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Summary. Intussusceptive angiogenesis (IA) is
currently considered an important alternative and
complementary form of sprouting angiogenesis (SA).
Conversely, intussusceptive lymphangiogenesis (IL) is in
an initial phase of study. We compare their
morphofunctional characteristics, since many can be
shared by both processes. To that end, the following
aspects are considered: A) The concept of IA and IL as
the mechanism by which blood and lymphatic vessels
split, expand and remodel through transluminal pillar
formations (hallmarks of intussusception). B)
Terminology and historical background, with particular
reference to the group of Burri, including Djonov and
Patan, who initiated and developed the vessel
intussusceptive concept in blood vessels. C) Incidence in
normal (e.g. in the sinuses of developing lymph nodes)
and pathologic conditions, above all in vessel diseases,
such as dilated veins in hemorrhoidal disease,
intravascular papillary endothelial hyperplasia (IPEH),
sinusoidal hemangioma, lobular capillary hemangioma,
lymphangiomas/lymphatic malformations and vascular
transformation of lymph nodes. D) Differences and
complementarity between vessel sprouting and
intussusception. E) Characteristics of the cover
(endothelial cells) and core (connective tissue
components) of pillars and requirements for pillar
identification. F) Structures involved in pillar formation,
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including endothelial contacts of opposite vessel walls,
interendothelial bridges, merged adjacent capillaries,
vessel loops and spilt pillars. G) Structures resulting
from pillars with intussusceptive microvascular growth,
arborization, remodeling and segmentation
(compartmentalization). H) Influence of intussusception
in the morphogenesis of vessel tumors/ pseudotumors;
and I) Hemodynamic and molecular control of vessel
intussusception, including VEGF, PDGF BB, Hypoxia,
Notch, Endoglobin and Nitric oxide.
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The concept of angiogenesis and lymphangio-
genesis

Angiogenesis and lymphangiogenesis are the
mechanisms by which blood and lymphatic vessels,
respectively, develop from an established vasculature in
the embryo, and in several normal and pathological
conditions in postnatal life.

Sprouting angiogenesis (SA)/sprouting lymphangio-
genesis (SL) and intussusceptive angiogenesis
(IA)/intussusceptive lymphangiogenesis (IL) are the two
principal types (sprouting and intussusceptive) of
angiogenesis/lymphangiogenesis. Indeed, although the
sprouting type has generally been identified with
angiogenesis/lymphangiogenesis, the intussusceptive
type is currently considered an important alternative or
complementary form of SA/SL. Other types of
neovascularization, such as vasculogenic mimicry or
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vessel co-option (see Diaz-Flores et al., 2017a) will not
be considered in this work.

The concept of intussusception in blood (IA) and
lymphatic (IL) vessels

Intussusception (IA and IL) can be defined as the
processes by which pre-existing blood and lymphatic
vessels split, expand and remodel during development
and post-natal life through the formation of transluminal
tiny pillars/posts (diameter <2.5 ym), large/giant pillars
(diameter >2.5 um), and folds, which form pillars when
spanning opposite vessel walls. The presence of these
intravascular structures (hereinafter, pillars) is the
principal indicator of IA and IL (pillars as hallmarks of
intussusception), which form by extension of endothelial
cellular processes, followed by collagen, vascular mural
cells and other tissue connective cells into the vessel
lumen. This process leads to expansion (intussusceptive
microvascular growth: IMG), arborisation
(intussusceptive arborisation: IAR), branching
remodelling (intussusceptive branching remodelling:
IBR) and/or segmentation (intussusceptive
segmentation) of the vasculature (Caduff et al., 1986;
Burri, 1990, 1992; Burri and Tarek, 1990; Patan et al.,
1996a, 2001a,b; Djonov et al., 2000a,b, 2003; Augustin,
2001; Burri and Djonov, 2002; Burri et al., 2004;
Makanya et al., 2009; Paku et al., 2011; Diaz-Flores et
al.,2018a).

Nomenclature in IA and IL (Terminological
questions)

In addition to intussusceptive angiogenesis (Burri,
1992; Djonov, 2000a; Burri and Djonov, 2002; Burri et
al., 2004), different denominations have been used for
this process in blood vessels, including vessel
intussusception, intussusceptional angiogenesis (Caduff
et al., 1986), in-itself vessel growth (Caduff et al., 1986),
non-sprouting angiogenesis (Frontczak-Baniewicz and
Walski, 2002; Kurz et al., 2008; Groppa et al., 2018),
splitting angiogenesis (Ji et al., 2006; Williams et al.,
2006a; Gianni-Barrera et al., 2011, 2018; Hussain et al.,
2012) and inverse sprouting angiogenesis (Paku et al.,
2011). Depending on the final results of the process, the
terms intussusceptive microvascular growth,
intussusceptive arborisation, intussusceptive branching
and intussusceptive segmentation are also specifically
used for the main forms of intussusceptive angiogenesis
(Djonov, 2000b, 2001, 2002; Patan et al., 2001a,b; Burri
and Djonov, 2002; Burri et al., 2004; Makanya et al.,
2009; De Spiegelaere et al., 2012). Of these
denominations, only the term intussusceptive
lymphangiogenesis has been taken into account for this
process in lymphatic vessels (Diaz-Flores et al., 2019a-
c).

The findings described with the denominations
intraluminal or internal splitting angiogenesis or
longitudinal/luminal division, in which only intraluminal

processes of ECs are formed, have raised the problem of
whether they should be considered synonymous of
intussusceptive angiogenesis or characteristics of
another type of angiogenesis (Zhou et al., 1998;
Williams et al., 2006b; Egginton, 2009). Even more,
both processes (intussusceptive angiogenesis and
longitudinal splitting/growth by division of existing
vessels) have been jointly described (Groningen van et
al., 1991). Gianni-Barrera et al. (2018) used the term
vascular splitting for grouping both possibilities. In any
case, the different opinions can be combined when
considering the filopodial ridges (characteristics of
longitudinal splitting) as structures involved in pillar
formation (intraluminal endothelial bridges or nascent
pillars) or remain as ridges (see section “structures
involved in pillar formation...”).

Historical background of IA and IL

IA has received considerable attention, whereas IL
has been poorly studied. The concept of blood vessel
growth by intussusception was introduced by Caduff et
al. (1986). Using vascular corrosion casts and scanning
electron microscopy to study rabbit postnatal pulmonary
parenchyma, these authors proposed that tiny holes
observed in a sheet-like region of the microvasculature
of growing postnatal lung enlarge to form new capillary
meshes (in-itself or intussusceptional growth). The
holes in casts corresponded histologically to
intravascular tissue pillars. Then, in studies in the
postnatal lung and in chicken chorioallantoic membrane
(CAM), the Burri group coined the term intussusceptive
microvascular growth as a new mechanism of capillary
network formation (Burri and Tarek, 1990; Burri, 1992;
Djonov et al., 2000b), contributed the ultrastructure of
the hole (terms used: interendothelial bridge/post/pillar)
and the phases of pillar formation (Burri and Djonov,
2002; Burri et al., 2004). After the concept of
intussusception was established, Burri and Djonov
(2002) reviewed the literature and honestly indicated
that minute intercapillary meshes had been described by
Thoma (1893) and Clark (1918) and that Short (1950)
had the merit of linking these meshes with growth.
However, Burri, Djonov, Patan and collaborators (Burri
and Tarek, 1990; Burri, 1992; Patan et al., 1992, 1993,
1996a,b, 1997, 2001a,b; Patan, 1998, 2000, 2004, 2008;
Djonov et al., 2000a,b, 2002, 2003; Burri and Djonov,
2002; Burri et al., 2004; Djonov and Makanya, 2005)
are the ones who truly started and developed the
concept of blood vessel growth by intussusception. This
mechanism of formation was later expanded (Burri and
Djonov, 2002; Burri et al., 2004). Indeed, the use of the
chicken chorioallantoic membrane (CAM) and other
procedures contributed to the evidence and
implementation of facets of intussusceptive pillar
formation and their outcome, including IMG, IBR and
IAR as a common alternative to capillary sprouting
(Patan et al., 1992, 1993, 1996a; Djonov et al., 2000a,b;
Burri and Djonov, 2002; Djonov et al., 2002, 2003;
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Burri et al., 2004), as well as intussusceptive
segmentation (Patan et al., 2001). Several authors have
contributed to the incidence of IA in other locations
(Groningen van et al., 1991; Hansen-Smith et al., 1996;
Zhou et al., 1998; Macchiarelli et al., 2006; Andres and
Djonov, 2010; De Spiegelaere et al., 2010, 2012; Kelly
et al., 2017; Fidan et al., 2019), in pathological
processes (Patan et al., 1996, 2001a.,b; Djonov et al.,
2001; Crivellato et al., 2003; Konerding et al., 2010;
Nico et al., 2010; Van Steenkiste et al., 2010; Ribatti
and Djonov, 2012) and in vessel diseases, including
vessel tumors and pseudotumors (Diaz-Flores et al.,
2016a, 2018a,b). Although the influence of
hemodynamic conditions and molecular mechanisms in
IA have not been fully resolved, there are numerous
contributions to this issue (Williams et al., 2006a,b;
Winnik et al., 2009; Baum et al., 2010; Taylor et al.,
2010; Styp-Rekowska et al., 2011; Dimova et al., 2013,
Gianni-Barrera et al., 2013; Belle et al., 2014; Gianni-
Barrera et al., 2014; Mentzer and Konerding, 2014;
Naylor et al., 2014; Packham et al., 2014; Hlushchuk et
al., 2017; Logothetidou et al., 2017; Groppa et al., 2018;
Vimalraj et al., 2018, 2019; D'Amico et al., 2019;
Dimova et al., 2019; Esteban et al., 2019). Conversely,
the concept of intussusception in lymphatic vessels is in
an initial phase of study (Diaz-Flores et al., 2019a-c).

Incidence of IA and IL

IA and IL occur in developing tissues, in physiologic
conditions and in several pathologic processes, including
tumours. Thus, IA has been demonstrated in all the
species, tissues and organs studied for this purpose.
Indeed, IA has been described in lung of neonatal rat
(Caduff et al., 1986; Burri and Tarek, 1990), developing
chicken eye vasculature and in the chorioallantoic
membrane (Patan et al., 1993, 1996a, 1997; Schlatter et
al., 1997; Djonov et al., 2000b), kidney (Djonov et al.,
2002; Makanya et al., 2005; Logothetidou et al., 2018),
ovary, retina, bone and skeletal muscle (Hansen-Smith et
al., 1996; Zhou et al., 1998), myocardium (Groningen
van et al., 1991), placenta (Fidan et al., 2019), spleen
(Kelly et al., 2017) among other tissues and organs
(Macchiarelli et al., 2006; Andres and Djonov, 2010; De
Spiegelaere et al., 2010, 2012), and experimentally in
hypoxic and inflammatory processes (Konerding et al.,
2010), as well as in liver cirrhosis (Van Steenkiste et al.,
2010). Several tumours also show IA and IL (Ribatti and
Djonov, 2012), including carcinomas of colon (Patan et
al., 1996b, 2001b), kidney and mammary gland (Djonov
et al., 2001), melanomas (Nico et al., 2010) and gliomas
and lymphomas (Crivellato et al., 2003; Nico et al.,
2010). Likewise, intussusception participates in vascular
diseases, including hemorrhoidal dilated veins in
hemorrhoidal disease and tumours and pseudotumors of
blood and lymphatic vessels (Diaz-Flores et al., 2016a,
2018a,b, 2019a,c). IL has been described in the sinuses of
developing lymph nodes, in transformation vascular of
lymph nodes and in lymphangiomas/lymphatic

malformations (Diaz-Flores et al., 2019a-c).
General differences between (SA/SL) and (IA/IL)

The differences between SA/SL and TA/IL include 1)
the growth path of endothelial cells (ECs) from the pre-
existing vessels: ECs growing toward the interstitium
(outward growth) with abluminal morphogenic findings
in SA/SL and ECs extending toward the lumen of the
vessel itself (in-itself extension or intussusception) with
intraluminal morphogenic findings in IA/IL (Zhan et al.,
2018), 2) blood or lymph flow: SA/SL may occur with or
without blood or lymph flow in the pre-existing vessels,
while TA/IL need pre-existing vessels with blood or
lymph flow, 3) EC proliferation: higher rate of EC
proliferation in SA/SL (in stalk ECs) than in IA/IL,
compensated in IA/IL with spreading and thinning of
ECs (Kauffman et al., 1975; Schlatter et al., 1997,
Djonov et al., 2000a,b, 2002, 2003; Kurz et al., 2003).
EC-proliferation can occur after the IA phase, when the
lumen of the divided vessels expands, 4) metabolic cost:
higher in SA/SL than in TA/IL (IA/IL is more energy-
efficient). Indeed, IA/IL is a more simple process,
without EC proliferation or invasive behaviour, 5)
duration time: a longer process in SA/IA (a few days)
than in TA/IL with a rapid increase of the capillary
network (minutes, hours) (Djonov et al., 2000a,b, 2002),
6) the behaviour of the interstitium: interstitial tissue
degradation occurs in SA/SL, but is minimal in TA/IL, 7)
perfusion of newly formed capillaries: sluggish in SA/SL
(needs a certain time to integrate into the vascular
system) and immediate (without interruption of the
functionality during vessel formation) in IA/IL, 8) SA/SL
and IA/IL are involved in vessel growth and expansion,
but TA/IL also have other important roles, such as vessel
remodelling (Burri and Tarek, 1990).

Specific differences between sprouting and
intussusception depending on location: blood or
lymphatic vessels

In addition to the aforementioned differences
between SA/SL and TA/IL, the differences can also
depend on whether these mechanisms of sprouting and
intussusception occur in blood or lymphatic vessels,
especially in associated conditions, formation of
secondary structures and outcomes.

Sprouting in blood vessels (with vessel dilation,
increased permeability and degradation of the basal
membrane) can be associated with coagulation,
inflammation and proliferation of mesenchymal cells.
Indeed, the presence in the blood vessel walls
(predominantly in the pericytic microvasculature) of cells
with progenitor capacity, such as ECs, pericytes,
perivascular fibroblasts/stromal cells/telocytes, and
homing cells from the bone marrow (MSCs, monocytes-
fibrocytes) form a niche and transit point of precursor
cells (Diaz-Flores et al., 2009a,b, 2014, 2015a,b, 2016b-
d). This niche is a common substrate of regulatory
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mechanisms that include 1) control of quiescent and
angiogenic stages (cell-cell contacts and soluble factors),
2) interactions between transmigrating cells and niche
resident cells, and 3) regulation of cell recruitment,
proliferation, and differentiation. Thus, sprouting
angiogenesis plays an important role in tissue repair
through granulation tissue (Diaz-Flores et al., 2009a) and
tumor stroma formation, while intussusception in blood
vessels facilitates neovascularization without modifying
vascular permeability and without participating in the
aforementioned processes. The participation of sprouting
and intussusception in lymphatic vessels can be
secondary or reactive to these processes.

Intussusception in blood and lymphatic vessels leads
to the formation of new vessels and to other structures
with a different functionality, such as vessel arborization,
pruning, or compartmentalization and formation of an
intra-vessel meshwork of processes with immunological
functions. The intensity and characteristics of these
processes can vary depending on whether they occur in
blood or lymphatic vessels, including different size
vessels (see below).

Complementarity between sprouting (SA/SL) and
intussusception (1A/IL)

Sprouting and intussusception can be
complementary mechanisms, with synergistic
interaction (Djonov et al., 2000a; Hlushchuk et al.,
2011b; Peebo et al., 2011; Konerding et al., 2012; Diaz-
Flores et al., 2017b; Karthik et al., 2018). With regard to
blood vessels, IA was shown to participate in capillary
expansion or vessel remodelling following a SA phase.
Experimental models were undertaken in the chick
chorioallantoic membrane, developmental avian kidney,
lung and zebrafish caudal vein plexus, and the rat
femoral vein, among others (Djonov et al., 2000a,b;
Burri and Djonov, 2002; Makanya et al., 2005, 2007;
Gibney et al., 2012; Ackermann et al., 2014; Diaz-
Flores et al., 2017b; Karthik et al., 2018). For example,
in the rat femoral vein after PGE2 and glycerol
perivenous administration, two overlapping phases
occur: initial vein wall vascularization from vein ECs
with predominance of SA, followed by IA with vessel
loop and pillar formation and vein remodelling (Diaz-
Flores et al., 2017b) (see below). Likewise, the
development of zebrafish caudal vein plexus is initiated
by SA, while subsequent growth and remodelling
occurs mainly by IA (Karthik et al., 2018). An example
of these complementary mechanisms in lymphatic
vessels is their association during the formation of
lymph node sinuses, in which SA participates in an
initial phase by lymphatic sprouts, which grow toward
the lymph node anlage and form a lymphatic sac around
the LN anlage. When the lymph node sinuses emerge
from the lymphatic sac, numerous intussusceptive
pillars form, originating a meshwork of intra-sinusal
processes between the opposite walls of the sinuses
(Diaz-Flores et al., 2019b).

Characteristics of pillars in IA and IL. Requirements
for pillar identification

In vascular corrosion casting, pillars appear as holes
of round, oval or slit-like morphology (Caduff et al.,
1986; Burri and Tarek, 1990; Burri, 1992; Patan, 1993,
1996a.b, 1997; Djonov et al., 2000a,b, 2002, 2003; Burri
and Djonov, 2002; Burri et al., 2004; Djonov and
Makanya, 2005). In light microscopy (including
immunohistochemical techniques), confocal microscopy
and transmission electron microscopy, intravascular
pillars show a cover and a core. The pillar cover is
formed by ECs, which are CD34+ (Fig. 1A,B), CD31+,
podoplanin-, VEGFR3- and Prox-1- in blood vessels,
and podoplanin+ (Fig. 1C,D), VEGFR3+, Prox1+,
CD31+ and CD34- in lymphatic vessels. The pillar core
content, formed by interstitial tissue structures (ITSs),
depends on pillar size. In general, pillars contain a core
of packed collagen fibres in both blood (Fig. 2A,B) and
lymphatic (Fig. 2C,D) vessels. Processes of mural cells
(pericytes or vascular SMCs) (Fig. 3A,B) and
fibroblasts/myofibroblasts may be observed. In addition
to these components, large pillars can contain other
interstitial cells, varying-sized blood vessels (Fig. 3C)
and, above all, giant pillars of lymphatic vessels in
lymphangiomas/lymphatic malformations, other
complex tissue structures, such as larger vessels (Fig.
3D), nerves, glands, cutaneous annexes or striated
muscle (Fig. 3E) (Diaz-Flores et al., 2019a).

3D demonstration is required for the precise
identification of pillars and to exclude vessel
bifurcations or other structures that simulate pillars
(Burri and Tarek, 1990; Djonov et al., 2000a,b, 2001;
Burri and Djonov 2002; Djonov et al., 2002; Burri et al.,
2004; Hlushchuk et al., 2008; De Spiegelaere et al.,
2012; Diaz-Flores et al., 2019b.c). Procedures include a)
vascular corrosion casting using scanning electron
microscopy (recognition of holes), b) tissue sections
immunostained with endothelial markers (to which
collagen and pericyte markers, among others, can be
added) using confocal laser scanning microscopy (Fig.
4), ¢) serial histological sections (semithin and ultrathin)
with observation of the subsequent appearance,
disappearance and contact changes of pillars and ITSs,
and d) intravascular injection of a fluorescent dye and in
vivo microscopic video analysis.

Structures involved in pillar formation (primary
structures/pillar precursors). Characteristics and
mechanisms

The structures that are involved in pillar formation
(Fig. 5A-J) include: A) Endothelial contacts of opposite
vessel walls. B) Endothelial ridges and transcapillary
interendothelial bridges (nascent pillars), including the
peg-like form. C) Merged adjacent capillaries with
modified contacting walls. D) Vessel loops. E) Split
pillars, (Patan et al., 2001a,b; Burri and Djonov, 2002;
Burri et al., 2004; Diaz-Flores et al., 2018a,b, 2019a-c).
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Fig. 1. Characteristics of pillars in longitudinal (A-D) and transversal sections (inserts in A and C) in blood (A and B) and lymphatic vessels (C and D)
immunostained with anti-CD34 and anti-podoplanin, respectively. Note that the covers of pillars in blood vessels appear formed by anti-CD34+ ECs
(arrows) (A and B) and in lymphatic vessels by anti-podoplanin+ LECs (arrowheads) (C and D). A, B, x 760; C, D, x 600.
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Fig. 2. Pillars in blood (A and B) and lymphatic vessels (C and D) stained with Masson trichrome, in longitudinal (A-D) and transversal sections (inserts

in B and D). Note the presence of collagen (blue stained) in the pillar cores (asterisks). A, B, x 760; C, D, x 580.
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Fig. 3. Characteristics of pillar cores in sections double-immunostained with anti-CD 34 (brown) and anti-aSMA (red) (A-C), and stained with HE (D
and E). Intravascular pillars, covered by CD34+ ECS (arrows), show aSMA+ cells (white asterisks) (A and B) and blood vessels (arrows) (C) in the
pillar cores. Presence of a larger vessel (black asterisk) (D) and of striated muscle fibres (arrows) (E) in the core of giant pillars in lymphatic vessels. A,
B, x 700; C, x 120; D, E, x 60.
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Fig. 4. Pillars (arrows) are observed at high magnification in confocal microscopy. Single (A-D and F-I) and whole-mount (E and J) views (6 ym)
immunostained with anti-CD34 (green), anti-collagen | (red) and DAPI (blue). Note the cover of pillars (arrows) formed by endothelial cells and collagen
Iin the core. x 600.
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During the formation of these structures, the vessel
permeability and the basement membrane remain scantly
modified or unmodified. Although some of these
structures disappear quickly, being difficult to detect,
they can persist and even be considered an exponent of
specific forms of angiogenesis in some physiological
and pathological conditions of the vessels. These issues
are considered below.

A) The interendothelial contacts of the opposite
vessel walls (Fig. 5A,B,E-H) form the first of four
successive phases or stages proposed initially for pillar
formation (stage I) (Burri and Tarek, 1990). The
contacting ECs can be prominent (Fig. 5A,B) or planar
(Fig. SE,G,H) and the contacts symmetric (Fig. 5A) or
asymmetric (Fig. 5B). The initial phase is followed by
reorganization of EC junctions with EC bilayer
arrangement and formation of a central virtual core
(pillar perforation) (stage II) (Burri and Tarek, 1990).
The third phase is characterized by incorporation in the
central virtual core of pericytes (Kurz et al., 2008) (Fig.
SF), fibroblasts, myofibroblasts and collagen, as well as
extracellular matrix formation, including newly formed
collagen fibres (stage III). Finally, the pillar increases in
size (mainly by greater extracellular matrix formation)
and may merge with other pillars, which leads to the
division of the vessel lumen (stage IV) (Burri 1990,
1992; Burri and Tarek, 1990; Djonov et al., 2000a,b,
2002, 2003; Patan et al., 2001a,b; Burri and Djonov,
2002; Burri et al., 2004). In this mechanism, the pressure
exerted by pericytes or other interstitial cells can
participate facilitating ECs contacts (Burri and Djonov,
2002). The denominations “endothelium independent
intussusception” or “connective cell dependent
intussusception” have been used for this possibility
initiated by connective tissue cells that wrap ECs
(Kilarski and Gerwins, 2009).

B) The formation of intraluminal endothelial bridges
(nascent pillars) between the opposite vessel walls or
between large/giant pillars is another important
mechanism of pillar development, related with other
forms of interendothelial contacts (Fig. 5C,D). Thus,
nascent pillars are formed by EC filopodial ridges, some
of which can be long and very thin (Fig. 5I). Therefore,
the Ist stage of this process consists of intraluminal
endothelial bridges, followed by the following stages
(Paku et al., 2011): 2) Degradation of the basement
membrane in the points in which the nascent pillars
originate. 3) Attachment of ECs to collagen fascicles. 4)
Pillar EC retraction and incorporation of collagen into the
nascent pillars (formation of a pillar core) (Figs. 1, 2). A
pulling force exerted by the actin cytoskeleton of ECs has
been proposed as the mechanism that participates in the
suction and subsequent transport of the collagen bundles
in nascent pillars into and through the blood vessel lumen
(Paku et al., 2011). 5) Recruitment of perivascular cells
into the core and formation of a new extracellular matrix.
For this mechanism the denominations “endothelium-
dependent intussusception” and “inverse sprouting”, have
been proposed (Kilarski and Gerwins, 2009; Paku et al.,

2011). A variant of these structural types is the peg-like
contact, which is only established from one side of the
vessel wall.

O) In the merged adjacent capillaries, two lateral EC
contacts are established in the contacting walls,
delimiting a non-contacting central zone. The non-
contacting central zones detach from the lateral contacts
and form pillars, which are often elongated and in which
splitting may also occur. This mechanism is frequently
observed in the adjacent lymphatic vessels that form the
sinuses of developing lymph nodes (Fig. 5J).

D) Vessel loops formed by a bilayer of endothelial
sheets arise from two points (two connecting segments)
of pre-existing vessels and encircle an interstitial tissue
structure (ITS: portion of the vessel wall with or without
perivascular tissue) (Fig. SA-D). In the loops formed by
extension of ECs (Patan et al., 2001a,b) (mainly in
granulation tissue) translocation may occur mediated by
myofibroblast contraction (looping angiogenesis)
(Kilarski and Gerwins, 2009). When the loop lumen is
open and continuous with that of the pre-existing vessel,
the pillars form and become intraluminal, presenting a
cover (from the internal ECs of the loop) and a core (the
ITS) (Fig. 6A-D). However, in serial sections or in 3D
images, the ITS appears partially connected to the
surrounding connective tissue (mainly at the ends of the
pillar) from which the ITS was segregated. Complex
loop systems are formed by the splitting of pillars or
through new loops formed from other loops. The
formation of pillars by vessel loops was described in the
ovarian pedicle of nude mice after ovariectomy and
human colon adenocarcinoma xenograft (Patan et al.,
2001a,b), and in hemorrhoidal veins in hemorrhoidal
disease (Diaz-Flores et al., 2018a). This process has
frequently been observed in some blood and lymphatic
vessel tumors/pseudotumors, including intravascular
papillary endothelial hyperplasia (IPEH), sinusoidal
hemangioma and sinusoidal hemangioma-like zones of
IPEH, and in lymphangiomas/lymphatic malformations
(Diaz-Flores et al., 2016a, 2018b, 2019a) (Fig. SA-D).
Likewise, vessel loops and pillars have been
experimentally developed in the rat femoral vein by
perivenous administration of PGE2 and glycerol (Diaz-
Flores et al., 2017b) (see below). The designation
“piecemeal form of intussusceptive angiogenesis” has
been proposed for this process by which pillars are
formed and transported toward the vessel lumen in blood
vessel tumors and pseudotumors, in dilated
hemorrhoidal veins and in experimental conditions
developed in the femoral vein (Diaz-Flores et al., 2016a,
2017b, 2018a,b). When thrombosis occurs in vessels in
which pillars develop, the ITSs may be initially formed
by thrombotic components, mainly fibrin.

E) Formation of new pillars can occur by splitting of
the larger pillars. This finding is frequently observed in
certain pathological conditions of the vessels. Indeed,
pillars with secondary pillars may be observed,
resembling segmented cactus with rounded cladodes
(Fig. 6D).
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Fig. 5. Characteristics of the structures involved in pillar formation (pillar precursors/primary structures) observed in sections double-immunostained
with anti-CD34 (brown) and anti-aSMA (red) (A-H), and immunostained with anti-podoplanin (l). Interendothelial contacts of the opposite vessel walls
(A-E, arrows) and a nascent pillar (C, arrowhead) are observed in blood vessels. Note the different morphology (prominent in A and B or planar in D
and E) and symmetry (symmetric in A and asymmetric in B) of the contacting ECs. Incorporation of a process of a pericyte is observed in a pillar (F,
arrow). Two phases of perforation of planar contacts are seen between two splitting capillaries (G and H, arrows). A very thin nascent pillar is shown in |
(arrow). Remaining pillars (arrows) after perforation of contacting walls of merged adjacent lymphatic vessels in a sinus of a developing lymphatic node
(J). A-H, x 300; I, x 260; J, x 120.
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The aforementioned primary structures may appear
in different stages of pillar formation, some of them (e.g.
nascent pillars) joining pillars to vessel walls or other
pillars.

Structures formed from pillars or pillar precursors
(secondary structures)

Secondary structures are formed from pillars or
pillar precursors. These secondary structures include
newly formed vascular networks, those resulting from
vessel arborisation, branching remodelling, pruning and
compartmentalization, as well as pillar grouping, in
which the pillars are arranged irregularly (Fig. 7A,B) or
linearly (Fig. 7C,D). When the pillars are grouped
linearly, they form intravascular septa (Fig. 7C). In
addition, isolated pillars and pillar precursors may be
present within and between pillar groups during and
after the intussusceptive process.

Importantly, the higher expression of these structures
is observed in some vessel diseases, mainly in vessel
tumors/pseudotumors, which are therefore excellent
substrates for studying intussusceptive phenomena in
pathologic conditions. Indeed, examining these
structures in some of the vessel lesions with numerous
pillars will allow us to more easily establish their
characteristics, mechanisms of formation and evolution
(see the section Study of IA and IL in vessel lesions with
numerous intussusceptive pillars).

Physiopathological relevance of IA/IL

Participation in capillary network formation
(intussusceptive microvascular growth). Many capillary
segments can be quickly formed from a capillary
network, which expands simultaneously through
intussusception without important functional changes in
the pre-existing vessels (Burri and Djonov, 2002; Burri
et al., 2004). In this process, the predominant precursor
structures are interendothelial contacts from the opposite
vessel walls and transcapillary interendothelial bridges
(nascent pillars). Therefore, the continuous formation
and enlargement of numerous pillars leads to the
remodelling of pre-existing capillary networks and
organ-specific vascularization, adapting to local nutrient
and gas exchange needs. This process has been well
studied in blood vessels and is termed intussusceptive
microvascular growth (IMG) (Caduff et al., 1986; Burri
and Tarek, 1990).

Participation in the formation of feeding and
collecting vessels (vessel arborization: segregation of
vessels for arterialization and venulization). Segregation
of feeding vessels (future precapillary arterioles) and
collecting vessels (future post-capillary venules) occurs
by intussusception in an associated mechanism with
capillary network formation. Thus, the blood arrival and
return to/from the newly formed network is adjusted to
the new requirements. In this process, rows of parallel
and vertical pillars merge, change from round or oval to

elongated (slit-like in vascular corrosion casting)
morphology, and demarcate and segregate microvessels
(Burri et al., 2004; Makanya et al., 2009; De Spiegelaere
et al. 2012). Mechanisms of arteriolization or
venulization occur simultaneously in the segregated
vessels. This process has also been well studied in blood
vessels and is termed intussusceptive arborization (IAR).

Participation in feeding and collecting vessel
remodelling (optimization of blood supply and
drainage). The optimization of blood supply and
drainage (optimization of hemodynamic conditions)
according to local requirements is based on the
morphologic adaptation of branch bifurcations (of the
branch geometry) and vascular pruning in the feeding
and collecting vessels by intussusceptive transluminal
pillars (Djonov et al., 2002, 2003; Burri et al., 2004;
Makanya et al., 2009; De Spiegelaere, 2012; Mentzer
and Konerding, 2014). In this process, pillar location
(central or eccentric), size, shape and fusion influence
the results, including relocation of vessel bifurcation
angles (Kurz et al. 2003; Lee et al., 2010, 2011;
Ackermann et al. 2013), modification of the daughter
branch diameter and/or branch pruning (intussusceptive
vascular pruning). This process is termed intussusceptive
branching remodelling (IBR).

Participation in vessel compartmentalization
(segmentation). Lumen compartmentalization occurs
without complete division of the pre-existing vessel into
new vessels. In this process, folds projecting from
various locations of the vessel walls originate pillars,
which can join longitudinally and form intraluminal and
incomplete septa, meshworks and subunits. When septa
formation occurs without vessel division, the process is
known as segmentation (Patan et al., 2001a,b) or
compartmentalization. In blood vessels, this process has
been described in veins in hemorrhoidal disease, in
sinusoidal hemangioma and in sinusoidal hemangioma-
like zones of other vascular tumors/pseudotumors. In
lymphatic vessels, segmentation has also been observed
in the sinuses of developing human foetal lymph nodes,
vascular transformation of lymph node sinuses and in
lymphatic malformations/lymphangiomas (Diaz-Flores
et al., 2019 a,b,c) (see below). Lymphatic
intussusceptive segmentation is highly significant in
certain locations, as occurs in lymph node sinuses. The
latter originate from the lymphatic sac surrounding the
primitive lymphatic anlage. An intraluminal meshwork
is formed in these sinuses increasing the surface contact
of the lymph and the duration of this contact (Moll et al.,
2009). Thus, a new role can be assigned to vessel
intussusception: formation of structures that participate
in the filtering of fluids, interactions with lymphocytes,
macrophages, antigen-presenting cells and metastatic
cancer cells, as well as with numerous particles and
molecules (important role in immunology and
pathology) (Diaz-Flores et al., 2019b).

The phenomena that participate in the formation of
capillary networks (IMG) and of feeding and collecting
vessels (IAR), as well as in feeding and collecting vessel
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Fig. 6. Vessel loops and pillars in lymphatic vessels of a cystic lymphangioma. Sections double-stained with anti-podoplanin (brown) and anti-aSMA
(red). A. Initial formation of two large pillars (asterisks) is observed in a region of a lymphatic vessel. Note endothelial sheets that form loops, which
partially surround interstitial tissue structures (ITSs), originating the pillar cores. B. A large pillar partially connected to the surrounding connective tissue
from which the ITS is segregated. Observe that the loop lumen is open (arrows) and the pillar becomes intraluminal, presenting a cover (CD 34+ cells)
and a core (ITS). C. Two small pillars (arrowheads) are observed forming from the large pillar by the aforementioned procedure. D. Image of a
lymphatic vessel in proximity to a blood vessel. The lymphatic vessel presents anti-podoplanin+ ECs and numerous pillars (arrowheads) in different
stages of formation from the vessel wall or from other pillars. Note that groups of pillars connect opposite vessel walls. The blood vessel shows
numerous a-SMA+ mural cells and podoplanin- ECs. A, x 760; B, D, x 220; C, x 600.
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Fig. 7. Pillars in IPEH (A, B, E), sinusoidal hemangioma (C) and cystic lymphangioma (D). Sections stained with anti-CD34 and anti-SMA (A-C and E)
and anti-podoplanin (D). Note pillar connections by EC contacts (A-D), core-to-core (arrows) (A-D) or by thin pillars (arrowheads) (B and E). A, C, x 80;
B, E, x 760; D, x 180.
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remodelling (IBR) have been widely studied, mainly by
vascular corrosion casting using scanning electron
microscopy.

The aforementioned ability of IA/IL in the
morphogenesis of vascularization is highly evident in
vascular diseases. Indeed, the histogenesis of many of
these pathological processes, including vascular tumors,
can be explained by vessel intussusception mechanisms
(see the section Influence of TA/IL on the morphogenesis
of vascular tumors/pseudotumors).

Participation of IA in pathologic processes

Pathological vascular remodelling involves
intussusception and splitting (Ali et al., 2019), including
inflammatory processes (Konerding et al., 2010; Rossi-
Schneider et al., 2010). Complex networks of tortuous
and dilated capillaries with intussusceptive findings occur
in florida microvascular angiogenesis of preterm lung
(De Paepe et al., 2017), spleen in a murine model of
Alzheimer disease (Kelly et al., 2017) and murine colitis
(Konerding et al., 2010, 2012). Likewise, IA and
alteration of the functional angioarchitecture of the brain
cortex develop in a murine model of Krabbe disease
(Giacomini et al., 2015)

IA has been described in human colon
adenocarcinoma xenografts (Patan et al., 1996b;
2001a,b), mammary gland tumors (Djonov et al., 2001),
B-cell non-Hodgkin’s lymphomas (Crivellato et al.,
2003), primary melanomas (Ribatti et al., 2005), and
gliomas (Nico et al., 2010). In these tumors, vessel
splitting occurred by IMG mechanisms in pre-existing
and/or newly formed vessels by sprouting angiogenesis
(association of sprouting and intussusceptive
angiogenesis). IA participates in cancer ecosystems
(Zuazo-Gaztelu et al., 2019) and an important fact is the
formation of new vessels by IA and the growth of tumors
after radiation or chemotherapy (transient switch from
SA to TA) (Hlushchuk et al., 2008). Thus, the resistance
to therapy (escape of the tumor to therapy) may be due to
a low EC proliferation and unmodified vessel
permeability in TA. Likewise, the consideration of the
vessel behaviour depending on primary or metastatic
tumors, including the tumor region and the type of
angiogenesis is important for angiogenic therapy (Bugyik
etal.,2016).

We have paid particular attention to pathological
diseases of blood and lymphatic vessels, mainly vessel
tumors/pseudotumors. Next, we consider vessel lesions
with numerous intussusceptive pillars and the influence
of TA/IL in the morphogenesis of vessel
tumors/pseudotumors.

Study of IA and IL in vessel lesions with numerous
intussusceptive pillars

Examples of lesions with numerous pillars are
intravascular papillary endothelial hyperplasia (IPEH) in
blood vessels and some lymphangiomas/lymphatic

malformations in lymphatic vessels (Fig. 7A-E). The
evolution of numerous pillars has also been followed
experimentally in the rat femoral vein after perivenous
administration of PGE2 and glycerol.

IPEH is a reactive process that occurs predominantly
in dilated veins and that must be histologically
differentiated from angiosarcoma, among other vessel
tumors. Vein thrombosis is common. This process
presents myriad intravascular pillars (Fig. 7A,B) and is
therefore very useful for pillar study. Pillars vary in size
(giant, large and small), show the structure outlined
above and appear aggregated or isolated. When
aggregated, the pillars form irregular groups (Fig. 7A,B)
and occasionally alignments. Pillar connections can be by
contact between the ECs that form their cover (Fig.
7A B), core-to-core (Fig. 7A,B), EC extensions forming
nascent pillars (Fig. 7B) or very thin pillars with scarce
collagenous cores (Fig. 7E). Pillars that appear isolated in
2D sections show connections when observed in 3D
images and serial sections. Depending on the pillar core,
two principal types of pillars are present in this lesion. In
one, the parietal type, the core corresponds to ITSs
formed by vessel loops in the vein wall. In the other, the
thrombotic type, the initial pillar core is formed by fibrin,
followed by collagenization. In both types, the pillar
cover originates from the vein intimal endothelium.

Since the morphological findings of IPEH mentioned
above were observed when the lesions were well
developed, we carried out an experimental model that
allowed us to follow the evolution of the pillar formation
process in veins (Diaz-Flores et al., 2017b). This
experimental model was based on a previous study
demonstrating high vein wall neovascularization from
ECs of the vein wall itself after PGE2 and glycerol
administration around the femoral vein (Diaz-Flores et
al., 1994, 2010). In this study, the sequential pillar
formation followed two overlapping phases. In the initial
phase, the formation of vessel loops in the vein wall
encircling ITSs was the principal mechanism, with
predominance of sprouting angiogenesis. In the
subsequent phase, intussusceptive angiogenesis was the
predominant mechanism, with pillar formation and
transport to the vein lumen.

In some lymphangiomas/lymphatic malformations
(cystic/cavernous, circumscriptum and acquired
progressive lymphangiomas), a similar exuberant
formation of pillars as seen in IPEH is observed in dilated
lymphatic spaces (Diaz-Flores 2019a) (Figs. 6D, 7D).
The principal difference with IPEH is that thrombosis
does not occur in lymphatic vessels, although they may
occasionally contain fibrin, which could contribute to the
formation of fibrinous pillar cores, followed by
collagenization. The presence of intussusceptive
lymphangiogenesis in these lymphatic diseases provided
a basis for studying lymphatic intussusception in other
conditions, such as in the sinuses of developing human
fetal lymph nodes (Diaz-Flores et al., 2019b) and in the
vascular transformation of lymph node sinuses (Diaz-
Flores et al., 2019¢c). New studies are required to further
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knowledge of intussusceptive lymphangiogenesis in other
conditions, including tumors of different degrees of
malignancy, such as papillary intralymphatic
angioendothelioma (PILA) (Dabska tumor) and
lymphangiosarcoma, as well as lymphedemas and
lymphatic vessels in inflammation and tumors.

Influence of IA/IL in the morphogenesis of vessel
tumors/pseudotumors

The morphogenic role of IA/IL in vascularization in
physiologic conditions has its pathologic counterpart in
the aberrant morphogenesis of some vessel diseases,
including vessel tumors/pseudotumors (Diaz-Flores et al.,
2020). Indeed, the prevalence of certain structures
involved in pillar formation (primary structures) and
resulting from pillar grouping (secondary structures)
condition the morphology of the vessel lesion. Following,
we outline an example of this prevalence in the
morphologic pattern in four types of vessel
tumors/pseudotumors, sinusoidal hemangioma, IPEH
(Diaz-Flores et al., 2016a, 2018b), lymphangiomas/
lymphatic malformations (Diaz-Flores et al., 2019a) and
lobular capillary hemangioma (Diaz-Flores et al., 2020).
Indeed, in these tumors/pseudotumors, vessel loops
encircling ITSs are an important mechanism of pillar
formation, while the variability of the interendothelial
contacts between the opposite walls of the loops, as well
as the number, arrangement and characteristics of the
groups formed by pillars condition their different
morphological pattern.

In sinusoidal hemangioma, groups of pillars formed
from loops in the vessel walls or from other pillars
acquire a linear arrangement forming incomplete
intravascular septa, which adopt vessel wall
characteristics between intercommunicating vascular
spaces (sinusoidal pattern) (Fig. 7C). In IPEH, pillars are
formed from vessel loops in the vessel walls and in
thrombotic material (IPEH generally presents thrombosis,
which considerably increases pillar numbers), grouping
in an irregular arrangement (intravascular pillar/papillary
hyperplastic pattern). Pillars are also formed in
lymphangiomas/lymphatic malformations from vessel
walls or other pillars, but the intravascular pillar/papillary
hyperplastic pattern (IPEH-like morphology) occurs
occasionally due to the absence of thrombosis. In lobular
capillary hemangioma, numerous interendothelial
contacts occur between the opposite walls of the loops,
intravascular ITS transport and pillar formation are
scarce, and intercalated open lumens between the
contacts of the loops persist as capillary-sized vessels
(capillary pattern).

Control, regulation and modulation of IA and IL

The mechanisms of control and regulation in IA have
been explored in recent decades, whereas knowledge of
these mechanisms in IL is scarce due to the recent
description of this lymphangiogenic type (Diaz-Flores et

al., 2019a,b,c). Hemodynamic conditions, hypoxia, and
several molecules participate in IA control (Eginnton et
al., 2001; Djonov et al., 2002; Rivilis et al., 2002; Kurz et
al., 2003; Crivellato et al., 2004; le Noble et al., 2005;
Paku et al., 2005; Milkievicz et al., 2006; Williams et al.,
2006a,b; Tressel et al., 2007; Hlushchuk et al., 2008,
2011a, 2017; Turhan et al., 2008; Filipovic et al., 2009;
Miele et al., 2009; Szczerba et al., 2009; Tsuda et al.,
2009; Baum et al., 2010; Lee et al., 2010, Taylor et al.,
2010; Gianni-Barrera et al., 2011; Lee et al., 2011; Nico
et al., 2011; Paku et al., 2011; Dill et al., 2012;
Ackermann et al., 2013; Dimova et al., 2013; Gianni-
Barrera et al., 2013, 2014, 2016, 2018; Mentzer and
Konerding, 2014; Fohst et al., 2015; Groppa et al., 2018;
Vilmalraj et al., 2018; Esteban et al., 2019; Rajabi et al.,
2019; Vilmalraj et al., 2019; Uccelli et al., 2019).

Hemodynamic conditions

Blood flow intensity and velocity, pressure changes
and shear stress (stress resulting from blood flow) are the
related hemodynamic conditions in IA. These
hemodynamic conditions have a critical and rapid
(minutes/hours) action on vascular adaptation and
formation of intravascular pillars (Egginton et al., 2001;
Djonov et al., 2002; Kurz et al., 2003; Lee et al., 2010,
2011), as well as on vessel diameter (Djonov et al., 2002;
Kurz et al., 2003; le Noble et al., 2005). Likewise,
hemodynamic conditions coincide with cellular
rearrangements (Kochhan et al., 2013) and influence
branching remodelling, depending on location,
orientation, and periodicity of developing pillars (Turhan
et al., 2008; Tsuda et al., 2009; Lee et al., 2010; Lee et
al., 2011; Styp-Rekowska et al., 2011; Ackermann et al.,
2013). In addition, shear stress acts on EC behaviour and
on molecular control, according to whether the flow is
laminar (parallel or tangential to EC surface) or turbulent
(oscillatory) (see below, EC behaviour and molecular
control of IA/IL).

In IL, lymphatic vessel dilation and lymph stasis
facilitate pillar formation (Diaz-Flores et al., 2019a,b.c).
This vessel dilation may occur by lymphatic obstruction
and stasis due to cardiac insufficiency, venous
obstruction, chronic infection, surgery and irradiation.

EC behaviour and molecular control of IA/IL

Molecular signals that participate in IA are less
known than in SA. As for IL, the role of these molecular
signals is in an initial phase of exploration. The factors
that influence IA include VEGF (Baum et al., 2010;
Gianni-Barrera et al., 2013; Uccelli et al., 2019), Ang-2,
ephrinB2/EphB4 signalling (Groppa et al., 2018),
endoglin (Hlushchuk et al., 2017), Notch signalling (Dill
et al., 2012; Dimova et al., 2013), nitric oxide (Vimalraj
et al., 2018) and endothelial cell MT1-MMP.

The hemodynamic changes outlined above modify
EC behaviour and molecular control. When the shear
stress is laminar, IA occurs by a) down regulation of
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angiopoietin 2 (Ang-2), through the tyrosine kinase
receptor 2 (Tie-2), with the inhibition of EC migration
and tubule formation (Suri et al., 1996; Tressel et al.,
2007) and b) induction of protease inhibitor expression in
ECs through the protein C-ets-1 and preservation of
vessel wall integrity (Milkievicz et al., 2006). When the
shear stress is turbulent, SA occurs by a) mechanical cell
stretch, b) up-regulation of MMPs and VEGF (Rivilis et
al., 2002) and c) Ang-2 production by ECs (Tressel et al.,
2007). In addition, shear stress may participate in the
regulation of other molecules and receptors, including
nitric oxide, CD31, cNos, VEGFR-2 and growth factors.

The response of VEGF is heterogeneous (Pettersson
et al., 2000) and its signalling in sprouting or
intussusception varies depending on process, location and
experimental model. Thus, in certain conditions, high
levels of VEGF induce sprouting angiogenesis, while
lower levels of VEGF facilitate intussusception
(Hlushchuk et al., 2008, 2011a,b). This would explain the
persistence of angiogenesis (by IA) after anti-VEGF
therapy in tumors. Conversely, VEGF over-expression in
skeletal muscle induces angiogenesis by intussusception
rather than sprouting (Gianni-Barrera et al., 2013).
Indeed, the VEGF dose located in the microenvironment
has an important role in intussusception. Thus, over-
expression of VEGF in skeletal muscle (in the limited
amount of extracellular matrix) blocks the formation of a
gradient to induce IA, preventing tip cell migration in
blood vessels (Gianni-Barrera et al., 2013; Uccelli et al.,
2019). Other factors may regulate the action of VEGF
(see below). We proposed a similar mechanism for IL
during intussusceptive pillar formation in the sinuses of
developing lymphatic nodes, based on the fact that the
absence of VEGF-C gradient results in the non-sprouting
engulfing of the LN anlage by LECs (Bovay et al., 2018).
Indeed, the high expression of VEGF-C by LTO cells
(Okuda et al., 2007) and the low production of guidance
NPR2 by lymphatic ECs of the lymph nodes (NPR2
promotes VEGF-C-driven lymphatic LEC sprouting - Xu
et al., 2010) could explain the switching of IA to IL.

PDGF-BB, which stimulates pericyte recruitment,
regulates splitting angiogenesis depending on its balance
with VEGF. Thus, PDGF-BB accelerates splitting
angiogenesis and limits circular enlargement of vessels,
endothelial proliferation and pericyte loss induced by
high VEGF, and modulates VEGF-R2, preventing VEGF
induced aberrant angiogenesis (Gianni-Barrera et al.,
2014, 2016, 2018).

Hypoxia is also a regulator of TA. Thus, hypoxia-
inducible factors (e.g. HI-2 alpha) stimulate the
expression of erythropoietin, which can enhance TA
(Crivellato et al., 2004; Nico et al., 2011). In addition,
ischemia, hypoxia and Notch inhibition facilitate the
recruitment and extravasation of mononuclear cells

Inhibition of Notch signalling induces IA in existing
vasculature (Dill et al., 2012; Dimova et al., 2013) with
pericyte detachment, extravasation of mononuclear cells
and transluminal pillar formation (Dimova et al., 2013),
and development of angiosarcomas in the liver (Dill et

al., 2012). Notch inhibition induces recruitment of
mononuclear cells, which is associated with SDF-1 and
CXCR4 increase. Likewise, inhibition of SDF-1/CXCR4
annulates mononuclear cell recruitment (Dimova et al.,
2019).

Endoglin/CD 105 inhibition induces IA via up-
regulation of ovalbumin upstream promoter transcription
factor 2 (COUP-TF2) (Hlushchuk et al., 2017).

EphrinB2/EphB4 signalling modulates 1A by VEGF
(the outcome of VEGF gene delivery) (Groppa et al.,
2018). The modulation of VEGFR?2 phosphate-ERK1/2
participates in this mechanism.

Nitric oxide NOS inhibitors participate in the
transition of SA to IA in the early phase of wound repair.
IA can be continued by NO donors in the last phase.

Endothelial cell MMT1-MMP participates in the
cleavage of thrombospondin-1 and the c-terminal
fragment joins avP3 integrin, facilitating nitric oxide
production (Esteban et al., 2019).
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