol.
Rev. 274 (1) (2016) 9-15.

E.M. Conway, Reincarnation of ancient links between coagulation and
complement, J. Thromb. Haemostasis 13 (Suppl 1) (2015) 8121-8132.

M.M. Krem, E. Di Cera, Evolution of enzyme cascades from embryonic
development to blood coagul ation, Trends Biochem. Sci. 27 (2) (2002) 67-74.
R.F. Doolittle, The Evolution of Vertebrate Blood Clotting, University Science
Books, 2012.

R.F. Doolittle, Step-by-Step evolution of vertebrate blood coagulation, Cold
Spring Harbor Symp. Quant. Bidl. 74 (2009) 35-40.

M.A. Grant, D.L. Beeler, K.C. Spokes, J. Chen, H. Dharaneeswaran, T.E. Sciuto, A.
M. Dvorak, G. Interl andi, J.A. Lopez, W.C. Aird, Identification of extant vertebrate
Myzxine glutinosa VWE: evolutionary conservation of primary hemostasis, Blood
130 (23) (2017) 2548-2558.

C. Hess, C. Kemper, Complement-mediated regulation of metabolism and basic
cellular processes, Inmunity 45 (2) (2016) 240-254.

M. Devaeye, E.M. Conway, Coagulation and innate immune responses: can we
view them separately? Blood 114 (12) (2009) 2367-2374.

J.E. Allen, RM. Maizels, Diversity and dialogue in immunity to helminths, Nat,
Rev. Immunel. 11 {6) (2011) 375-388.

J.E. Allen, T.A. Wynn, Evolution of Th2 immunity: a rapid repair response to
tissue destructive pathogens, PLoS Pathog. 7 (5) (2011), e1002003.

C. Nathan, A. Ding, Nonresolving inflammation, Cell 140 (6) (2010) 871-882.
U. Theopold, R. Krautz, IM.S. Dushay, The Drosophila clotting system and its
messages for mammals, Dev. Comp. Immunol. 42 (1) (2014) 42-46.

M. Franchi, L. Ballarin, Immunity in protochordates: the tunicate perspective,
Front. Immunol. 8 (2017) 674.

W.C. Aird, Hemostasis and irceducible complexity, J. Thromb. Haemostasis 1 (2)
(2003) 227-230.

M.S. Dushay, Insect hemolymph clotting, Cell. Mol. Life Sci. 66 (16) (2009)
2643-2650.

M. Honaka, A. Kimura, Genomic view of the evol ution of the compl ement system,
Immunogenetics 58 (9) (2006) 701-713.

M. Nakao, T. Somamoto, The Evol ution of Complement System Functions and
Pathways in Vertebrates, The Evolution of the Immune System, 2016,

pp. 151-171.

E. Di, Cera, Thrombin, Mol. Aspects Med. 29 (4) (2008) 203-254.

M. Nonaka, Evol ution of the complement system, Subcell. Biochem. 80 (2014)
31-43,

M.B. Ponczek, M.Z. Bijak, P.Z. Howak, Evolution of thrombin and other
hemostatic proteases by sutvey of protochordate, hemichordate, and echinoderm
genomes, J. Mol. Evol. 74 (5-6) (2012) 319-331.

RF. Dodlittle, Coagulation in vertebrates with a focus on evolution and
inflammation, J. Innate Immun. 3 (1) (2011) 9-16.

R.F. Doolittle, Bioinformatic characterization of genes and proteins involved in
blood dotting in lampreys, J. Mol. Evd. 81 (3-4) (2015) 121-130.

R. Monahan-Earley, A.M. Dvorak, W.C. Aird, Evolutionary origins of the blood
vascular system and endothelium, J. Thromb. Haemostasis 11 (Suppl 1) (2013)
46-66. Suppl 1.

AH. Knoll, M.A. Nowak, The timetable of evolution, Sci Adv 3 (5) (2017),
el1603076.

M.A. O'Leary, Onthe trail of the first placental mammals, Am. S¢i. 102 (3) (2014)
190.

M. Shubin, Some Assembly Required: Decoding Four Billion Years of Life, from
Ancient Fossils to, DNA, Pantheon, 2020.

H.5. Upham, J.A. Esselstyn, W. Jetz, Inferring the mammal tree: specieslevel sets
of phylogenies for questions in ecology, evolution, and conservation, PLoS Biol.
17 (12) (2019), 83000494,

F. Delsuc, H. Philippe, G. Tsagkogeorga, P. Simion, M.K. Tilak, X. Turon, 3. Lopez-
Legentil, J. Piette, P. Lemaire, E.J.P. Douzery, A phyl ogenomic framework and
timescal e for comparative studies of tunicates, BMC Bid. 16 (1) (2018) 39.
M.A. O'Leary, J.I. Bloch, J.J. Flynn, T.J. Gaudin, A. Giallombardo, N.P. Giannini,
S5.L. Goldberg, B.P. Kraatz, Z.X. Luo, J. Meng, X. INi, M.J. Novacek, F.A. Perini, Z.
5. Randall, G.W. Rougier, E.J. Sargis, M.T. Silcox, MN.B. Simmons, M. Spaul ding, P.
M. Velazeo, M. Weksler, J.R. Wible, A.L. Citranelo, The placental mammal
ancestor and the post-K-Pg radiation of placentals, Science 339 (6120) (2013)
662-667.

R. Wood, A.G. Liu, F. Bowyer, P.R. Wilby, F.8. Dunn, C.G. Kenchington, J.F.

H. Cuthill, E.G. Mitchell, A. Penny, Integrated records of environmental change
and evolution challenge the Cambrian Explosion, Mat Ecol Evol 3 (4) (2019)
528-538.

M.A. Grant, W.C. Aird, Molecular evolution of the vertebrate bl ood coagulation
system, in: V.J. Marder, W.C. Aird, J.S. Bennett, 8. Schulman, G.C. White (Eds.),
Hemostasis and Thrombosis: Basic Principles and Clinical Practice, Lippincott
Williams & Wil kins, 2012, pp. 11-25.

57



Capitulo 3: PUBLICACIONES ORIGINALES

§. Padilln et al

[631

[64]

[65]
[66]

[671

[68]
[69]
[701
[71]
[72]
[731

[74]

[75]

[76]

[771

[78]
[791

[80]

[811

[82]
831
[841
[85]
[861
[87]
[88]
891

[90]

[911

[92]
[931
[o41

[95]

[96]1

E. Anitua, P. Nurden, A.T. Nurden, S. Padilla, More than 500 million years of
evolution in a fibrin-based therapeutic scaffold, Regen. Med. 15 (4) (2020)
1493-1498.

J.D. Kulman, E.W. Davie, Proteases in bl ood dotting, in: W.J. Lennarz, M.D. Lane
(Eds.), Encyclopedia of Biological Chemistry, second ed., Academic Press,
Waltham, 2013, pp. 585-589.

J.P. Brockes, A. Kumar, Comparative aspects of animal regeneration, Annu. Rev.
Cell Dev. Biol. 24 (2008) 525-549.

P.C. Hanington, S.M. Zhang, The primary role of fibrinogen-related proteins in
invertebrates is defense, not coagulation, J. Innate Immun. 3 (1) (2011) 17-27.
T.G. Loof, O. Schmidt, H. Herwald, U. Theopadd, Coagulation systems of
invertebrates and vertebrates and their roles in innate immunity: the same side of
two coins? J. Innate Immun. 3 (1) (2011) 34-40.

T.G. Loof, C. Deicke, E. Medina, The role of coagulation/fibrindysis during
infection, Front Cell Infect Microbiol 4 (2014) 128.

U. Theopold, D. Li, M. Fabbri, C. Scherfer, O. Schmidt, The coagulation of insect
hemolymph, Cell. Mol. Life Sci. 59 (2) (2002) 363-372.

W.C. Aird, Endothelial cell heterogeneity, Cold Spring Harb. Perspect. Med. 2 (1)
(2012) a006429.

C.J. Davidson, E.G. Tuddenham, J.H. McVey, 450 million yeats of hemostasis,
J. Thromb. Haemostasis 1 (7) (2003) 1487-1494.

H.M. Spronk, J.W. Govers-Riemslag, H. ten Cate, The blood coagulation system as
a molecular machine, Bioessays 25 (12) (2003) 1220-1228.

M.B. Ponczek, D. Gailani, R.F. Doolittle, Evolution of the contact phase of
vertebrate blood coagulation, J. Thromb. Haemostasis 6 (11) (2008) 1876-1883.
M.B. Ponczek, A. Shamanaev, A. LaPlace, 5.K. Dickeson, P. Srivastava, M.F. Sun,
A. Gruber, C. Kastrup, J. Emsley, D. Gailani, The evolution of factor XI and the
kallikrein-kinin system, Blood advances 4 (24) (2020) 6135-6147.

T. Renné, The factor XII-driven plasma contact system. Hemostasis and
Thrombosis: Basic Principles and Clinical Practice, Wolters Kluwer,/Li ppincott,
Williams & Wilkins, Philadelphia, Pennsylvania, USA, 2013, pp. 242-253.

M. Visser, R. van Oerle, H. Ten Cate, V. Laux, N. Mackman, S. Heitmeier, H.M.
H. Spronk, Plasma kallikrein contributes to coagulation in the absence of factor XI
by activating factor I'f, arterioscler, Thromb. Vase. Biol. 40 (1) (2020) 103-111.
K.J. Reatney, J. Butler, O.M. Posada, C. Wilson, 8. Heal, M. Ali, L. Hardy,

J. Ahnstrom, D. Gailani, R. Foster, E. Hethershaw, C. Longstaff, H. Philippou,
Kallikrein direcly interacts with and activates Factor IX, resulting in thrombin
generation and fibrin formation independent of Factor XI, Proc. Nat. Acad. Sci.
U. S. A. 118 (3) (2021), e2014610118.

A. Sebe-Pedros, B.M. Degnan, 1. Ruiz-Trillo, The origin of Metazoa: a unicellul ar
perspective, IMat. Rev. Genet. 18 (8) (2017) 498-512.

D. Arendt, The evol ution of cell types in animals: emerging principles from
molecular studies, Mat. Rev. Genet. 9 (11) (2008) 868-882.

D. Arendt, J.M. Musser, C.V.H. Baker, A. Bergman, C. Cepko, D.H. Erwin,

M. Pavlicev, G. Schlosser, 5. Widder, M.D. Laubichler, G.P. Wagner, The origin
and evolution of cell types, Hat. Rev. Genet. 17 (12) (2016) 744-757.

W.W. Burggren, C.L. Reiber, Evolution of cardiovascul ar systems and their
endothelial linings, in: W.C. Aird (Ed.), Endothelial Biomedicine, Cambridge
University Press, Cambridge, 2007, pp. 29-49.

M.W. Kirschner, J.C. Gerhart, J. Morton, The Plausibility of Life. Resolving
Darwin’s Dilemma, Yale University Press, 2005.

A, Michd son-Wellet, Complement, in: W.C. Aird (Ed.), Endothelial Biomedicine,
Cambridge University Press, Cambridge, 2007, pp. 430-443.

V. Hartenstein, Blood cells and blood cell development in the animal kingdom,
Annu. Rev. Cell Dev. Biol. 22 (2006) 677-712.

M. Grigorian, V. Hartenstein, Hematopoiesis and hematopoietic organs in
arthropods, Dev. Gene. Evol. 223 (1-2) (2013) 103-115.

T. Boehm, J.B. Swann, Origin and evolution of adaptive immunity, Annu Rev
Anim Biosci 2 (2014) 259-283.

H.H. Versteeg, J.W. Heemskerk, M. Levi, P.H. Reitsma, New fundamentals in
hemostasis, Physiol. Rev. 93 (1) (2013) 327-358.

N.D. Kim, A.D. Luster, The role of tissue resident cells in neutrophil recruitment,
Trends Immunol. 36 (9) (2015) 547-555.

R. Medzhitov, Origin and physiological roles of inflammation, Nature 454 (7203)
(2008) 428-435.

ML.IM. Mackiewski, B. Nilsson, K.N. Fkdahl, T.E. Mollnes, J.D. Lambris,
Complement and coagulation: strangers or partners in crime? Trends Immunol.
28 (4) (2007) 184-192.

D. Ricklin, E.5. Reis, D.C. Mastdlos, P. Gros, J.D. Lambris, Complement
component C3 - the "Swiss Army Knife" of innate immunity and host defense,
Immund. Rey. 274 (1) (2016) 33-58.

Y. Okabe, R. Medzhitov, Tissue biology perspective on mactophages, Mat.
Immund. 17 (1) (2016) 9-17.

W.C. Aird, Proximate and evolutionary causation of endothelial heterogeneity,
Semin. Thromb. Hemost. 36 (3) (2010) 276-285.

R. Munoz-Chapuli, Evolution of angiogenesis, Int. J. Dev. Bidl. 55 (4-5) (2011)
345-351.

H.L Anderson, LE. Brodsky, I.S. Mangalmurti, The evolving erythrocyte: red
blood cells as modulators of innate immunity, J. Immunol. 201 (5) (2018)
1343-1351.

J. Pascual-Anaya, B. Albuixech-Crespo, I.M. Somorjai, R. Carmona, Y. Oisi,

S. Alvarez, S. Kuratani, R. Munoz-Chapuli, J. Garcia-Fernandez, The evolutionary
origins of chordate hematopoiesis and vertebrate endothelia, Dev. Bid. 375 (2)
(2013) 182-192.

17

Biomaterials 279 (2021) 121205

[97] R. Mufioz-Chapuli, R. Carmona, J.A. Guadix, D. Macias, J.M. Pérez-Pomares, The
origin of the endothelial cells: an evo-deyo approach for the invertebrate/
vertebrate transition of the circulatoty system, Evol. Dev. 7 (4) (2005) 351-358.
LT. Roumenina, J. Rayes, M. Frimat, V. Fremeaux-Bacchi, Endothelial cells:
source, barrier, and target of defensive mediators, Immunol. Rev. 274 (1) (2016)
307-329.

V.W. van Hinsbergh, Endothelium-tole in regulation of coagulation and
inflammation, Semin, Immunopathdl 34 (1) (2012) 93-106.

P.E.J. van der Meijden, J.W.M. Heemskerk, Platelet biology and functions: new
concepts and cinical perspectives, Mat. Rev. Cardid. 16 (3) (2019) 166-179.

0. Svoboda, P. Bartunek, Origins of the vertebrate erythro/megakaryocytic
systern, BioMed Res. Int. 2015 (2015) 632171.

P. Cunin, P.A. Higrovic, Megakaryocytes as immune cells, J. Leukoc. Biol. 105
(m6) (2019) 1111-1121.

A A Schmaier, T.J. Stal ker, J.J. Runge, D. Lee, C. Hagaswami, P. Mericko,

M. Chen, 8. Cliche, C. Gariepy, L.F. Brass, D.A. Hammer, J.W. Weisel,

K. Rosenthal, M.L. Kahn, Occlusive thrombi arise in mammals but not birds in
response to arterial injury: evolutionary insight into human cardiovascular
disease, Blood 118 (13) (2011) 3661-3669.

J.L Li, A. Zarbock, A. Hidalgo, Platelets as autonomous drones for hemostatic and
immune surveillance, J. Exp. Med. 214 (8) (2017) 2193-2204.

D.G. Menter, 3. Kopetz, E. Hawk, A K. Sood, J. M. Loree, P. Gresele, KV. Honn,
Platelet "first responders’ in wound response, cancer, and metastasis, Cancer
IMetastasis Rev. 36 (2) (2017) 199-213.

L Nicolai, F. Gaertner, S. Massberg, Platelets in host defense: experimental and
clinical insights, Trends Immunol. 40 (10) (2019) 922-938.

F.W. Lam, KV. Vijayan, RE. Rumbaut, Platelets and Their Interactions with
Other Immune Cdls, Comprehensive Physiology, John Wiley & Sons, Inc., 2015,
pp. 1265-1280.

M. Tomaiuolo, L.F. Brass, T.J. Stalker, Regulation of platel et activation and
coagul ation and its role in vascular injury and arterial thrombosis, Interv Cardiol
din 6 (1) (2017) 1-12.

LF. Brass, Thrombin and platel et activation, Chest 124 (3 Suppl) (2003) 185-255.
T. Gremmel, A.L. Frelinger 3vd, A.D. Michelson, Platelet physid ogy, Semin.
Thromb. Hemost. 42 (3) (2016) 191-204.

A.T. Nurden, The biology of the plate et with special reference to inflammation,
wotnd healing and immunity, Front. Biosei. 23 (2018) 726-751.

AL Fogelson, K.B. Neeves, Fluid mechanics of blood clot formation, Annu. Rev.
Fluid Mech. 47 (1) (2015) 377-403.

T.V. Colace, G.W. Tormoen, O0.J. MecCarty, 5.L. Diamond, Microfluidics and
coagul ation biology, Annu. Rev. Biomed. Eng. 15 (2013) 283-303.

0. Garraud, W.MN. Hozzein, G. Badr, Wound healing: time to look for intelligent,
*natural” immuno ogical approaches? BMC Immund . 18 (Suppl 1) (2017) 23.
0. Garraud, F. Cognasse, Are platel ets cels? And if yes, are they immune cell s?
Front. Immunol. 6 (2015) 70.

C. Speth, J. Loffler, $. Krappmann, C. Lass-Horl, G. Rambach, Platelets as immune
cells in infectious diseases, Future Microbiol. 8 (11) (2013) 1431-1451.

M.R. Yeaman, 29 - the role of platel ets in antimicrobial host defense, in: A.

D. Michelson (Ed.), Platelets, fourth ed., Academic Press, 2019, pp. 523-546.
M.R. Yeaman, Platelets: at the nexus of antimicrobial defence, Mat. Rev.
Mictobiol. 12 (6) (2014) 426-437.

S. Mishimura, M. Magasaki, S. Kunishima, A. Sawaguchi, A. Sakata, H. Sakaguchi,
T. Ohmoti, I. Manabe, J.E. Italiano Jr., T. Ryu, N. Takayama, 1. Komuro,

T. Kadowaki, K Eto, R. Magai, IL-1 al pha induces thrombopoiesis through
megakaryocyte rupture in cesponse to acute platelet needs, J. Cell Bid. 209 (3)
(2015) 453-466.

J.F. Martin, G.P. Wagner, The origin of [l atel ets enabled the evolution of
eutherian placentation, Biol. Lett. 15 (7) (2019) 20190374.

M. Lane, The Vital Question: Energy, Evolution, and the Origins of Complex Life,
WW Morton & Company, 2015.

M. Mezger, H. Nording, R. Sauter, T. Graf, C. Heim, M. von Bubnoff, S.

M. Ensminger, H.F. Langer, Platelets and immune responses during
thromboinflammation, Front. Immunol. 10 (1731) (2019) 1731.

J.W. Godwin, A.R. Pinto, M.A. Rosenthal, Chasing the recipe for a pro-
tegenetative immune system, Semin. Cell Dev. Bidl. 61 (2017) 71-79.

AL Mescher, AW. Neff, M.W. King, Inflammation and immunity in organ
regeneration, Dev. Comp. Immunol. 66 (2017) 98-110.

J.R. Erickson, K. Echeverri, Learning from regeneration research organisms: the
circuitous road to scar free wound healing, Dev. Biol. 433 (2) (2018) 144-154.
H. El-Sharkawy, A. Kantarci, J. Deady, H. Hasturk, H. Liu, M. Alshahat, T.E. Van
Dyke, Plateletrich plasma: growth factors and pro- and anti-inflammatory
propetties, J. Periodontd. 78 (4) (2007) 661-669.

L Mosteiro, C. Pantoja, N. Alcazar, R.M. Marion, D. Chondronasiou, M. Rovira, P.
J. Fernandez-Marcos, M. Munoz-Martin, C. Blanco-Aparicio, J. Pastor, G. Gomez-
Lopez, A. De Martino, M.A. Blasco, M. Abad, M. Serrano, Tissue damage and
senescence provide critical signals for cellular reprogramming in vivo, Science
354 (6315) (2016) aaf4445.

J. Rossaint, A. Margraf, A. Zarbock, Role of platelets inleukocyte recruitment and
resol ution of inflammation, Front. Immundl. 9 (2018) 2712,

J.S. Duffield, M. Lupher, V.J. Thannickal, T.A. Wynn, Host responses in tissue
repair and fibrosis, Annu. Rev. Pathol. § (2013) 241-276.

KR. Jessen, R. Mirsky, P. Arthur-Farraj, The rde of cell plasticity in tissue repair:
adaptive cellular reprogramming, Dev. Cell 34 (6) (2015) 613-620.

J.F. Deniset, P. Kubes, Neutrophil heterogeneity: bona fide subsets or polarization
states? J. Leukoc. Biol. 103 (5) (2018) 829-838.

[98]

[99]
[100]
[101]
[102]

[103]

[104]

[105]

[106]
[107]
[108]
[109]
[110]
[111]
[113]
[113]
114
[115]
[116]
1171
[118]

[119]

[120]
[121]

[122]

[123]
[124]
[125]

[126]

[127]

[128]
[129]
[130]

[131]

58



Capitulo 3: PUBLICACIONES ORIGINALES

S. Padilla et al

[132]

[133]

[1341

[135]
[136]
[137]

[138]

[139]

[140]

[141]
[142]

[1431

[144]
[145]
[146]

[1471

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

P.J. Arthuc-Farraj, M. Latouche, D.K Wilton, S. Quintes, E. Chabrol, A. Banetjee,
A Woodhoo, B. Jenkins, M. Rahman, M. Turmaine, G.K. Wicher, R. Mitter,

L. Greensmith, A. Behrens, G. Raivich, R. Mirsky, K.R. Jessen, ¢-Jun reprograms
Schwann cell s of injured nerves to generate a repair cell essential for
regenetation, Meuron 75 (4) (2012) 633-647.

J.E. Allen, T.F. Sutherland, Host protective roles of type 2 immunity: parasite
killing and tissue repair, flip sides of the same coin, Semin. Immunadl. 26 (4)
(2014) 329-340.

W.C. Gause, T.A. Wynn, J.E. Allen, Type 2 immunity and wound healing:
evolutionary refinement of adaptive immunity by helminths, Hat. Rev. Immund .
13 (8) (2013) 607-614.

P. Pakshir, B. Hinz, The big five in fibrosis: macrophages, myofibroblasts, matrix,
mechanics, and miscommunication, Matrix Biol. 68-69 (2018) 81-93.

J.P. Luyendyk, J.G. Schoenecker, M.J. Flick, The multifaceted role of fibrinogen
in tissue injury and inflammation, Blood 133 (6) (2019) 511-520.

C. Li, H. Zhao, Z. Liu, C. McMahon, Deer antler—a novel model for studying organ
regeneration in mammals, Int. J. Biochem. Cell Biol. 56 (2014) 111-122.

K Miyazawa, Hepatocyte growth factor activator (HGFA): a serine protease that
links tissue injury to activation of hepatocyte growth factor, FEBS J. 277 (10)
(2010) 2208-2214.

J. Meves, M. Demaria, J. Campisi, H. Jaspet, Of flies, mice, and men:
evolutionarily conserved tissue damage responses and aging, Dev. Cell 32 (1)
(2015) 9-18.

M. Adler, A Mayo, X Zhou, RA. Frankin, M.L. Meidish, R. Medzhitov, 8.

M. Kall enberger, U. Alon, Principles of cell circuits for tissue repair and fibrosis,
iScience 23 (2) (2020) 100841.

S.A. Eming, T.A. Wynn, P. Martin, Inflammation and metabolism in tissue repair
and regeneration, Science 356 (6342) (2017) 1026-1030.

G.M. Barton, A cal culated response: control of inflammation by the innate
immune system, J. din. Invest. 118 (2) (2008) 413-420.

K.N. Ekdahl, K. Fromell, C. Mohlin, Y. Teramura, B. Nilsson, A human whole-
blood model to study the activation of innate immunity system triggered by
nanoparticles as a demonstrator for toxicity, Sci. Technol. Adv. Mater. 20 (1)
(2019) 688-698.

C.N. Serhan, J. 3avill, Resolution of inflammation: the beginning programs the
end, Nat. Immunol. 6 (12) (2005) 1191-1197.

T.A. Wynn, Common and unique mechanisms regulate fibrosis in various
fibroproliferative diseases, J. din. Invest. 117 (3) (2007) 524-529.

T. Buchheit, Y. Huh, W. Maixner, J. Cheng, R.R. Ji, Neuroimmune modul ation of
pain and regenerative pain medicine, J. din. Invest. 130 (5) (2020) 2164-2176.
M. Burmolle, T.R Thomsen, M. Fazli, I. Dige, L. Christensen, P. Homoe, M. Tvede,
B. Nyvad, T. Tolker-Mielsen, M. Givskov, C. Moser, K. Kirketerp-Moller, H.

K. Johansen, N. Hoiby, P.O. Jensen, 8.J. Sorensen, T. Bjarnsholt, Biofilms in
chronic infections - a matter of opportunity - monospecies biofilms in multispecies
infections, FEMS Immunol. Med. Microbiol. 59 (3) (2010) 324-336.

M.C. Canesso, A.T. Vieira, T.B. Castro, B.G. Schirmet, D. Cisalpino, F.S. Mattins,
M.A. Rachid, J.R. Hicoli, M.M. Teixeira, L.S. Barcelos, Skin wound healing is
accelerated and scarless in the absence of commensal microbiota, J. Immund.
193 (10) (2014) 5171-5180.

JM. Lord, M.J. Midwinter, Y.-F. Chen, A. Belli, K Brohi, E.J. Kovacs,

L Koenderman, P. Kubes, R.J. Lilford, The systemic immune response to trauma:
an overview of pathophysiology and treatment, Lancet 384 (9952) (2014)
1455-1465.

E.J. Seeley, M.A. Matthay, P.J. Wolters, Inflection points in sepsis biology: from
local defense to systemic organ injury, Am. J. Physiol. Lung Cell Mol. Physiol. 303
(5) (2012) L355-L363.

A Satyam, E.R. Graef, P.H. Lapchak, M.G. Tsokos, J.J. Dalle Lucea, G.C. Tsokos,
Complement and coagulation cascades in trauma, Acute Med Surg 6 (4) (2019)
329-335.

D.D. Lo, A 8. Zimmermann, A. Nauta, M.T. Longaker, H.P. Lorenz, Scarl ess fetal
skin wound healing update, Birth Defects Res C Embryo Today 96 (3) (2012)
237-247.

J. Gerhart, M. Kirschner, The theory of facilitated variation, Proc. Ma. Acad. Sei.
U. . A. 104 (Suppl 1) (2007) 8582 8589.

M. Lech, H.J. Anders, Macrophages and fibrosis: how resident and infil trating
mononuclear phagocytes orchestrate all phases of tissue injury and repait,
Biochim. Biophys. Acta 1832 (7) (2013) 989-997.

J. Godwin, D. Kuraitis, M. Rosenthal, Fxtracellular matrix considerations for scar-
free repair and regeneration: insights from regenerative diversity among
vertebrates, Int. J. Biochem. Cell Biol. 56 (2014) 47-55.

B.J. Larson, M.T. Longaker, H.P. Lorenz, Scarless fetal wound healing: a basic
science review, Plast. Reconstr. Surg. 126 (4) (2010) 1172-1180.

M.J. Redd, L. Cooper, W. Wood, B. Stramer, P. Martin, Wound healing and
inflammation: embryos reveal the way to perfect repait, Philos. Trans. R. Soc.
Lond. B Biol. Sci. 350 (1445) (2004) 777-784.

A. Nauta, G. Gurtner, M.T. Longaker, Wound healing and regenerative strategies,
Oral Dis. 17 (6) (2011) 541-549,

8.G. Dakin, R.A. Colas, J. Mewton, 8. Gwilym, M. Jones, H.A.B. Reid, 5. Wood,
L. Appleton, K. Wheway, B. Watkins, J. Dalli, A.J. Carr, 15-Epi-LXA4 and MaR 1
counter inflammation in sttomal cells from patients with Achilles tendinopathy
and ruptuce, Faseb. J. 33 (7) (2019) 8043-8054.

F.L. Macrae, C. Duval, P. Papareddy, S.R. Baker, M. Yuldasheva, K.J. Kearney, H.
R McPherson, N. Asquith, J. Konings, A. Casini, J.L. Degen, $.D. Connell,

H. Philippou, A.5. Wol berg, H. Herwald, R.A. Ariens, A fibrin biofilm covers blood
clots and protects from microbial invasion, J. din. Invest. 128 (8) (2018)
3356-3368.

18

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]
[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[1771

[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]
[186]
[187]
[188]
[189]

[190]

[191]

[192]

[193]

Biomaterials 279 (2021) 121205

5. Oehmcke-Heeht, J. Kohler, Interaction of the human contact system with
pathogens-an update, Front. Immunol. 9 (2018) 312.

8. Zhu, B.A. Herbig, X. Yu, J. Chen, 5.L Diamond, Contact pathway function
during human whole blood clotting on procoagulant surfaces, Front. Med. 5
(2018) 209.

C. Maas, C. Oschatz, T. Renné, The plasma contact system 2.0, Semin. Thromb.
Hemost. 37 (4) (2011) 375-381,

J.A Dunlop G. Scholtz, P.A. Selden, Watet-to-Land transitions, in: A. Minedlli,
G. Boxshall, G. Fusco (Eds.), Arthropod Biology and Evolution: Molecules,
Development, Morphol ogy, Springer Berlin Heidelberg, Berlin, Heidelberg, 2013,
pp. 417-439.

A.J. Seely, N.V. Christou, Multiple organ dysfunction syndrome: exploring the
paradigm of complex nonlinear systems, Crit. Care Med. 28 (7) (2000)
2193-2200.

W.C. Aird, The role of the endothelium in severe sepsis and multiple organ
dysfunction syndrome, Blood 101 (10) (2003) 3765-3777.

M.M. Fiusa, M.A. Carval ho-Filho, J.M. Annichino-Bizzacchi, E.V. De Paula,
Causes and consequences of coagul ation activation in sepsis: an evolutionary
medicine perspective, BMC Med. 13 (2015) 105.

P. Carrera-Bastos, O’Keefe Fontes, Cordain Lindeberg, The western diet and
lifestyle and diseases of civilization, Res. Rep. din. Cardid. 2 (2011) 15.

J.-L. Vincent, $.M. Opal, J.C. Marshall, K.J. Tracey, Sepsis definitions: time for
change, Lancet 381 (9868) (2013) 774-775.

C.N. Motrdl, D.N. Pariser, Z.T. Hilt, D. Vega Ocasio, The platelet napoleon
complex-small cells, but big immune regulatory functions, Annu. Rev. Immunol.
37 (1) (2019) 125-144,

E. Karasu, B. Milsson, J. Kohl, J.D. Lambris, M. Huber-Lang, Targeting
complement pathways in polytrauma- and sepsis-induced multiple-organ
dysfunction, Front. Immunol. 10 (2019) 543.

K.J. Tracey, The inflammatory reflex, Nature 420 (6917) (2002) 853-859.

U. Andersson, K.J. Tracey, Reflex principles of immunol ogical homeostasis, Annu.
Rev. Immunol. 30 (2012) 313-335.

E.M. Conway, Complement-coagulation connections, Blood Coagul. Fibrinolysis
29 (3) (2018) 243-2351.

0. Eriksson, C. Mohlin, B. Nilsson, KM. Ekdahl, The human platelet as an innate
immune cell: interactions between activated platelets and the comgl ement
system, Front. Immunol. 10 (2019) 1590.

1M.5. Merle, R. Noe, L. Halbwachs-Mecarelli, V. Fremeaux-Bacchi, L.T. Roumenina,
Complement system Part II: role in immunity, Front. Immunol. 6 (2015) 257.
U. Amara, ML.A. Flierl, D. Rittirsch, A, Klos, H. Chen, B. Acker, U.B. Briickner,
B. Hilsson, F. Gebhard, J.D. Lambris, M. Huber-Lang, Mol ecular
intercommunication between the complement and coagulation systems,

J. Immunol. 185 (9) (2010) 5628-5636.

V.A. Pavlov, 8.8. Chavan, K.J. Tracey, Molecular and functional neuroscience in
immunity, Annu. Rev. Immund. 36 (2018) 783-612.

LM. Chiu, C.A. von Hehn, C.J. Woolf, MNeurogenic inflammation and the
peripheral nervous system in host defense and immunopathology, Nat. Neurosci.
15 (8) (2012) 1063-1067.

8.5, Chavan, V.A. Paviov, K.J. Tracey, Mechanisms and therapeutic rel evance of
neuro-immune communication, Immunity 46 (6) (2017) 927-942.

E.D. Ponomatev, Fresh evidence for platelets as neuronal and innate immune
cells: their role in the activation, differentiation, and deactivation of Thl, Th17,
and tregs during tissue inflammation, Front. Immunol. 9 (406) (2018) 406.

S.G. Dakin, M. Coles, J.P. Sherlock, F. Powrie, A.J. Carr, C.D. Buckl ey, Pathogenic
stromal cells as therapeutic targets in joint inflammation, Nat. Rev. Rheumatd.
14 (12) (2018) 714-726.

T. Crowley, C.D. Buckley, A.R. Clark, Stroma: the forgotten cedls of innate
immune memory, Clin. Exp. Immunol. 193 (1) (2018) 24-36.

M.G. Metea, A. Schlitzer, K. Placek, L.A.B. Joosten, J.L. Schultze, Innate and
adaptive immune memoty: an evolutionary continuum in the host's response to
pathogens, Cell Host Microbe 25 (1) (2019) 13-26.

I.H. Jaffer, J.I. Weitz, The blood compatibility challenge. Part 1: blood-contacting
medical devices: the scope of the problem, Acta Biomater. 94 (2019) 2-10.

S. Chakraborty, E. Karasu, M. Huber-Lang, Complement after trauma: suturing
innate and adaptive immunity, Front. Immund. 9 (2018) 2050.

8.M. Opal, The nexus between systemic inflammation and disordered coagulation
in sepsis, J. Endotoxin Res. 10 (2) (2004) 125-129.

D. Rickin, D.C. Mastellos, E.S. Reis, J.D. Lambris, The renaissance of complement
therapeutics, Mat. Rev. Hephrol. 14 (1) (2018) 26-47.

B.K. Pedersen, The physiology of optimizing health with a focus on exercise as
medicine, Annu. Rev. Physiol. 81 (2019) 607-627.

K.N. Ekdahl, P. Davoodpour, B. Ekstrand-Hammarstrom, K Fromell, O.A. Hamad,
J. Hong, A. Bucht, C. Mohlin, G.A. Seisenbaeva, V.G. Kessler, B. Nilsson, Contact
(kallikrein/kinin) system activation in whole human blood induced by low
concentrations of al pha-Fe203 nanoparticles, Hanomedicine 14 (3) (2018)
735-744.

A.J. Wagers, The stem cell niche in regenerative medicine, Cell stem cell 10 (4)
(2012) 362-369.

LM. Conboy, M.J. Conboy, A.J. Wagers, E.R. Girma, .I. Weissman, T.A. Rando,
Rejuvenation of aged progenitor cells by exposure to a young systemic
enviconment, Nature 433 (7027) (2005) 760-764.

S.A. Villeda, J. Luo, K.I. Mosher, B. Zou, M. Britschgi, G. Bieri, T.M. Stan,

N. Fainberg, Z. Ding A. Eggel, KM. Lucin, E. Czirt, J.-S. Park, 8. Couill ard-
Després, L. Aigner, G. Li, E.R Peskind, J.A. Kaye, J.F. Quinn, D.R. Galasko, X.
8. Xie, T.A. Rando, T. Wyss-Coray, The ageing systemic milien negatively
regulates neurogenesis and cognitive function, Mature 477 (7362) (2011) 90-94.

59



Capitulo 3: PUBLICACIONES ORIGINALES

5. Padillz et al.

[194]

[195]
[196]
[197]
[198]

[199]

[200]

[201]

[202]

[203]

[204]

[205]

[206]

[207]

[208]

[209]

[210]

[211]

[212]

[213]

[214]
[215]
[216]

[217]

[218]

[219]

[220]

[221]

[222]

[223]

LV. Roberts, D. Bukhary, C.Y.L. Valdivieso, . Titelli, Fibrin matrices as
(injectable) biomaterials: formation, clinical use, and molecular engineering,
macromol, Biosci 20 (1) (2020), e1900283.

8. Bergel, Ueber Wirkungen des Fibrins, Dtsch. Med. Wochenschr. 35 (15) (1909)
663665,

J.Z. Young, P.B. Medawat, Fibrin suture of peripheral nerves, Lancet 236 (6101)
(1940) 126-128.

E.P. Cronkite, Use of thrombin and fibrinogen in skin grafting, J. Am. Med. Assoc.
124 (14) (1944) 976.

H. Matras, Fibrin seal: the state of the art, J. Oral Maxill ofac. Surg. 43 (8) (1985)
605-611.

P. Tayapongsak, D.A. O’'Brien, C.B. Monteiro, LY. Arceo-Diaz, Autd ogous fibrin
adhesive in mandibular reconstruction with particul ate cancellous bone and
marrow, J. Oral Mazxillofac. Surg. 52 (2) (1994) 161-165. ; discussion 166.

R.E. Marx, ER Cadson, R.M. Eichstaedt, 5.R Schimmele, J.E. Strauss, K.

R. Georgeff, Plateletrich plasma: growth factor enhancement for bone grafts, Oral
Surg, Oral Med. Oral Pathol. Oral Radiol. Endod. 85 (6) (1998) 638-646.

E. Anitua, Plasma rich in growth factors: preliminary results of use in the
preparation of future sites for implants, Int. J. Oral Maxillofac. Implants 14 (4)
(1999) 529-535,

R.M. Sanchez-Avil a, J. Merayo-Lloves, A.C. Riestra, S. Berisa, C. Lisa, J.

A Sanchez, F. Muruzabal, G. Orive, E. Anitua, Plasma rich in growth factors
membrane as coadjuvant treatment in the sutgery of ocular surface disorders,
Medicine (Baltim.) 97 (17) (2018), e0242.

M. Sanchez, E. Anitua, D. Delgado, P. Sanchez, R Prade, G. Orive, $. Padilla,
Plateletrich plasma, a source of autologous growth factors and biomimetic
scaffold for peripheral nerve regeneration, Expet Opin. Biol. Ther. 17 (2) (2017)
197-212.

P. Gentile, 8. Garcovich, Systematic review: adipose-derived mesenchymal stem
cells, platelet-rich plasma and biomaterials as new regenerative strategies in
chronic skin wounds and soft tissue defects, Int. J. Mol. Sci. 22 (4) (2021) 1538.
E. Anitua, A. Pino, G. Orive, Opening new horizons in regenerative dermatol ogy
using platelet-based autologous therapies, Int. J. Dermatol. 56 (3) (2017)
247-251.

B. De Angelis, M. D Autilio, F. Orlandi, G. Pepe, S. Garcovich, M.G. Scioli,

A Otlandi, V. Cervelli, P. Gentil e, Wound healing: in vitro and in vivo evaluation
of a bio-functional ized scaffold based on hyaluronic acid and platelet-rich plasma
in chronic ulcers, J. din. Med. 8 (9) (2019) 1486.

P. Gentile, M.G. Scioli, A. Bielli, B. De Angelis, C. De Sio, D. De Fazio,

G. Ceccarelli, A. Trivisonno, A. Orlandi, V. Cervelli, $. Garcovich, Platelet-rich
flasma and micrografts enciched with autologous human follicle mesenchymal
stem cells improve hair Re-growth in androgenetic alopecia, Biomolecular
Pathway Analysis and Cinical Evaluation, Biomedicines 7 (2) (2019) 27.

E. Anitua, R Prado, G. Orive, Safety and efficient ex vivo expansion of stem cells
using platelet-rich plasma technology, Ther. Deliv. 4 (9) (2013) 1163-1177.

G. Irmak, M. Gumusderelioglu, Photo-activated platelet-rich plasma (PRP)-based
patient-specific bio-ink for cartilage tissue engineering, Biomed. Mater. 15 (6)
(2020), 065010,

Y. Lu, Q. Hu, C. Jiang, Z. Gu, Platelet for drug delivery, Curt. Opin. Biotechnol. 58
(2019) 81-91.

Y. Sun, J. 8u, G. Liu, J. Chen, X. Zhang, R. Zhang, M. Jiang, M. Qiu, Advances of
blood cell-based drug delivery systems, Eur. J. Pharmaceut. Sci. 96 (2016)
115-128.

Y. Du, 5. Wang, M. Zhang, B. Chen, Y. Shen, Cells-based drug delivery for cancer
applications, Nanoscale research letters 16 (1) (2021) 139.

E. Anitua, I. Andia, B. Ardanza, P. Murden, A.T. Hurden, Autologous platelets asa
source of proteins for healing and tissue regeneration, Thromb. Haemostasis 91
(1) (2004) 4-15.

5.G. Boswell, B.J. Cole, E.A. Sundman, V. Karas, L.A. Fortier, Platd et-rich plasma:
a milieu of bioactive factors, Arthroscopy 28 (3) (2012) 429-439.

D. Varga-$zabo, A. Braun, B. Mieswandt, Calcium signaling in platelets,

J. Thromb. Haemostasis 7 (7) (2009) 1057-1066.

B. Estevez, X. Du, Mew concepts and mechanisms of plate et activation signaling,
Physiology 32 (2) (2017) 162-177.

K.H. Ekdahl, J. Hong, O.A. Hamad, R. Larsson, B. Hilsson, Evaluation of the blood
compatibility of materials, cells, and tissues: basic concepts, test models, and
practical guidelines, Adv. Exp. Med. Biol. 735 (2013) 257-270.

AT. Nurden, Platelets, inflammation and tissue regeneration, Thromb,
Haemostasis 105 (Suppl 1) (2011) 813-833.

A.C. Brown, T.H. Barker, Fibrin-based biomaterials: modulation of macroscopic
properties through rational design at the molecular level, Acta Biomater. 10 (4)
(2014) 1502-1514.

A.C. Mitchell, P.S. Briquez, J.A. Hubbell, J.R. Cochran, Engineering growth
factors for regenerative medicine applications, Acta Biomater. 30 (2016) 1-12.
M.M. Martino, P.S. Briquez, E. Gue, F. Tortelli, W.W. Kilarski, 5. Metzger, J.

J. Rice, G.A. Kuhn, R. Muller, M.A. Swartz, J.A. Hubbel, Growth factors
engineered for super-affinity to the extracellular matrix enhance tissue healing,
Science 343 (6173) (2014) 885-888.

E. Anitua, M.M. Zalduendo, R Prado, M.H. Alkhraisat, G. Orive, Morphogen and
proinflammatory cytokine release kinetics fiom PRGF-Endoret fibrin scaffol ds:
evaluation of the effect of | eukocyte inclusion, J. Biomed. Mater. Res. 103 (3)
(2015) 1011-1020.

5. Meuss, RK. Schneider, L. Tietze, R. Knuchel, W. Jahnen-Dechent, Secretion of
fibrinol ytic enzymes facilitates human mesenchymal stem cell invasion into fibrin
clots, Cells Tissues Organs 191 (1) (2010) 36-46.

19

[224]

[225]
[226]

[2271

[228]

[229]

[230]

[231]

[232]

[233]

[234]

[235]

[236]

[2371

[238]

[239]

[240]

[241]

[242]

[243]

[244]

[245]

[246]

[247]

[248]
[249]

[2501

Biomaterials 279 (2021) 121205

8. Padilla, M. Sanchez, V. Vaquerizo, G.A. Malanga, N. Fiz, J. Azofta, C.J. Rogers,
G. Samitier, S. Sampson, R. Seijas, R. Horriaga, J. Taunton, F. Boehm, R. Prado,
R Cugat, E. Anitua, Plate et-rich plasma applications for Achilles tendon repair: a
bridge between biology and surgery, Int. J. Mol. Sci. 22 (2) (2021) 824.

J.W. Weisel, R.L Litvinov, fibrin formation, structure and properties, subcell,
Biochem 82 (2017) 405-456.

R. Vilar, RJ. Fish, A. Casini, M. Neerman-Arbez, Fibrin{ogen) in human disease:
both friend and foe, Haematologica 105 (2) (2020) 284-296.

J.M. Prasad, O.V. Gorkun, H. Raghu, 8. Thornton, E.S. Mullins, J.S. Palumbo, Y.
P. Ko, M. Hook, T. David, S§.R. Coughlin, J.L. Degen, M.J. Hick, Mice expressing a
mutant form of fibrinogen that cannot support fibrin formation exhibit
compromised antimicrobial host defense, Blood 126 (17) (2015) 2047-2058.

D. Groeneveld, D. Pereyra, Z. Veldhuis, J. Adelmeijer, P. Ottens, A.K Kopec,

P. Starlinger, T. Lisman, J.P. Luyendyk, Intrahepatic fibrin{ogen) deposition
drives liver regeneration after partial hepatectomy in mice and humans, Blood
133 (11) (2019) 1245-1256.

1. Shworak, Heparan sulfate, in: W. Aird (Ed.), Endothelial Biomedicine,
Cambridge University. Press, New York, 2007, pp. 947-959,

E. Anitua, M.M. Zal duendo, M.H. Alkhraisat, G. Orive, Release kinetics of pl atel et-
derived and plasma-derived growth factors from autologous plasma rich in
growth factors, Annals of anatomy = Anatomischer Anzeiger : official organ of the
Anatomische Gesellschaft 195 (5) (2013) 461-466.

E. Anitua, M. Zalduendo, M. Troya, M.H. Alkhraisat, The influence of sodium
citrate on the characteristics and biological activity of flasma rich in growth
factors, Regen. Med. 15 (10) (2020) 2181-2192.

LH. Chernysh, JW. Weisel, Dynamic imaging of fibrin network formation
correl ated with other measures of polymerization, Blood 111 (10) (2008)
4854-4861.

E. Anitua, I Andia, M. Sanchez, J. Azofra, M. del Mar Zalduendo, M. de la Fuente,
P. Hurden, A.T. Nurden, Autologous preparations rich in growth factors promote
proliferation and induce VEGF and HGF production by human tendon cells in
culture, J. Orthop. Res. 23 (2) (2005) 281-286.

E. Anitua, M. Sanchez, A.T. Nurden, M. Zalduendo, M. de la Fuente, G. Orive,
J. Azofta, 1. Andia, Autol ogous fibrin matrices: a potential source of biological
mediators that modul ate tendon cell activities, J. Biomed. Mater. Res. 77 (2)
(2006) 285-293.

E. Anitua, M. Sanchez, M.M. Zalduendo, M. de la Fuente, R. Prado, G. Orive,

1. Andia, Fibroblastic response to treatment with different preparations rich in
growth factors, Cell Prolif 42 (2) (2009) 162-170.

E. Anitua, M. Sanchez, M. De la Fuente, M.M. Zalduendo, G. Orive, Plasmarich in
growth factors (PRGF-Endoret) stimulates tendon and synovial fibroblasts
migration and improves the biological properties of hyaluronic acid, Knee Surg.
Sports Traumatol. Arthrose. 20 (9) (2012) 1657-1665.

8. Sadallah, F. Amicarella, C. Eken, G. lezzi, J.A. Schiffetli, Ectosomes rel eased by
platelets induce differentiation of CD4+T cells into T regulatory cells, Thromb,
Haemostasis 112 (6) (2014) 1219-1229.

8. Dinkla, B. van Cranenbroek, W.A. van der Heijden, X. He, R. Wall brecher, I.
E. Dumitriu, A.J. van det Ver, G.J. Bosman, H.J. Koenen, I Joosten, Platelet
microparticles inhibit IL-17 production by regulatory T cells through P-sel ectin,
Blood 127 (16) (2016) 1976-1986.

E.M. Vasina, S. Cauwenberghs, M.A. Feijge, J.W. Heemskerk, C. Weber, R.

R. Koenen, Microparticl es from apoptotic pl atel ets promote resident macrophage
differentiation, Cell Death Dis. 2 (9) (2011) e211.

B. Laffont, A. Corduan, M. Rousseau, A.C. Duchez, C.H. Lee, E. Boil ard, P. Provost,
Platelet microparticles reprogram macrophage gene expression and function,
Thromb. Haemostasis 115 (2) (2016) 311-323.

0. Gasser, J.A. Schifferli, Activated polymorphonucear neutrophils disseminate
anti-inflammatory microparticles by ectocytosis, Blood 104 (8) (2004)
2543-2548.

C. Eken, §. Sadallah, P.J. Martin, S. Treves, J.A. Schifferli, Ectosomes of

pol ymorphonuclear neutrophil s activate multiple signaling pathways in
macrophages, Immunobiology 218 (3) (2013) 382-392.

LY. Shan, J.Z. Li, LY. Zu, C.G. Miu, A. Ferro, Y.D. Zhang, LM. Zheng, Y. Ji,
Platelet-derived microparticles are implicated in remote ischemia conditioning in
a rat model of cerebral infarction, CNS Meurosci. Ther. 19 (12) (2013) 917-925.
C. Sun, 5.B. Feng, Z.W. Cao, J.J. Bei, Q. Chen, W.B. Zhao, X.J. Xu, Z. Zhou, Z.
P. Yu, H.Y. Hu, Up-regul ated expression of matrix metalloproteinases in
endothelial cells mediates platelet microvesicle-induced angiogenesis, Cell.
Physiol. Biochem. 41 (6) (2017) 2319-2332.

Y. Havon, O. Dashevsky, E. Shai, A. Brill, D. Varon, R.R. Leker, Platelet
microparticles induce angiogenesis and neurogenesis after cerebral ischemia,
Curr. Neurovascular Res. 9 (3) (2012) 185-192.

8. Sarrazin, W.C. Lamanna, J.D. Esko, Heparan sul fate proteoglycans, Cold Spring
Hartb. Perspect. Biol. 3 (7) (2011), a004952.

M.M. Martino, P.S. Briquez, A. Ranga, M.P. Lutolf, J.A. Hubbell, Heparin-binding
domain of fibrin{ogen) binds growth factors and promotes tissue repair when
incorporated within a synthetic matrix, Proc. Natl, Acad. Sci. U. 8. A. 110 (12)
(2013) 4563-4568.

8. Tada, T. Kitajima, Y. Ito, Design and synthesis of binding growth factors, Int. J.
Mol. Sci. 13 (5) (2012) 6053-6072.

P.A. Janmey, R.T. Miller, Mechanisms of mechanical signaling in development
and disease, J. Cell Sci. 124 (Pt 1) (2011) 9-18.

8. Korntner, C. Lehner, R. Gehwolf, A. Wagner, M. Grutz, N. Kunkel, H. Tempfer,
A, Traweger, Limiting angiogenesis to modulate scar formation, Adv. Drug Deliv.
Rev. 146 (2019) 170-189.



Capitulo 3: PUBLICACIONES ORIGINALES

8. Padilla et al

[251]

[252]

[253]

[254]

[255]

[256]

[257]

[258]

[259]

[260]

[261]

[262]

[263]

[264]

[265]

[266]

[267]

[268]

[269]

[270]

[271]

[272]

[273]

[274]

A Banfi, G. von Degenfeld, H.M. Blau, Critical role of microenvironmental factors
in angiogenesis, Curt. Atherosclerosis Rep. 7 (3) (2005) 227-234.

E. Anitua, M. Sanchez, A.T. Nurden, M. Zalduendo, M. de la Fuente, J. Azofra,
1. Andia, Reciprocal actions of plateet-secreted TGF-beta 1 on the production of
VEGF and HGF by human tendon cells, Plast. Reconstr. Surg. 119 (3) (2007)
950-959.

E. Rubio-Azpeitia, A.M. Bil bao, P. Sanchez, D. Delgado, I. Andia, The properties of
3 different plasma formul ations and their effects on tendinopathic cells, Am. J.
Sports Med. 44 (8) (2016) 1952-1961.

C.H. Jo, J.E. Kim, K.S. Yoon, 8. Shin, Platelet-rich plasma stimulates cell
proliferation and enhances matrix gene expression and synthesis in tenocytes
fiom human rotator cuff tendons with degenerative tears, Am. J. Sports Med. 40
(5) (2012) 1035-1045.

E. Anitua, M. Sanchez, J. Merayo-Lioves, M. De |la Fuente, F. Muruzabal, G. Orive,
Plasma rich in growth factors (PRGF-Endoret) stimulates proliferation and
migration of primary keratocytes and conjunctival fibroblasts and inhibits and
reverts TGF-beta 1-Induced myodifferentiation, Invest. Ophthalmol. Vis. Sci. 52
(9) (2011) 6066-6073.

E. Anitua, M. Troya, G. Orive, Plasma rich in growth factors promote gingival
tissue regeneration by stimulating fibroblast proliferation and migration and by
blocking transforming growth factor-beta 1-induced myodifferentiation,

J. Periodontol. 83 (8) (2012) 1028-1037.

Q. Cui, Z. Wang, D. Jiang, L. Qu, J. Guo, Z. Li, HGF inhibits TGF-beta 1-induced
myofibroblast differentiation and ECM deposition via MMP-2 in Achilles tendon
in rat, Eut. J. Appl. Physiol. 111 (7) (2011) 1457-1463.

J. Etxebarria, S. Sanz-Lazaro, R. Hernaez-Moya, V. Freire, J.A. Duran, V.

C. Morales, N. Andollo, Serum from plasma rich in growth factors regenerates
rabbit corneas by promoting cell proliferation, migtation, differentiation,
adhesion and limbal stemness, Acta Ophthalmol. 95 (8) (2017) e693-e705.

E. Anitua, F. Muruzabal, I. Alcalde, J. Merayo-Lloves, G. Orive, Plasma rich in
growth factors (PRGF-Endoret) stimulates corneal wound healing and reduces
haze formation after PRK surgery, Exp. Eye Res. 115 (2013) 153-161.

RM. Sanchez-Avila, J. Merayo-Lloves, A C. Riestra, L. Fernandez-Vega Cueto,

E. Anitua, L. Begona, F. Muruzabal, G. Orive, Treatment of patients with
neurotrophic keratitis stages 2 and 3 with plasma rich in growth factors (PRGF-
Endoret) eye-drops, Int. Ophthalmol. 38 (3) (2018) 1193-1204.

RM. Sanchez-Avila, J. Merayo-Lloves, A.C. Riestra, E. Anitua, F. Muruzabal,

G. Orive, L. Fernandez-Vega, The effect of immunologically safe plasma rich in
growth factor eye drops in patients with sjogren syndrome, J. Ocul. Pharmacol.
Therapeut. 33 (5) (2017) 391-329.

J. Merayo-Iloves, RM. Sanchez-Avila, A.C. Riestra, E. Anitua, L. Begona,

G. Orive, L. Fernandez-Vega, Safety and efficacy of autologous plasma rich in
growth factors eye drops for the treatment of evapotative dry eye, Ophthalmic
Res. 56 (2) (2016) 68-73.

J. Merayo-Iloves, R.M. Sanchez, A.C. Riestra, E. Anitua, L. Begona, G. Orive,

L. Fernandez-Vega, Autologous plasma rich in growth factors eyedrops in
refractory cases of ocul ar surface disorders, Ophthalmic Res. 55 (2) (2016) 53-61.
S. Lopez-Planddlit, M.C. Moral es, V. Freire, A.E. Grau, J.A. Duran, Efficacy of
plasma rich in growth factors for the treatment of dry eye, Cornea 30 (12) (2011)
1312-1317.

S. Lopez-Planddlit, WM.C. Morales, V. Freire, J. Etxebarria, J.A. Duran, Plasma rich
in growth factors as a therapeutic agent for persistent corneal epithelial defects,
Cornea 29 (8) (2010) 843-848.

S.E. Wilson, Corneal myofibroblast biology and pathobiology: generation,
persistence, and transparency, Exp Eye Res. 99 (1) (2012) 78-88.

A.L. Sabater, H.M. Mousa, X. Quinones, F. Valenzuela, R.M. Sanchez Avila,

G. Orive, E. Anitua, J. Merayo, V.L. Petez, Use of autologous plasma rich in
growth factors fibrin membrane in the surgical management of ocular surface
diseases, Int. Ophthalmol. 41 (7) (2021) 2347-2358.

C. Deppermann, D. Cherpokova, P. Nurden, J.N. Schulz, L. Thielmann, P. Kraft,
T. Vogtle, C. Kleinschnitz, S. Diitting, G. Krohne, 5.A. Eming, A.T. Nurden,

B. Eckes, G. Stdl, D. Stegner, B. Nieswandt, Gray platelet syndrome and defective
thrombo-inflammation in Nbeal 2-deficient mice, J, Clin. Invest. 123 (8) (2013)
3331-3342.

Y. Li, X. Wen, B.C. Spataro, K. Hu, C. Dai, Y. Liu, Hepatocyte growth factor is a
downstream effector that mediates the antifibrotic action of peroxisome
proliferator-activated receptor-gamma agonists, J. Am. Soc. Hephrol. 17 (1)
(2006) 54-65.

J.F. Li, HF. Duan, CT. Wu, D.J. Zhang, Y. Deng, H.L. Yin, B. Han, H.C. Gong, H.
W. Wang, Y.L. Wang, HGF accelerates wound healing by promoting the
dedifferentiation of epidermal cells through pl-integrin/ILK pathway, BioMed
Res. Int. 2013 (2013) 470418.

Q. Cui, S. Fu, Z Li, Hepatocyte growth factor inhibits TGF-beta 1-induced
myofibroblast differentiation in tendon fibroblasts: role of AMPK signaling
pathway, J. Physiol. Sei. 63 (3) (2013) 163-170.

M.M. Shukla, J.L. Rose, R. Ray, K. L. Lathrop, A. Ray, P. Ray, Hepatocyte growth
factor inhibits epithelial to myofibroblast transition in lung cells via Smad?, Am.
J. Respir. Cell Mol. Bidl. 40 (6) (2009) 643-653.

L.M. Sobral, P.F. Montan, K.G. Zecchin, H. Martelli-Juniot, P.A. Vargas, E. Graner,
R.D. Coletta, Smad7 blocks transforming growth factor-pl-induced gingival
fibroblast-myofibroblast transition via inhibitory regulation of Smad2 and
connective tissne growth factor, J. Periodontol. 82 (4) (2011) 642-651.

KW. Yong, Y. Li, F. Liu, G. Bin, T.J. Lu, W.A. Wan Abas, W.K. Wan Safwani,

B. Pingguan-IMurphy, Y. Ma, F. Xu, G. Huang, Paracrine effects of adipose-derived
stem cells on matrix stiffness-induced cardiac myofibroblast differentiation via
angiotensin II type 1 receptor and Smad7, Sci. Rep. 6 (1) (2016) 33067.

20

[275]

[276]

[277]

[278]

[279]

[280]

[281]

[282]

[283]

[284]

[285]

[286]

[2871]

[288]

[289]

[290]

[291]

[292]

[293]

[294]

[295]

[296]

[2971

[2986]

[299]

Biomaterials 279 (2021) 121205

§. Mizuno, K. Matsumoto, M.Y. Li, T. Nakamura, HGF reduces advancing lung
fibrosis in mice: a potential role for MMP-dependent myofibroblast apoptosis,
Faseb. J. 19 (6) (2005) 580-582.

R. Gong, Multi-target anti-inflammatory action of hepatocyte growth factor,
Current opinion in investigational drugs (London, England : 2000 9 (11) (2008)
1163-1170.

Z. Xiao, C. Xi, Hepatocyte growth factor reduces hypertrophy of skin scar: in vivo
study, Adv. Skin Wound Care 26 (6) (2013) 266-270.

W.J. Lee, 5.E. Park, D.K. Rah, Effects of hepatocyte growth factor on collagen
synthesis and matrix metalloproteinase production in keloids, J. Kor. Med. Sci. 26
(8) (2011) 1081-1086.

T. Sarenac, M. Trapecar, L. Gradisnik, M.S. Rupnik, D. Pahor, Single-cell analysis
reveals IGF-1 potentiation of inhibition of the TGF-p,/Smad pathway of fibrosis in
human keratocytes in vitro, Sci. Rep. 6 (2016) 34373.

L Pelosi, C. Giacinti, C. Mardis, G. Borsellino, E. Rizzuto, C. Nicol etti,

F. Wannenes, L. Battistini, N. Rosenthal, M. Molinaro, A. Musaro, Local
expression of IGF-1 accelerates muscle regeneration by rapidly modul ating
inflammatory cytokines and chemokines, Faseb. J. 21 (7) (2007) 1393-1402.
J.G. Tidball, 8.5. Wele, Macrophage-derived IGF-1 is a potent coordinator of
myogenesis and inflammation in regenerating muscle, Mol. Ther. 23 (7) (2015)
1134-1135.

R Mohammadi, Z. Esmaeil-Sani, K. Amini, Effect of local administration of
insulin-like growth factor I combined with inside-out artery graft on peripheral
nerve regeneration, Injury 44 (10) (2013) 1295-1301.

AR Conery, Y. Cao, E.A. Thompson, C.M. Townsend Jr., T.C. Ko, K. Luo, Akt
interacts dicectl v with Smad3 to regulate the sensitivity to TGF-beta induced
apoptosis, Nat. Cell Biol. 6 (4) (2004) 366-372.

Y. Dong, R Lakhia, 8.5. Thomas, Y. Dong, X.H. Wang, K.A. Silva, L. Zhang,
Interactions between p-Akt and Smad3 in injured muscles initiate myogenesis or
fibrogenesis, Am. J. Physiol. Endocrinol. IMetab. 305 (3) (2013) E367-E375.

H. Mishizawa, G. Iguchi, H. Fukuoka, M. Takahashi, K. Suda, H. Bando,

R. Matsumoto, K. Yoshida, Y. Odake, W. Ogawa, Y. Takahashi, IGF-I induces
senescence of hepatic stellate cells and limits fibrosis in a p53-dependent manner,
Sei. Rep. 6 (2016) 34605.

A Montaseri, F. Busch, A. Mobasheri, C. Buhrmann, C. Aldinger, J.S. Rad,

M. Shakibaei, IGF-1 and PDGF-bb suppress IL-1beta-induced cartilage
degradation through down-regul ation of NF-kappaB signaling: involvement of
Sre/PI-3K/AKT pathway, PLoS One 6 (12) (2011), 28663,

E.J. Fiore, JM. Bayo, M.G. Garcia, M. Malvicini, R. Lloyd, F. Piccioni, M. Rizzo,
E. Peixoto, M.B. Sola, C. Atorrasagasti, L. Alaniz, M.A. Camilletti, M. Enguita,
J. Prieto, J.B. Aquino, G. Mazzolini, Mesenchymal stromal cells engineered to
produce IGF-I by recombinant adenovirus ameliorate liver fibrosis in mice, Stem
Cell. Dev. 24 (6) (2015) 791-801.

L Hecker, R. Jagirdar, T. Jin, V.J. Thannickal, Reversible differentiation of
myofibrobl asts by MyoD, Exp. Cell Res. 317 (13) (2011) 1914-1921.

O. Maltseva, P. Folger, D. Zekaria, 8. Petridou, 5.K. Masur, Fibroblast growth
factor reversal of the corneal myofibroblast phenotype, Invest. Ophthalmol. Vis.
Sci. 42 (11) (2001) 24902495,

8.C. Bit, J. Esaki, A. Marui, H. Sakaguchi, C.G. Kevil, T. lkeda, M. Komeda,

Y. Tabata, R. Sakata, Therapeutic treatment with sustained-release platelet-rich
plasma restores blood perfusion by augmenting ischemia-induced angiogenesis
and arteriogenesis in diabetic mice, J. Vasc. Res. 48 (3) (2011) 195-205.

5.C. Bit, J. Esaki, A. Marui, K Yamahara, H. Tsubota, T. Ikeda, R Sakata,
Angiogenic properties of sustained release platel et-rich plasma: characterization
in-vitro and in the ischemic hind limb of the mouse, J. Vasc. Surg. 50 (4) (2009)
870-879.e2,

. Borselli, H. Stortie, F. Benesch-Lee, D. Shvartsmar, C. Cezar, J.W. Lichtman, H.
H. Vandenburgh, D.J. Mooney, Functional muscle regeneration with combined
delivery of angiogenesis and myogenesis factors, Proc. at. Acad. Sei. U. 8. A.
107 (8) (2010) 3287-3292.

A, Brill, O. Dashevsky, J. Rivo, Y. Gozal, D. Varon, Platelet-derived microparticles
induce angiogenesis and stimulate post-ischemic revascularization, Cardiovasc.
Res. 67 (1) (2005) 30-38.

AL Cattin, J.J. Burden, L. Van Emmenis, F.E. Mackenzie, J.J. Hoving, N. Garcia
Calavia, Y. Guo, M. McLaughlin, L.H. Rosenberg, V. Quereda, D. Jamecna,

1. Mapoli, 8. Parrinello, T. Enver, C. Ruhrberg, A.C. oyd, Macrophage-induced
blood vessels guide Schwann cell-mediated regeneration of periphetal nerves,
Cell 162 (5) (2015) 1127-1139.

J.Y. Kim, W.J. Jeon, D.H. Kim, I.J. Rhyu, Y.H. Kim, I. Youn, J.W. Park, An inside-
out vein graft filled with platel et-rich flasma for repair of a short sciatic nerve
defect in rats, NMeural Regen Res 9 (14) (2014) 1351-1357.

T. Mammoto, A. Jiang, E. Jiang, A Mammoto, Platel et rich plasma extract
promotes angiogenesis through the angiopoietinl-Tie2 pathway, Microvasc. Res.
89 (2013) 15-24.

M.M. Martino, 8. Brkie, E. Bovo, M. Burger, D.J. Schaefer, T. Wolff L. Gurke, P.
8. Briquez, H.M. Larsson, R. Gianni-Barrera, J.A. Hubbell, A. Banfi, Extracell ular
matrix and growth factor engineering for controlled angiogenesis in tegenerative
medicine, Frontiers in bioengineering and biotechnol ogy 3 (2015) 45.

H. Sheldon, E. Heikamp, H. Tutley, R. Dragovic, P. Thomas, C.E. Oon, R. Leek,
M. Edelmann, B. Kessler, R.C. Sainson, I Sargent, J.L. Li, A L Hartris, New
mechanism for Motch signaling to endothelium at a distance by Delta-like 4
incorporation into exosomes, Blood 116 (13) (2010) 2385-2394.

8.F. Mause, E. Ritzel, E.A. liehn, M. Hristov, K. Bidzhekov, G. Miiller-Mewen,
0. Soehnlein, C. Weber, Platel et microparticles enhance the vasoregenerative
potential of angiogenic eatly outgrowth cells after vascular injury, Girculation
122 (5) (2010) 495 506,

61



Capitulo 3: PUBLICACIONES ORIGINALES

8. Padilla et al.

[300]

[301]

[302]

[303]

[304]

[305]

[306]

[307]

[308]

[309]

[3101

[311]

[312]

[313]

[314]

[315]

[316]

[317]

[318]

[319]

[320]

8. Rafii, Z. Cao, R. Lis, L1. Siempos, D. Chavez, K. Shido, 8.Y. Rabbany, B.-S. Ding,
Platelet-derived 3DF-1 primes the pulmonary capillary vascular niche to drive
lung alveolar regeneration, Mat. Cell Biol. 17 (2) (2015) 123-136.

D. Varon, E. Shai, Platelets and their microparticles as key players in
pathophysiological responses, J. Thromb. Haemostasis 13 (Suppl 1) (2015)
540-546.

A Banfi, G. von Degenfeld, R. Gianni-Batrera, 8. Reginato, ML.J. Metrchant, D.
M. McDonald, H.IM. Blau, Therapeutic angiogenesis due to balanced single-vector
delivery of VEGF and PDGF-BB, Faseb. J. 26 (6) (2012) 2486-2497.

T.P. Richardson, M.C. Peters, A.B. Ennett, D.J. Mooney, Polymeric system for dual
growth factor delivery, Nat. Biotechnol. 19 (11) (2001) 1029-1034.

J. Li, ¥. Wei, K Liu, C. Yuan, Y. Tang, Q. Quan, P. Chen, W. Wang, H. Hu, L. Yang,
Synergistic effects of FGF-2 and PDGF-BB on angiogenesis and muscle
regenetation in rabbit hindlimb ischemia model, Microvasc. Res. 80 (1) (2010)
10-17.

R. Cao, E Brikenhielm, R. Pawliuk, D. Wariaro, M.J. Post, E. Wahlberg,

P. Leboulch, Y. Cao, Angiogenic synergism, vascular stability and improvement of
hind-limb ischemia by a combination of PDGF-BB and FGF-2, Hat. Med. 9 (5)
(2003) 604-613.

R. Gianni-Barrera, M. Burger, T. Wolff, M. Heberer, D.J. Schaefer, L. Giirke,

E. Mujagic, A. Banfi, Long-term safety and stability of angiogenesis induced by
bal anced single-vector co-expression of PDGF-BB and VEGF164 in skeletal
muscle, Sci. Rep. 6 (2016) 21546.

E. Anitua, B. Pdacho, R. Prado, J.J. Aguitre, M. Sanchez, 8. Padilla, X.

L Aranguren, G. Abizanda, M. Collantes, M. Hernandez, A. Perez-Ruiz,

1. Penuelas, G. Orive, F. Prosper, Infiltration of plasma rich in growth factots
enhances in vivo angiogenesis and improves reperfusion and tissue remodeling
after severe hind limb ischemia, J. Contr. Release 202 (2015) 31-39.

M. Roedersheimer, H. Mijmeh, N. Burns, A.A. Sidiakova, KR Stenmartk, E.

V. Gerasimovskaya, Complementary effects of extracellular nucl eotides and
fatel et-derived extracts on angiogenesis of vasa vasorum endothelial cells in
vitro and subcutaneous Matrigel plugs in vivo, Vase. Cell 3 (1) (2011) 4.

J. Li, Y. Ai, L. Wang, P. Bu, C.C. Sharkey, Q. Wu, B. Wun, S. Roy, X. Shen, M.
R King, Targeted drug delivery to circulating tumor cells via platelet membrane-
functionalized particles, Biomaterials 76 (2016) 52-65.

R.K Chan, P.H. Liu, G. Pietramaggiori, 5.I. Ibrahim, H.B. Hechtman, D.P. Orgill,
Effect of recombinant pl atel et-derived growth factor (Regranex) on wound
closure in genetically diabetic mice, J. Burn Care Res. : official publication of the
American Burn Association 27 (2) (2006) 202-205.

R.D. Galiano, O.M. Tepper, C.R. Pelo, KA. Bhatt, M. Callaghan, N. Bastidas,

S. Bunting, H.G. Steinmetz, G.C. Gurtner, Topical vascular endothelial growth
factor Accelerates diabetic wound healing through increased angiogenesis and by
mobilizing and recruiting bone marrow-derived cells, Am. J. Pathol. 164 (6)
(2004) 19351947,

P. Lu, ¥. Wang, L. Graham, K. McHale, M. Gao, D. Wu, J. Brock, A. Blesch, E.
S. Rosenzweig, LA. Havton, B. Zheng, J.M. Conner, IM. Marsala, M.H. Tuszynski,
Long-distance growth and connectivity of neural stem cells after severe spinal
cord injury, Cell 150 (6) (2012) 1264-1273.

WM.M. Martino, F. Tortelli, M. Mochizuki, S. Traub, D. Ben-David, G.A. Kuhn,

R Miiller, E. Livne, S.A. Eming, J.A. Hubbell, Engineering the growth factor
microenvironment with fibronectin domains to promote wound and bone tissue
healing, Sci. Transl. Med. 3 (100) (2011) 100ra89.

M. Sanchez, E. Anitua, J. Azofra, I. Andia, S. Padilla, L. Mujika, Comparison of
surgically repaired Achill es tendon tears using platelet-rich fibrin matrices, Am. J.
Sports Med. 35 (2) (2007) 245-251.

M. Sanchez, M. Fiz, J. Azofta, J. Usabiaga, E. Adutiz Recalde, A. Garcia Gutierrez,
J. Albillos, R. Garate, J.J. Aguirre, 8. Padilla, G. Orive, E. Anitua, A randomized
clinical trial evaluating plasma rich in growth factors (PRGF-Endoret) versus
hyaluronic acid in the short-term treatment of symptomatic knee osteoarthritis,
Arthroscopy 28 (8) (2012) 1070-1078.

M. Sanchez, E. Anitua, D. Delgado, R. Prado, P. Sanchez, M. Fiz, J. Guadilla,

J. Azofta, O. Pompei, G. Orive, M. Ortega, T. Yoshioka, S. Padilla, Ultrasound-
guided plasma rich in growth factors injections and scaffol ds hasten motor nerve
functional recovery in an ovine model of nerve crush injury, J. Tissue Eng. Regen.
Med, 11 (5) (2017) 1619-1629.

S. Padilla, M. Sanchez, 1. Padilla, G. Orive, E. Anitua, Healing or not healing, Curr.
Pharmaceut. Biotechnol. 17 (5) (2016) 419-430.

P. Philippart, N. Meuleman, B. Stamatopoulos, M. Najar, K. Pieters, C. De Bruyn,
D. Bron, L. Lagneaux, In vive production of mesenchymal stcomal cells after
injection of autologous platelet-rich plasma activated by recombinant human
soluble tissue factor in the bone marrow of healthy vol unteers, Tissue
engineering, Part. Accel. 20 (1-2) (2014) 160-170.

V. Vaquerizo, M.A. Plasencia, 1. Arribas, R Seijas, 5. Padilla, G. Orive, E. Anitua,
Compatison of intra-articular injections of plasma rich in growth factors (PRGF-
Endoret) versus durol ane hyaluronic acid in the treatment of patients with
symptomatic osteoarthritis: a randomized controlled trial, Arthroscopy 29 (10)
(2013) 1635-1643.

C. Maas, T. Renné, Coagulation factor XII in thrombosis and inflammation, Blood
131 (17) (2018) 1903-1909.

21

[321]

[322]

[323]

[324]

[325]

[326]

[327]1

[328]
[329]

[330]

[3311

[332]

[333]

[334]

[335]

[336]

[337]1

[338]

[339]

[340]

[341]
[342]

[343]

[344]

[345]

Biomaterials 279 (2021) 121205

A.8. Wolberg, Determinants of fibrin formation, structure, and function, Curr.
Opin. Hematol. 19 (5) (2012) 349-356.

E. Anitua, M. Zalduendo, M. Troya, S. Padilla, G. Orive, Leukocyte inclusion
within a platelet rich plasma-derived fibrin scaffold stimul ates a more pro-
inflammatory environment and alters fibrin properties, PLoS One 10 (3) (2015)
e0121713.

R Yan, Y. Gu, J. Ran, Y. Hu, Z. Zheng, M. Zeng, B.C. Heng, X. Chen, Z. Yin,

W. Chen, W. Shen, H. Ouyang, Intratendon delivery of leukocyte-poor plateet-
tich plasma improves healing compared with | eukocyte-tich plateletrich fl asma
in a rabbit Achilles tendinopathy modd, Am. J. Sports Med. 45 (8) (2017)
1909-1920.

Y. Zhou, J. Zhang, H. Wu, M.V. Hogan, J.H. Wang, The differential effects of
leukoeyte-containing and pure plate et-rich plasma (PRP) on tendon stem,
progenitor cells - implications of PRP application for the clinical treatment of
tendon injuries, Stem Cell Res. Ther. 6 (1) (2015) 173.

E. Assirelli, G. Filardo, E. Mariani, B. Kon, A. Roffi, F. Vaccaro, M. Marcacci,

A. Facchini, L. Pulsatelli, Effect of two different preparations of plate et-rich
plasma on synoviocytes, Knee Surg. Sports Traumatol. Arthrose. 23 (9) (2015)
2690-2703.

C.H. Jo, 8.Y. Lee, K.S. Yoon, S. shin, Effects of plateet-rich plasma with
concomitant use of a corticosteroid on tenocytes from degenerative rotator cuff
tears in interleukin 1beta-induced tendinopathic conditions, Am. J. Sports Med.
45 (5) (2017) 1141-1150.

J.A Cross, BJ. Cole, K.P. Spatny, E. Sundman, A.A. Romeo, G.P. Nicholson,

B. Wagner, LA. Fortier, Leukocytereduced platelet-rich plasma normalizes
matrix metabolism in torn human rotator cuff tendons, Am. J. Sports Med. 43 (12)
(2015) 2898-2906.

T.A Wynn, L. Barron, Macrophages: master regul ators of inflammation and
fibrosis, Semin. Liver Dis. 30 (3) (2010) 245-257.

MLP. Soares, 1. Hamza, Macrophages and iron metabolism, Immunity 44 (3)
(2016) 492-504.

H.J. Braun, H.J. Kim, C.R. Chu, J.L. Dragoo, The effect of platelet-rich plasma
formul ations and blood products on human synoviocytes: implications for intra-
articular injury and therapy, Am. J. Sports Med. 42 (5) (2014) 1204-1210.

P.A. Everts, G.A. Malanga, R.V. Paul, J.B. Rothenberg, IN. Stephens, KR Mautner,
Assessing clinical implications and petspectives of the pathophysiological effects
of erythrocytes and plasma free hemogl obin in autol ogous biologics for use in
muscul oskeletal regenerative medicine therapies, A review, Regen Ther 11 (2019)
56-64,

$.G. Dakin, C.D. Buckley, M.H. Al Mossawi, R. Hedley, F.O. Martinez, K. Wheway,
B. Watkins, A.J. Carr, Persistent stromal fibroblast activationis present in chronic
tendinopathy, Acthritis Res. Ther. 19 (1) (2017) 16.

5.G. Dakin, F.O. Martinez, C. Yapp, G. Wells, U. Oppermann, B.J. Dean, R.

D. Smith, K. Wheway, B. Watkins, L. Roche, A.J. Carr, Inflammation activation
and resolution in human tendon disease, Sci. Transl. Med. 7 (311) (2015)
311ral73.

A Scott, RF. LaPrade, KG. Harmon, G. Filardo, E. Kon, 8. Della Villa, R. Bahr,
H. Moksnes, T. Torgalsen, J. Lee, J.L. Dragoo, L. Engebretsen, Platelet-rich flasma
for patellar tendinopathy: a randomized controlled trial of leukocyte-rich PRP or
leukocyte-poor PRP versus saline, Am. J. Sports Med. 47 (7) (2019) 1654-1661.
R.J. de Vos, A. Weir, J.L. Tol, J.A. Verhaar, H. Weinans, H.T. van Schie, No effects
of PRP on ultrasonographic tendon structure and neovascularisation in chronie
midportion Achilles tendinopathy, Br. J. Sports Med. 45 (5) (2011) 387-392.

A. Vieira-de-Abreu, R.A. Campbell, A.S. Weyrich, G.A. Zimmerman, Platelets:
versatile effector cells in hemostasis, inflammation, and the immune continuum,
Semin. Immunopathol. 34 (1) (2012) 5-30.

$.J. Kim, C.H. Jenne, Role of platelets in neutrophil extracellular trap (NET)
production and tissue injury, Semin. Immunol. 28 (6} (2016) 546-554.

T. Fukushima, 5. Uchiyama, H. Tanaka, H. Kataoka, Hepatocyte growth factor
Activator: a proteinase linking tissue injury with repair, Int. J. Mol. Sci. 19 (11)
(2018) 3435,

D.A. Lansdown, L.A. Fortier, Platel et-rich plasma: formulations, preparations,
constituents, and their effects, Operat. Tech. Sports Med. 25 (1) (2017) 7-12.

5. Huang, K Sandholm, N. Jonsson, A. Nilsson, A. Wieslander, G. Grundstrom,
V. Hancock, K.IN. Ekdahl, Low concentrations of citrate reduce complement and
granul ocyte activation in vitro in human blood, din Kidney J 8 (1) (2015) 31-37.
Y. Wu, Contact pathway of coagulation and inflammation, Thromb. J. 13 (2015)
17.

5. Ochmcke, H. Herwald, Contact system activation in severe infectious diseases,
J. Mol. Med. (Berl.) 88 (2) (2010) 121-126.

S. de Maat, Q. de Mast, A H.J. Danser, F.L. van de Veerdonk, C. Maas, Impaired
breakdown of bradykinin and its metabolites as a possible cause for pulmonary
edema in COVID-19 infection, Semin. Thromb. Hemost. 46 (7) (2020) 835-837.
LA. Sheikh, A.P. Kaplan, in: K. Abe, H. Mortiya, S. Fujii (Eds.), The Mechanism of
Degradation of Bradykinin (Lysyl-Bradykinin) in Human Serum, Kinins V,
Springer US, Boston, MA, 1989, pp. 331-336.

M. Sancheg, D. Delgado, O. Pompei, J.C. Perez, P. Sanchez, A. Garate, A.

M. Bilbao, M. Fiz, 8. Padilla, Treating severe knee osteoarthritis with combination
of intra-osseous and intra-articular infiltrations of platelet-rich plasma: an
observational study, Cartilage 10 (2) (2019) 245-253.

62



