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a  b  s  t  r  a  c  t

A  meshwork  of intraluminal  processes  in lymph  node  (LN)  sinuses  originates  during  LN  development.
Lymph  flows  through  the  meshwork,  which  has  an  important  role  in immunology  and  pathology.  How-
ever, the  formation  mechanism  of intraluminal  processes  has  not  been  sufficiently  studied.  Our  objective
is  to  assess  whether  this  mechanism  is  by intussusception,  as  occurs  in transcapillary  pillar  formation  in
blood vessel  intussusceptive  angiogenesis.  For  this  purpose,  LNs with  developing  intrasinusal  processes
were  used  (human  foetuses,  13–18  GW)  for serial  histologic  sections  and  immunohistochemical  proce-
dures.  The  studies  showed  (a) sinuses  originating  from  lymphatic  sacs  around  expanded  LN  anlagen,  (b)
intra-sinus  structures  (lined  by  anti-podoplanin+, VEGFR3+, Prox-1+, CD31+ lymphatic  endothelial  cells)
with  characteristics  (in  serial  sections  and  3D  images)  similar  to those  considered  the  hallmarks  of intus-
susceptive  angiogenesis,  including  pillars  (≤2.5  �m, with  a collagen  core),  interstitial  tissue  structures
(ITSs)  or  larger  pillars  (>2.5  �m, with  a more  cellular  core)  and  folds  (that  form  pillars  when  spanning),
and  (c)  remodelled  and  fused  pillars,  ITSs  and folds,  which  formed  meshworks,  compartmentalizing
the  sinuses  into  small  intercommunicating  spaces  (segmentation).  In conclusion,  intussusception  par-

ticipates  in  the formation  of the  meshwork  of processes  in  LN  sinuses  during  LN  development.  This
mechanism  is  also  of interest  because  it contributes  to  the  general  knowledge  of  intussusceptive  lym-
phangiogenesis  (which  has  received  less  attention  than  intussusception  in  blood  vessels),  provides  a
basis  for  further  studies  and  supports  a  new  role  for  vessel  intussusception  (formation  of an  intraluminal
meshwork  with  known  action  in fluid  filtering,  cell  interactions  and  immunology).

© 2019  Elsevier  GmbH.  All  rights  reserved.
. Introduction

Lymphatics are not required for the early steps of lymph
ode (LN) development (Vondenhoff et al., 2009a). However, they
re critical for successive LN formation, maturation and func-
ionality, as well as for the stabilization and maintenance of LN
nlage stroma (Bénézech et al., 2010; Lee and Koh, 2016; van de
avert and Mebius, 2014), which form a niche for lymphoid cells
Hoorweg et al., 2015). Thus, LNs and lymphatics develop within
he same embryonic time frame and share several coordinated

ignals (Bénézech et al., 2010, 2014; Hoorweg et al., 2015; Lee
nd Koh, 2016; Onder et al., 2017; van de Pavert and Mebius,
014; Vondenhoff et al., 2009a,b; Wang et al., 2018). Lymphatic

∗ Corresponding author at: Department of Basic Medical Sciences, Faculty of
edicine, Ofra-La Cuesta, s/n, La Laguna, 38071 Tenerife, Islas Canarias, Spain.

E-mail address: kayto54@ull.es (L. Díaz-Flores).

ttps://doi.org/10.1016/j.aanat.2019.06.004
940-9602/© 2019 Elsevier GmbH. All rights reserved.
sprouts grow toward the LN anlage and form a lymphatic sac
(Mebius, 2003) around the LN anlage, except in the mesenchy-
mal  hilus (Bailey and Weiss, 1975; Eikelenboom et al., 1978;
Mebius, 2003; Willard-Mack, 2006). LN sinuses emerge from the
lymphatic sac. A meshwork of intraluminal processes develops
between the opposite walls of the sinuses (Moll et al., 2009). The
mechanism of lymphangiogenesis that participates in the devel-
opment of this intra-sinus meshwork has not been sufficiently
studied. In lymphatic vessel remodelling during LN development,
Bovay et al. (2018) described LN engulfment by lymphatic vascu-
lature rather than by a sprouting response. In blood vasculature,
the two principal types of growth and remodelling are sprouting
and intussusceptive angiogenesis. The possibility of intussuscep-
tive lymphangiogenesis, a non-sprouting intravascular process, in

LN intra-sinus meshwork formation during development has not
been explored.

Pillars/posts (diameter ≤2.5 �m),  interstitial tissue structures
(ITSs) or larger pillars (diameter >2.5 �m)  and folds (that form pil-

https://doi.org/10.1016/j.aanat.2019.06.004
http://www.sciencedirect.com/science/journal/09409602
http://www.elsevier.com/locate/aanat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.aanat.2019.06.004&domain=pdf
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ars when spanning) develop in intussusceptive angiogenesis (Burri
nd Tarek, 1990; Burri, 1990, 1992; Burri et al., 2004; Burri and
jonov, 2002; Díaz-Flores et al., 2017a,b; Djonov et al., 2000, 2002,
003; Patan et al., 1992, 1993, 1996, 1997, 2001a,b, 2008). Vascu-

ar expansion and remodelling occur through this non-sprouting
ngiogenesis. Vessel segmentation by pillars and ITSs has also been
emonstrated in different sized blood vessels (Díaz-Flores et al.,
018a; Patan et al., 2001a,b). One question is whether a similar

ntussusceptive mechanism may  occur in the development of the
eshworks of intraluminal processes in LN sinuses. Therefore, a

tudy to assess whether intussusceptive hallmarks are present in
eveloping LNs is not only of interest to explain the formation of

ntra-sinus LN meshworks of intraluminal processes, but to demon-
trate intussusceptive lymphangiogenesis as a counterpart to blood
essel intussusceptive angiogenesis.

The aim of this work is therefore to assess whether intussus-
eptive lymphangiogenesis is the mechanism that participates in
he formation of meshworks of processes (sinus-traversing strands)
xtending through the sinus lumen during human LN development.
or this purpose, we explored whether the hallmarks of vascular
ntussusception (pillars, ITSs and folds) are present in the develop-
ng meshworks of processes in human LNs (from the formation of

 lymphatic sac around the LN anlage to the development of mesh-
orks of processes in human foetuses of 13–18 gestational weeks,
W). We  also attempted to demonstrate an exponent of intussus-
eptive lymphangiogenesis (which has received less attention than
ntussusception in blood vessels), as a basis for further studies of
his intussusceptive lymphangiogenic type in other conditions.

. Materials and methods

.1. Tissue samples

Developing LNs were studied from human foetuses received
t the Pathology Service (University Hospital, Basic Medical Sci-
nce Department of the University of La Laguna, Tenerife, Spain)
or examination following miscarriage. The LNs studied (n: 22,
3–18 GW,  12 males and 10 females) were from mesenteric,
ancreatic-duodenal, inguinal and popliteal regions. The LNs had
o pathologic modifications and presented successive LN anlage
nlargement and developing sinuses and processes in their lumen.
thical approval for this study was obtained from the Ethics Com-
ittee of La Laguna University (CEIBA2018-0322).

.2. Light microscopy

Twelve specimens were fixed in Bouin’s fixative (with restricted
ntibody use) and another ten in paraformaldehyde. All specimens
ere embedded in paraffin and cut into 3 �m-thick serial sections.

he sections were stained with Haematoxylin and Eosin (H&E) and
richrome staining (Roche, Basel, Switzerland. Ref. 6521908001).

.3. Immunohistochemistry

Histologic sections were attached to silanized slides. After pre-
reatment for enhancement of labelling, the sections were blocked
ith 3% hydrogen peroxide and then incubated with primary

ntibodies (10–40 min). The primary antibodies (Dako, Glostrup,
enmark, except VEGFR3 -Abcam, Cambridge, UK) used in this

tudy were podoplanin monoclonal mouse anti-human, clone D2-
0 (dilution 1:50), catalog No. M3619; VEGFR3 polyclonal rabbit

nti-human (dilution: 1:200) catalog No. ab 27278, CD31 mon-
clonal mouse anti-human, clone JC70A (dilution 1:50), catalog
o. IR610; CD34 monoclonal mouse anti-human, clone QBEnd-10

dilution 1:50), catalog No. IR632; ˛-smooth muscle actin (˛SMA)
atomy 226 (2019) 73–83

monoclonal mouse anti-human, clone 1A4 (dilution 1:50), cata-
log No. IR611; vimentin monoclonal mouse anti-human, clone V9
(dilution 1:50), catalog No. IR630; CD45 monoclonal mouse anti-
human, clones 2B11 + PD7/26 (dilution 1:50), catalog No. IR751;
and NCAM-1 (CD56) monoclonal mouse anti-human, clone 123C3
(dilution 1:50), catalog No. IR628. The immunoreaction was devel-
oped in a solution of diaminobenzidine and the sections were then
briefly counterstained with haematoxylin, dehydrated in ethanol
series, cleared in xylene and mounted in Eukitt®. Positive and neg-
ative controls were used.

For double immunostaining, podoplanin antibody (diaminoben-
zidine, DAB, as chromogen) and anti-CD34, anti-˛SMA, anti-
vimentin and anti-CD45 (aminoethylcarbazole, AEC, substrate-
chromogen) were used, respectively. In serial sections, the sections
were double-stained with anti-podoplanin and each of the afore-
mentioned antibodies, respectively.

2.3.1. Immunofluorescence in confocal microscopy
For immunofluorescence, tissue sections were obtained as

described above. For antigen retrieval, sections were deparaffinized
and boiled for 20 min  in sodium citrate buffer 10 mM (pH 6), rinsed
in Trisbuffered saline (TBS, pH 7.6, 0.05 M),  and incubated with
the following primary antibodies diluted in TBS overnight in a
humid chamber at room temperature: mouse monoclonal anti-
podoplanin (clone D2-40), rabbit polyclonal anti-Prox1 (ab37128,
1/100) and rabbit polyclonal anti-collagen type I (1/100 dilu-
tion, code AB749 P, Millipore). For the double immunofluorescence
staining, sections were incubated with a mixture of monoclonal
and polyclonal primary antibodies (anti-podoplanin + anti-collagen
type I and anti-podoplanin + anti-Prox 1). The next day, the slides
were rinsed in TBS and incubated for 1 h at room temperature
in the dark with the secondary biotinylated goat anti-rabbit IgG
(H + L) (1:500, Code: 65–6140, Invitrogen, San Diego, CA, USA)
and Alexa Fluor 488 goat antimouse IgG (H + L) antibody (1:500,
Code: A11001, Invitrogen), followed by incubation with Strepta-
vidin Cy3 conjugate (1:500, Code: SA1010, Invitrogen) for 1 h at
room temperature in the dark. Nuclei were detected by DAPI stain-
ing (Chemicon International, Temecula, CA, USA). After washing in
TBS, sections were exposed to a saturated solution of Sudan black
B (Merck, Barcelona, Spain) for 20 min  to block autofluorescence.
They were rinsed in TBS and were then cover-slipped with DABCO
(1%) and glycerol-PBS (1:1). Negative controls were performed in
the absence of primary antibodies. Fluorescence immunosignals
were obtained using a Fluoview 1000 laser scanning confocal imag-
ing system (Olympus Optical).

3. Results

3.1. General characteristics of primitive LN sinuses

Primitive human LN sinuses were observed between 13–18 GW.
Structures suggesting LN anlage were initially seen between a
vein, with endothelial cells (ECs) stained with anti-CD34, and a
lymphatic sac in a mesenteric LN, showing lymphatic endothe-
lial cells (LECs) stained with anti-podoplanin (Fig. 1A). From GW
14 on, LN anlagen were expanded and the sinuses began to form
in mesenteric and pancreatic-duodenal LNs (sinuses in inguinal
and popliteal LNs were at a slightly more advanced stage). The
expanded anlage apparently pushed the future sinus visceral layer
(with floor LECs) against the opposite future sinus parietal layer
(with ceiling LECs) (Fig. 1B). The formation of the LN capsule, pil-

lars, ITSs, and folds begins simultaneously with sinus development
(Fig. 1C–E, G and H). Thus, from GW 15 on, pillars, ITSs and folds,
the hallmarks of intussusception, were present between the oppo-
site walls (parietal and visceral walls) of the sinuses, irrespective
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Fig. 1. Evolution of the lymphatic sacs around expanding LN anlagen is shown during lymph node development. Sections were double immuno-stained with anti-podoplanin
(brown) and anti-CD34 (A, C, E and G) (red) and anti-˛SMA  (B and D) (red) and immunostained with NCAM-1 (F, brown) and podoplanin (H, confocal microscopy). A: Structure
suggesting an LN anlage (arrow) with small blood vessels between a vein (v) (showing CD34+ endothelial cells) and a lymphatic sac (ls) (presenting anti-podoplanin+ LECs).
Loose  connective tissue is observed surrounding these structures (showing anti-CD34+ interstitial cells). B to D: Sinuses associated with expanded LN anlagen are seen in the
space  lined by anti-podoplanin+ LECs of the original lymphatic sac. Note some ITSs, pillars and folds formed in initial sinuses of the subcapsular zone (C, arrows) and of the
primitive medulla around the hilum, in which a vein (v) is observed (with anti-˛SMA+ cells) (D). E: Zones compatible with the LN cortex (red asterisk) (densely populated and
with  the subcapsular sinus) and with the LN primitive medulla (black asterisk) (predominance of ITSs). Note the LN capsule (ca) in which numerous anti-CD34+ interstitial
cells  form the external part, whereas Masson trichrome blue-stained collagen material (insert 1; col: collagen; cLEC: ceiling LECs) is prevalent in the internal part. Collagen I is
demonstrated (insert 2: col: collagen I; cLEC: ceiling LECs; collagen I and podoplanin double-staining in confocal microscopy). F: NCAM-1+ (CD56) cells with thin processes in
the  LN capsule. G: CD34-positive interstitial cells in the capsule and subcapsular sinus with ceiling LECs (cLEC), floor LECs (fLEC) and pillars (p). Note that cLECs are flattened,
while  fLECs show more somatic cytoplasm and appear more stained by podoplanin than cLECs. H: The characteristics of podoplanin+ cLECs and fLECs are also observed in
c ncreat
A tation
v

o
p
r
d

onfocal  microscopy. A to E: mesenteric LNs; F: LN of inguinal region; G and H: pa
:  35 �m;  B, C and D: 25 �m;  E: 180 �m;  F: 15 �m;  G and H: 20 �m.  (For interpre
ersion  of this article.)
f LN location (see below). Simultaneously, images suggesting a
rimitive LN cortex and medulla were seen (Fig. 1E) (these images
esembled the cortical and medullar zones after cortico-medullar
ifferentiation in the rat — Eikelenboom et al., 1978). The medulla
ic-duodenal LNs. A: 13 GW;  B: 14 GW;  C, D and F: 15 GW;  E, G and H: 18 GW.  Bar:
 of the references to colour in this figure legend, the reader is referred to the web
began to develop in the area of the sinus facing the hilum, where
penetrating blood vessels were present (Fig. 1D). Numerous anti-
CD34+ interstitial cells (Fig. 1E and G) were observed forming the
external part of the developing LN capsule (in human LNs, these
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Fig. 2. Characteristics of ITSs and pillars in LN sinuses. Sections stained with anti-CD31, (brown) (A) and anti-VEGFR3 (brown) (B), double-immunostained with podoplanin
(green) and Prox-1 (red) (C, in confocal microscopy), double-stained with anti-podoplanin (brown) and anti-vimentin (red) (D), anti-˛SMA (red) (E) and anti-CD34 (red) (F
and  G), and stained with Masson Trichrome (H). A: LECs of the sinus and pillars (arrow) are observed expressing CD31. B (1, 2, 3 and 4): Expression of VEGFR3 in ceiling LECs
(cLEC),  floor LECs (fLEC) and LECs of pillars (p). C: Anti-podoplanin+ LECs, in pillars (p), cLECs and fLECs also show nuclear expression of Prox-1 in confocal microscopy. D-G:
ITSs  and pillars (p) covered by anti-podoplanin+ LECs are observed. In ITSs or larger pillars, the core is formed by anti-vimentin+ stromal cells (D), some anti-˛SMA+ cells (E),
small  blood vessels (F) and collagen fibres (H, 1 and 2). In pillars with a smaller diameter, the core is generally only formed by packed collagen fibres (H, 3 and 4). Observe
t lar pa
1 H4: 10
l

c
m
B
n
w
N
L
L

hat  pillars presented a transverse or longitudinal view depending on their irregu
8  GW;  B, D-H: 17 GW.  Bar: A, C, F and G: 10 �m;  B: 20 �m;  D and E 25 �m; H1 and 

egend, the reader is referred to the web version of this article.)

ells could migrate from the adjacent vein adventitia, as occurs in
urine LNs with the smooth muscle cells of the vein media layer —

ovay et al., 2018). Collagen material was mainly seen in the inter-
al part of the capsule (Fig. 1E, insert 1). The presence of collagen I
as demonstrated by confocal microscopy (Fig. 1E, insert 2). Some

CAM-1+ cells were also seen in the capsule (Fig. 1F). In advanced
N stages, differences were observed between ceiling or parietal
ECs (with a flattened morphology and lower expression of the
th (G, arrowheads). A-C: pancreatic-duodenal LNs; D-H: mesenteric LNs. A and C:
 �m; H2 and H3: 2 �m. (For interpretation of the references to colour in this figure

podoplanin marker) and floor or visceral LECs (plumper and with a
stronger expression of the podoplanin, CD31 and VEGFR3 markers)
(Figs. 1G and H; 2 A and B). Several developing LNs were present in
a single area, showing histologic variations, which mostly appeared
to depend on the LN zone sectioned, rather than on different devel-

opmental stages.

The LECs of the LN sinuses expressed podoplanin (Fig. 1B–E, G
and H), CD31 (Fig. 2A), VEGFR3 (Fig. 2B) and Prox-1 (Fig. 2C) (see
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elow), and the ECs of the blood vessels were positive for anti-CD34
Fig. 1A) and anti-CD31. In veins, anti-˛SMA+ mural cells were also
een in their media layer (Fig. 1B and D).

.2. Pillars, ITSs and folds in LN sinuses

Pillars, ITSs and folds, observed in the LNs studied, varied in
ize and showed a cover and a core (Figs. 1C–E, G and H; Fig. 2).
n all these structures, the cover was formed by anti-podoplanin+

Figs.1C–E, G and H; Fig. 2D–G), anti-CD31+ (Fig. 2A), anti-VEGFR3+

Fig. 2B) LECs. In confocal microscopy, anti-podoplanin+ LECs, lining
he sinuses, pillars, ITSs and folds, also presented nuclear expres-
ion of Prox-1 (Fig. 2C). In addition to variations in size, pillars
nd ITSs differed in core content. In pillars, with a diameter that
anged from 1 to 2.5 �m,  the core contained packed collagen fibres
Figs. 2H,). In ITSs or larger pillars, with a diameter that gener-
lly ranged from 2.5 to 12 �m (exceptionally giant ITSs), the core
as formed by anti-vimentin+ stromal cells (Fig. 2D), some anti-
SMA+ cells (Fig. 2E), small blood vessels (with ECs expressing
D34) (Fig. 2F) and collagen fibres (Fig. 2H, 1 and 2). Folds, which
orm pillars when spanning sinus walls, showed similar compo-
ents (Figs. 1C, E and 2). In both pillars and ITSs, collagen was
enerally more condensed than in the LN capsule.

The number of pillars, ITSs and folds increased as the LN anlage
xpanded and the sinuses formed (Fig. 1). Depending on section and
rientation, ITSs and pillars presented a transverse or longitudinal
iew (Fig. 2G), and appeared isolated or with zones connected to the
inus wall or to other ITSs and pillars (Fig. 2D–F). These connections
ere established by direct contact of the LECs lining ITSs, pillars and

inus walls (Fig. 3), or by LECs elongated between these structures
nascent pillars) (Fig. 3).

Most pillars and ITSs of the LN subcapsular sinus, covered by
attened LECs, showing an irregular path between the opposite
alls of the sinus, appeared to originate from the sinus parietal

ayer and establish subsequent contact with prominent floor LECs.
owever, LECs of the ITSs and pillars in the areas closest to the vis-
eral layer could also be more prominent, resembling sinusal floor
ells (Fig. 1G and H). In the zones suggesting future medulla, the
TSs and their connecting pillars formed an intricate network with

 smooth or varicose surface. Although both ITSs and pillars were
bserved in the medullary and subcapsular sinuses, ITSs were larger
nd more numerous (up to four times more) in the area suggesting
he primitive medulla (Figs. 1E and 3) than in the subcapsular sinus
Fig. 4A–D).

Several morphologic findings related to the formation of pillars
nd ITSs were observed (see Section 4.3 of Discussion). These find-
ngs are as follows: (1) Contacts between the opposite LECs (“kissing
ontact” between ceiling and floor LECs) of the sinuses (Fig. 5A)
nd elongated LECs forming pillars (Figs. 2F, B) (pillar formation
y “kissing contact”). (2) Bilayers of parietal LEC sheets penetrat-

ng the LN capsule and acquiring loop morphology (Fig. 5B). The
nternal LEC sheet layer of each loop surrounded a portion of the
erisinusoidal tissue forming an ITS, whereas the external LEC
heet layer lined the connective tissue from which the ITS was
egregated (Fig. 5C) (piecemeal form of ITS formation). Some ITS
ones remained attached to the surrounding tissue, and blood ves-
els were observed passing through these connections (Fig. 5D).
n pancreatic-duodenal LNs, fine nerve strands were occasionally
ncorporated into the ITS core (Fig. 5E). (3) Lymphatic vessels,

hose walls contacted and merged, forming sinuses around anla-
en (Fig. 5F and G). Pillars formed from these merged walls (Figs. 5G

nd H; 6 A and B) (pillar formation by “merging of adjacent capil-
aries”) and vessel intercommunications were established through
he spaces formed between the pillars and the remaining zones of
he merged walls (Figs. 5G and H; 6 A and B). Projections of LECs
atomy 226 (2019) 73–83 77

formed nascent pillars and connected the remaining walls, pillars
and ITSs (Fig. 6B).

Appearance and disappearance of pillars and contact changes of
ITSs were demonstrated in serial sections (Figs. 3 and 4), thereby
confirming these structures as such. We also demonstrated these
findings and 3D images of intussusceptive pillars at high magnifi-
cation in confocal microscopy (Fig. 6C and D). In addition, the 3D
images clearly showed a cover formed by podoplanin+ LECs and
the presence of collagen I in the core (Fig. 6D). Mitoses were not
seen in LECs, which showed a minimal Ki-67 proliferative index
(Fig. 6E–G).

3.3. Segmentation of LN sinuses by networks of ITSs and pillars

In the primitive subcapsular sinus, pillars, small ITSs and folds
compartmentalized the sinus into numerous intercommunicating
spaces, which increased the surface of lymph contact (Figs. 3 and 4).
In the primitive medulla, lining LECs of the network of ITSs and
of the ITS intercommunicating pillars (including nascent pillars)
formed the coating of the medullary sinuses, whereas the core of
these structures appeared to be the substrate of the medullary cords
(Fig. 1E).

4. Discussion

We report (a) intussusceptive lymphangiogenesis in human LN
sinuses during LN development (presence in the LN sinuses of pil-
lars, ITSs and folds, which are the hallmarks of intussusception)
and (b) participation of pillars, ITSs and folds in sinus segmentation
with the formation of intercommunicating spaces in the subcapsu-
lar sinus and the sinuses and cords in the medulla. These issues are
outlined below. In addition, we consider the possible mechanisms
of pillar, ITS and fold formation.

4.1. Intussusceptive lymphangiogenesis in human LN sinuses
during LN development

The bridges that form in the lumen of sinuses during LN devel-
opment meet the characteristics of the pillars and ITSs described
in intussusception in blood vessels (Burri and Tarek, 1990; Burri,
1992; Burri et al., 2004; Burri and Djonov, 2002; Díaz-Flores
et al., 2017a,b; Djonov et al., 2000, 2002, 2003; Paku et al., 2011;
Patan, 2001a,b; Ribatti and Djonov, 2012), blood vessel tumours
and pseudo-tumours (Díaz-Flores et al., 2016, 2018b), and in
dilated and segmented hemorrhoidal veins in hemorrhoidal disease
(Díaz-Flores et al., 2018a). Indeed, these intrasinusal LEC-covered
structures show a simple core formed by packed collagen fibres
(pillars, with a diameter ≤2.5 �m)  or a more complex core of colla-
gen, interstitial cells and small blood vessels (ITSs or larger pillars,
with a diameter >2.5 �m).  Variations in the aspect of pillars and
ITSs when viewed in tangential or longitudinal sections resulted
from the irregular path of these structures.

The pillars described here also meet other important require-
ments for consideration as hallmarks of intussusception, including
(a) their subsequent appearance and disappearance in serial
sections (Patan et al., 2001a; De Spiegelaere et al., 2012), (b)
three-dimensional demonstration (Burri and Tarek, 1990; Burri,
1992; Burri et al., 2004; Burri and Djonov, 2002; Díaz-Flores
et al., 2017a,b; Djonov et al., 2000, 2002, 2003; Paku et al., 2011;
Patan, 2001a,b) after reconstruction of serial images in confocal
microscopy and (c) minimal LEC proliferation in the meshwork of
pillars and ITSs, as occurs in intussusceptive angiogenesis in the

endothelium that lines the pillars of blood vessels (Mentzer and
Konerding, 2014).

Recently, some authors have indicated that lymphatic vessel
expansion is different around the LN anlagen (where it occurs



78 L. Díaz-Flores et al. / Annals of Anatomy 226 (2019) 73–83

Fig. 3. Serial sections of a LN area showing large ITSs (whose size suggests that they belong to a peripheral zone of the primitive medulla), pillars and interconnecting LECs
originating networks. Each of the serial sections is double-stained with anti-podoplanin (brown) and anti-CD34 (red) (A), anti-˛SMA  (red) (B), anti-vimentin (red) (C) and
a act ch
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4.2. Participation of pillars, ITSs and folds in sinus segmentation
nti-CD45 (red) (D). Note the appearance and disappearance of pillars and the cont
n  the ITS connections are observed under greater magnification. Note that these co
ontact  of the lining LECs (5, arrow). In box 2, pillars appear longitudinally and tran
:  10 �m.  (For interpretation of the references to colour in this figure legend, the re

y extension) than in other locations, such as skin lymphat-
cs (where it occurs by sprouting). Indeed, the authors mainly
escribe a coordinated extension of continuous double LEC layers,
hich engulfed the LN anlagen and formed a double-walled sur-

ounding cup-like structure, maintaining its integrity and function
Bovay et al., 2018). Our results concur with these observations
n non-sprouting angiogenesis in LN sinuses and support intus-

usceptive rather than sprouting angiogenesis for intrasinusal
ridge formation: presence of pillars and ITSs, with the afore-
entioned characteristics and requirements. These results and

hose observed in lymphatic pathology (including vascular trans-
anges depending on the section. In the boxes, the pillars and LECs that participate
ions are established by extended pillars and LECs (1, 2, 3 and 4, arrows) or by direct
ally sectioned (arrows). A to E: mesenteric LNs. A to E: 17 GW.  Bar: A to D: 25 �m;
s referred to the web version of this article.)

formation of lymph node sinuses-Díaz-Flores et al., 2019, and
lymphangiomas -non-published observation) can be a basis for fur-
ther studies on lymphatic intussusception. Although pillars and
ITSs appear to originate from the ceiling LECs of LN sinuses, par-
ticipation of floor LECs is also possible.
Pillars, ITSs and folds can give rise to meshworks, which partici-
pate in blood vessel segmentation (Patan et al., 2001a,b; Díaz-Flores



L. Díaz-Flores et al. / Annals of Anatomy 226 (2019) 73–83 79

Fig. 4. Serial sections in a zone of the subcapsular sinus adjacent to the medulla (A to D) and in another subcapsular zone opposite the medulla (E to H).  Sections are
d SMA
t llars p
p epend
1 er is r

e
d
f
i

ouble-stained with anti-podoplanin (brown) and anti-CD34 (red) (A and E), anti-˛
hat  pillars and ITSs are present in the zone next to the medulla (A to D) and that pi
illars and ITSs and their isolated or connected presentation in serial sections also d
5  �m.  (For interpretation of the references to colour in this figure legend, the read
t al., 2016, 2018b). In the primitive LN subcapsular sinus, abun-
ant pillars and small ITSs can be the basis of the future meshwork
ormed by slim bridges, which compartmentalize the sinus into
ntercommunicating spaces. When cortico-medullary differentia-
 (red) (B and F), anti-vimentin (red) (C and G) and anti-CD45 (red) (D and H). Note
redominate in the cortical zone (E to H). The appearance and disappearance of the

 on the section. A to H: mesenteric LNs. A to H: 17 GW.  Bar: A to D: 25 �m;  E to H:
eferred to the web version of this article.)
tion occurs, the zone where ITSs show a larger size, the ITS core
and lining LECs (of ITSs and their interconnecting pillars) can form
the substrate of future medullary cords and the sinus lining, respec-
tively.
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Fig. 5. A to C: Sections immunostained with podoplanin. A: Demonstration of a contact between opposite ceiling and floor LECs (kissing contact, arrow) in a LN sinus. B: One
ITS,  with scarce prominence in the lumen of the sinus is observed (asterisk). Note that the surrounding LECs form a loop with a virtual lumen. Pillars (arrows) are also present,
one  of them originating from the same site as the ITS and joined to another pillar by a LEC process (arrowhead). C: ITS (asterisk) partially detached from the LN capsule by
a  loop (bilaminar sheet) (lp) lined by podoplanin+ LECs is observed. Note that the loop lumen differs in size and is also zonally virtual. The internal LEC sheet layer partially
covers  the ITS, and the external LEC sheet layer lines the connective tissue from which the ITS was segregated. D: In one ITS, blood vessels (arrows) are seen penetrating
from  the interstitial tissue through an ITS zone that remains attached to the capsule (H&E-staining). E: A nerve strand (n) is observed in an ITS of a pancreatic-duodenal LN.
In  other zones, pillars (arrows) with a collagen core are also present (Trichrome staining). F–H: Lymphatic merged vessels (v) are observed around anlagen using podoplanin
staining (F and H) and podoplanin and vimentin staining (G). Pillars apparently formed from these merged walls are seen (G and H, arrowheads). A to E: pancreatic-duodenal
LNs.  F and H: popliteal LNs. G: mesenteric LN. A, B, F–H: 15 G W;  C-E: 18 GW.  Bar: A: 10 �m;  B, C, E–G: 20 �m;  D: 25 �m;  H: 15 �m.
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Fig. 6. A and B: Sections immunostained with anti-podoplanin. Vessel intercommunications (arrows) are observed through the spaces formed between the pillars (arrow-
heads) and the remaining zones of lymphatic merged walls. Note projections of LECs (nascent pillars) joining these structures (B, arrowhead). In the insert of B, a thin LEC
projection with VEGFR3 expression is demonstrated (arrowhead). C: Single (1–8) and whole-mount (9) in frontal view (6 �m):  podoplanin (green); arrows indicate spatial
path  of pillars. D: Detail of the whole-mounted intrasinusal pillar indicated in C (thick arrow), now immunostained with podoplanin (green), collagen I (red) and DAPI (blue).
The  arrow path illustrates the luminal communicating space under the pillar. Note the cover of the pillar formed by LECs and collagen I in the core. E–G: Absence of mitoses
and  of nuclear expression of Ki-67 in LECs. E: Section immunostained with Ki-67, using internal (some non-LECs, arrow, nuclear staining with Ki-67) and external (insert,
tonsil)  controls. F and G: Sections with double-immunostaining with CD31 (brown) and Ki-67 (red) in which the CD31+ LECs do not show Ki-67 expression, while some
non-LECs (nuclear staining in red, arrow) present Ki-67 expression. A and B: mesenteric LNs, insert of B and C to G: pancreatic-duodenal LNs; A,B: 15 GW;  Insert of B: 17 GW;
C  and D: 18 GW,  E, F and G: 17 GW.  Bar: A, B, F, G and insert of B: 10 �m;  C1-8: 30 �m; C9: 15 �m;  D: 8 �m;  E: 30 �m.  (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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.3. Possible mechanisms of pillar, ITS and fold formation, and of
ymphatic space segmentation in LN sinuses

Several complementary mechanisms of pillar and ITS formation
ave been proposed in blood vessels (Burri and Djonov, 2002; Burri
t al., 2004). The morphologic events in developing LN sinuses sug-
est the possible participation of three of these mechanisms, as
ollows: (1) The main mechanism proposed for pillar formation
ncludes transcapillary interendothelial unions (“kissing contacts”),
ollowed by reorganization of EC junctions and incorporation of
nterstitial pillar cores (e.g. collagen bundles) (Burri and Tarek,
990; Burri, 1990, 1992; Burri et al., 2004; Burri and Djonov, 2002;
jonov et al., 2000, 2002, 2003; Patan et al., 2001a,b; Paku et al.,
011). Our observations of contacts between the opposite LECs
kissing contact between ceiling and floor LECs) of the sinuses with
uccessive formation of pillars and the presence of special junctions
nvolved in the tight three-dimensional integration of the LN sinus
ntraluminal meshwork (Moll et al., 2009) concur with this mech-
nism in the formation of LN sinus pillars. (2) The participation
f loops in the formation of ITSs has also been proposed in blood
essels, including veins of the ovarian pedicle of nude mice after
variectomy and human colon adenocarcinoma xenograft (Patan
t al., 2001a,b), blood vessel tumours and pseudotumours, dilated
emorrhoidal veins (Díaz-Flores et al., 2016, 2018a, 2018b) and rat

emoral vein after perivenous PGE2 and glycerol administration
Díaz-Flores et al., 2017a). The findings of this work also suggest
his complementary form of intussusception in ITS incorporation
n LN sinuses, by which loops and ITSs are interrelated structures,
n which a bilayer of endothelial sheets, arising from the ceiling ECs
f the sinus wall, dissects perivascular tissue components, which
re incorporated into the sinus lumen (surrounded by the inter-
al endothelial side of the bilayer of LECs). For this mechanism
f intussusception in blood vessels, the term “piecemeal form” of
ntussusceptive angiogenesis has been used in experimental condi-
ions and in vascular tumours with high numbers of pillars and ITSs
Díaz-Flores et al., 2016, 2017a, 2018a,b). (3) Another important
nd probably frequent procedure in blood vessels is the “merg-
ng of adjacent capillaries”, whose walls give rise to pillars (Burri
nd Djonov, 2002; Burri et al., 2004). When these pillars separate
rom the residual contacting walls, the capillaries intercommuni-
ate, forming a common space. In the developing LNs, the presence
f merging lymphatic vessels around anlagen, the formation of
illars from the merged walls and the establishment of intercom-
unications through the spaces formed between the pillars and

he remaining zones of the merged walls, also indicate the possible
ontribution of this mechanism to the intraluminal meshwork.

Molecular signals that participate in the mechanism of in-itself
r intussusceptive blood vessel growth are less known than those
nvolved in sprouting angiogenesis. The factors that influence blood
essel intussusceptive angiogenesis include VEGF (Baum et al.,
010; Gianni-Barrera et al., 2013), ephrinB2/EphB4 signalling (reg-
lating non-sprouting angiogenesis by VEGF) (Groppa et al., 2018),

nhibition of endoglin (Hlushchuk et al., 2017) and Notch (Dill et al.,
012; Dimova et al., 2013), (leading to intussusceptive angiogene-
is), as well as nitric oxide (switching from sprouting angiogenesis
o intussusceptive angiogenesis) (Vimalraj et al., 2018). Interest-
ngly, the VEGF dose located in the microenvironment has an
mportant role in intussusception. Thus, the therapeutic over-
xpression of VEGF in skeletal muscle (in the limited amount of
xtracellular matrix) blocked the formation of a gradient to induce
ip cell migration in blood vessels and, subsequently, sprouting
ngiogenesis (Gianni-Barrera et al., 2013). In this way, the high

xpression of VEGF-C by LT0 cells (Okuda et al., 2007) and the low
roduction of guidance NPR2 by LN LECs (NPR2 promotes VEGF-
-driven LEC sprouting — Xu et al., 2010) suggested a possible
olecular mechanism by which a uniformly high production of
atomy 226 (2019) 73–83

VEGF-C in LN cells, in the absence of VEGF-C gradient, results in
the non-sprouting engulfing of the LN anlage by LECs (Bovay et al.,
2018). This molecular mechanism could also occur in the intus-
susceptive formation of pillars and ITSs in developing LNs. Further
studies are required on the factors that may guide these intus-
susceptive phenomena, including the influence of other markers
(Hoorweg et al., 2015) and biomechanical forces (Bovay et al., 2018).

5. Conclusion

In these immunohistochemical studies of developing foetal LNs
using serial histologic sections and confocal microscopy, the results
reveal intrasinusal formation of pillars, ITSs and folds, thereby sup-
porting intussusceptive lymphangiogenesis. Consequently, a new
role is given to vessel intussusception: participation in the forma-
tion of the meshwork of intraluminal processes in LN sinuses, with
a known important immunological function. Further studies are
required on the factors that regulate lymphatic intussusception.
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