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Abstract

Purpose Human autologous tissue-engineered skin grafts
are a promising way to cover skin defects. Clearly, it is
mandatory to study essential biological dynamics after
transplantation, including reinnervation. Previously, we
have already shown that human tissue-engineered skin
analogs are reinnervated by host nerve fibers as early as
8 weeks after transplantation. In this study, we tested the
hypothesis that there is a de novo formation of a “classi-
cal” neurovascular link in tissue-engineered and then
transplanted skin substitutes.

Methods Keratinocytes, melanocytes, and fibroblasts were
isolated from human skin biopsies. After expansion in cul-
ture, keratinocytes and melanocytes were seeded on dermal
fibroblast-containing collagen type I hydrogels. These
human tissue-engineered dermo-epidermal skin analogs
were transplanted onto full-thickness skin wounds on the
back of immuno-incompetent rats. Grafts were analyzed
after 3 and 10 weeks. Histological sections were examined
with regard to the ingrowth pattern of myelinated and
unmyelinated nerve fibers into the skin analogs using
markers such as PGP9.5, NF-200, and NF-160. Blood vessels
were identified with CD31, lymphatic vessels with Lyvel. In
particular, we focused on alignment patterns between nerve
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fibers and either blood and/or lymphatic vessels with regard
to neurovascular link formation.

Results 3 weeks after transplantation, blood vessels, but
no nerve fibers or lymphatic vessels could be observed.
10 weeks after transplantation, we could detect an
ingrowth of myelinated and unmyelinated nerve fibers into
the skin analogs. Nerve fibers were found in close prox-
imity to CD31-positive blood vessels, but not alongside
Lyvel-positive lymphatic vessels.

Conclusion These data suggest that host-derived inner-
vation of tissue-engineered dermo-epidermal skin analogs
is initiated by and guided alongside blood vessels present
early post-transplantation. This observation is consistent
with the concept of a cross talk between neurovascular
structures, known as the neurovascular link.

Keywords Human skin analog - Tissue engineering -
Blood vessels - Nerve fibers - Innervation - Neurovascular
link - Lymphatic vessels

Introduction

Loss of full-thickness skin is unequivocally accompanied
by loss of skin sensibility. Although there is a large spec-
trum of surgical methods to cover skin defects (transplan-
tation of full-thickness skin, split-thickness skin,
biosynthetic skin substitutes, cultured epithelial cells, and
combinations thereof), initially there is no sensibility
present as nerve fibers migrate only slowly from the wound
bed into the transplant [1-6]. Little is known about the
chain of events leading to reinnervation, especially since
skin appendages such as hair follicles and sweat glands
known to provide guidance cues for nerve fibers are also
missing [7, 8].
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It is well documented that blood vessels commonly
reside alongside peripheral nerves [9]. Interestingly, nerves
and vessels influence one another with regard to patterning,
branching, development, and regeneration after injury [10—
12]. For example, smooth muscle cells surrounding blood
vessels secrete artemin, a glial cell-derived neurotrophic
factor, which binds the Ret/GFRa3 receptor of neurons and
so guides the nerve fiber to the target organ [13]. In addi-
tion, it appears that vascular endothelial cell-derived
VEGF-A can control axon cone growth of neurons and
guide nerve sprouting along arterial networks via VEGF-
receptor 2 signaling [14, 15].

We have recently shown that tissue-engineered and
then transplanted dermo-epidermal skin analogs are dis-
tinctly vascularized by host blood capillaries after
3 weeks [16]. However, the ingrowth of nerve fibers into
the transplant was observed only 8 weeks after
transplantation.

We now investigated if the nerve fibers are attracted by
and grow alongside the blood vessel network into the
transplanted skin analogs and if there is also a topograph-
ical relationship between nerve fibers and the lymphatic
vessels.

Materials and methods
Human skin samples

This experimental study was performed in accordance
with the Declaration of Helsinki Principles and after
permission by the Ethic Committee of the Canton Zur-
ich. Informed consent was given by parents and/or
patients. Human foreskins or skin samples from scalp or
abdomen were obtained from patients aged between 1
and 18 years. The skin biopsies were used for isolation
of human epidermal keratinocytes, melanocytes, and
dermal fibroblasts.

Isolation and culturing of primary cells

Keratinocytes and fibroblasts were isolated and cultured as
described by Biedermann et al. [17]. Melanocytes were
isolated and kept in culture as specified by Bottcher—
Haberzeth et al. [18].

Preparation of dermo-epidermal skin analogs
Skin analogs were prepared in six-well cell culture
inserts with 3.0 um pore size membranes in a transwell

system (BD Falcon, Switzerland) [19]. To generate the
dermal compartment, the membranes were covered with
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collagen type I hydrogels containing human dermal
fibroblasts. Rat tail collagen type I (0.7 ml) (BD Bio-
sciences, Switzerland) was mixed with 0.2 ml chilled
neutralization buffer containing 0.15 M NaOH and
1 x 10° fibroblasts (passage 1). After polymerization
(10 min at room temperature and 20 min at 37 °C), the
dermal equivalents were cultured in DMEM containing
10 % FCS for 5 days. Subsequently, keratinocytes and
melanocytes (ratio 5:1, passage 1-3) were seeded onto
each dermal equivalent at a density of 4 x 10’ cells. The
skin analogs were cultured in SFM (Invitrogen, Swit-
zerland) for 1 week before transplantation. The medium
was changed every second day.

Transplantation of cultured dermo-epidermal skin
analogs

The surgical procedure was approved by the local com-
mittee for Experimental Animal Research (permission
numbers 65/2009, 76/2011). Immuno-incompetent female
nu/nu rats, 8—10 weeks old (Harlan Laboratories, Nether-
lands) were anesthetized prior to operation as previously
described [20, 21]. To protect the skin analogs and to
prevent wound closure from surrounding rat skin, surgical
steel rings (diameter 2.6 cm) were sutured into full-thick-
ness skin defects made on the backs of the rats, using non-
absorbable polyester sutures (Ethibond®, Ethicon, USA).
The transplants were then covered with a silicone foil
(Silon-SES, BMS, USA), a polyurethane sponge (Ligasa-
no, Ligamed, Austria), and a tape as wound dressing.
Dressing changes and photographic documentations were
performed on a weekly basis.

Analysis of the transplants

After 3 or 10 weeks, animals were killed using CO,.
Transplants and rat control skin were excised and embed-
ded in OCT compound (Sakura Finetek/Digitana AG,
Switzerland). Cryosections were stained with hematoxylin
and eosin (Sigma, USA), and mounted within Eukitt
(Fluka, Switzerland) for histological analysis. Double
immunofluorescence stainings were performed to visualize
myelinated and/or unmyelinated rat nerve fibers [ubiquitin
carboxyl-terminal hydrolase L1 (PGP9.5, clone 13C4/
J3C4, 1:50, Abcam, Germany)], 200 kDa neurofilament
(NF200, clone NFO1, 1:50, Abcam, Germany), 160 kDa
neurofilament (NF160, clone NN18, 1:50, Sigma-Aldrich,
Germany), rat vascular endothelial cells [CD31 (clone
TDL-3A12, 1:50, BD Pharmingen, Switzerland)], rat
lymphatic endothelial cells [Lyvel (polyclonal, 1:200,
Novus Biologicals, UK)], vascular basement membrane
protein [Lamininl + 2 (clone ab7463, 1:500, Abcam,
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Blood and lymphatic vessel distribution in rat skin
ratCD31/ratLam1+2/Nuclei

Rat back skin

ratCD31/ratLYVE 1/Nuclei

Nerve fiber distribution in rat skin

ratCD31/ratNF200/Nuclei

Rat back skin

Fig. 1 Evaluation of blood, lymphatic vessel, and nerve fiber
distribution in normal rat back skin. a Staining of normal rat skin
for CD31 (red) and basement membrane staining for Laml + 2
(green). Blood vessels show a double staining with CD31 and
Lamininl + 2 (white arrows); structures staining for CD31 only
show lymphatic vessels (white arrowheads). b Staining of normal rat
skin with LYVE] (green) and CD31 (red). Lymphatic vessels display
a double staining with LYVE1 and CD31 (white arrows); structures

Germany)], and human fibroblasts [CD90 (clone AS02,
1:50, Dianova, Germany)]. Cryosections were fixed and
permeabilized in acetone/methanol for 5 min at —20 °C,
air-dried, and washed 3x in phosphate-buffered saline
(PBS, Invitrogen, Switzerland). Thereafter, sections were
blocked in PBS containing 2 % BSA (Sigma, Switzerland)
for 30 min. Incubation with the diluted first antibody was
performed in blocking buffer for 1 h at room temperature.
Afterward, slides were washed three times for 5 min in
PBS and blocked for additional 15 min. To visualize the
primary antibody, FITC-conjugated polyclonal goat F(ab’),
fragments directed to mouse immunoglobulins (Dako,
Switzerland) were added to the sections. Slides were
washed three times for 5 min in PBS and blocked for

ratLYVE 1/ratN

staining for CD31 only show blood vessels (white arrowheads).
¢ Staining of blood vessels with CD31 (red) and of nerve fibers with
NF200 (green). An alignment between blood vessels and nerve fibers
can be detected (white arrows). d Staining of lymphatic vessels with
LYVE1 (red) and of nerve fibers with NF200 (green). No co-
localization between lymphatic vessels and nerve fibers can be noted
(white arrows). Cell nuclei are stained with Hoechst (blue). Scale bar
for all panels 50 pm

additional 15 min. For double immunofluorescence, NF
and CD31 primary antibodies were prelabeled with Alexa
555-conjugated polyclonal goat F(ab'), fragments accord-
ing to the manufacturer’s instructions (Zenon Mouse IgG
Labeling Kit, Molecular Probes/Invitrogen, Switzerland)
and added to the sections. Finally, the slides were incu-
bated for 5 min in PBS containing 1 pg/ml Hoechst 33342
(Sigma, Switzerland), washed twice for 5 min in PBS, and
mounted with Dako mounting solution (Dako,
Switzerland).

Pictures of immunofluorescence stainings were taken
with a DXM1200F digital camera connected to a Nikon
Eclipse TE2000-U inverted microscope. The device is
equipped with Hoechst 33342, FITC, and TRITC filter sets
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Fig. 2 Evaluation of host blood
and lymphatic vessel
distribution as well as host
innervation in human tissue-
engineered skin analogs 10
weeks after transplantation.

a Staining of rat blood vessels
with CD31 (red) and of human
fibroblasts with CD90 (green).
b Staining of rat lymphatic
vessels with LYVEI (red) and
of human fibroblasts with CD90
(green). ¢, d Staining of rat
nerve fibers with NF200 and
PGP9.5 (green), human dermal
fibroblasts are stained with
CD90 (red). e Staining of rat
blood vessels with CD31 (red)
and of human fibroblasts with
CD90 (green) 3 weeks after
transplantation. f Staining of rat
lymphatic vessels with LYVEL1
(red) and of human fibroblasts
with CD90 (green) 3 weeks
after transplantation. Cell nuclei
are stained with Hoechst (blue).
The human dermal
compartment is marked by a
two-sided arrow, the basement
membrane is delineated by a
dotted line, the lower border of
the human compartment by a
dashed line. Scale bar for all
panels 50 pm

Skin substitute _

Skin substitute

ratCD31/humanCD90/Nuclei

ratCD31/humanCD90/Nuclei

Transplanted human skin analogs
10 weeks after transplantation

ratLYVE 1/humanCD90/Nuclei

eanasttoay
wanag,
ATagannst =

Transplanted human skin analogs
3 weeks after transplantation

ratLYVE-1/humanCD90/Nuclei

(Nikon AG, Switzerland; Software: Nikon ACT-1 vers.
2.70). Images were processed with Photoshop 10.0 (Adobe
Systems Inc., Germany).

Results

Expression of blood- and lymphatic endothelial
markers in normal rat skin

Native rat skin from the back was tested for blood- and

lymphatic endothelial marker expression (Fig. 1). Skin
samples were double-stained for endothelial cells (CD31,
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red, Fig. 1a, b) and basement membrane markers (Lami-
ninl + 2, green, Fig. la). In contrast to the CD31 and

Lamininl + 2 positive blood vessels (white arrows,
Fig. 1a), the lymphatic vessels were faintly CD31-positive
and showed no staining for Lamininl + 2 (white arrow-
heads, Fig. 1a).

To further confirm the identity of blood and lymphatic
vessels, anti-CD31 staining was combined with LYVEI,
which is a marker for lymphatic endothelial cells. As
depicted in Fig. 1b, the blood vessels were CD31-positive
but LYVEl-negative (white arrowheads), whereas the
lymphatic vessels showed a faint CD31 staining and strong
LYVEI expression (white arrows).
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Transplanted human skin analogs
10 weeks after transplantation
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Fig. 3 Evaluation of host innervation relating to host vascularization
in human tissue-engineered skin analogs 10 weeks after transplanta-
tion. a—f Staining of rat blood vessels with CD31 (red) and of rat
nerve fibers with NF200, NF160, and PGP9.5 (green). Cell nuclei are
stained with Hoechst (blue). The dermal compartment is marked by a
two-sided arrow; the basement membrane is delineated by a dotted
line. An alignment between host nerve fibers and blood vessels can be
seen in several areas (arrows). Scale bar for all panels 50 pm

Innervation and vascularization pattern of normal rat
skin

Native rat skin from the back was co-stained for nerve fiber
marker expression using antibodies against NF200 (green),
and blood (CD31, red, Fig. Ic) or lymphatic vessels
(LYVEL, red; Fig. 1d). We observed that nerve fibers are
located in close proximity to blood vessels (white arrows,
Fig. Ic), whereas no co-localization of nerve fibers with
lymphatic vessels was noted (Fig. 1d).

Innervation and vascularization pattern of transplanted
human tissue-engineered skin analogs

After excision of the human tissue-engineered skin analogs
10 weeks after transplantation, anti rat-CD31 staining
showed an abundant capillary network throughout the
dermal compartment delineated with a CD90-staining of
human fibroblasts (Fig. 2a). In contrast to blood vessels,
the LYVEI-positive lymphatic vessels appeared in lower
numbers, were irregular in shape, and larger in diameter as
compared to blood vessels (Fig. 2b). Host myelinated and
unmyelinated rat nerve fibers (green) were detected in the
human dermal compartment (CD90, red) by staining for
NF200 and PGP9.5 (Fig. 2c, d).

As a control, the presence of established rat blood and
lymphatic vessel networks was investigated 3 weeks after
transplantation. Blood vessels (CD31, Fig. 2e) occurred
abundantly in the human dermal compartment (CDO90,
green), whereas no lymphatic vessels were detected in the
human dermis (Fig. 2f). The earliest ingrowth of lymphatic
capillaries into the skin analogs appeared 5 weeks after
transplantation (data not shown).

Pattern of nerve fibers and blood vessels in human
tissue-engineered skin analogs

10 weeks post-transplantation, host blood vessels were
visualized in the human dermal compartment by anti-CD31
(red) staining. Myelinated nerve fibers were visualized by
staining for NF200 (Fig. 3a, b) and NF160 (Fig. 3c, d),
while unmyelinated nerve fibers were identified by anti-
PGP9.5 staining (Fig. 3e, f). In almost all sections, rat nerve
fibers were aligned along blood vessels (white arrows).

Pattern of nerve fibers and lymphatic vessels in human
tissue-engineered skin analogs

10 weeks after transplantation, sections with lymphatic
vessels staining positive for LYVE] were co-stained with
nerve fiber markers such as NF200 (Fig. 4a, b), NF160
(Fig. 4c, d), and PGP9.5 (Fig. 4e, f). We observed

@ Springer



170

Pediatr Surg Int (2014) 30:165-172

Transplanted human skin analogs
10 weeks after transplantation

ratLYVE1/ratNF200/Nuclei

OfNuclei

8]

ratLYVE1fratNF1¢€

ratLYVE1/ratPGP9.5/Nuclei

Fig. 4 Evaluation of host innervation relating to host lymphatic
vessels in human tissue-engineered skin analogs 10 weeks after
transplantation. a—f Staining of rat lymphatic vessels with LYVEI
(red) and of rat nerve fibers with NF200, NF160, and PGP9.5 (green).
Cell nuclei are stained with Hoechst (blue). The dermal compartment
is marked by a two-sided arrow, the basement membrane is delineated
by a dotted line. A vicinity of lymphatic vessels and nerve fibers can be
seen, but no alignment. Scale bar for all panels 50 um
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lymphatic vessels in vicinity to nerve fibers, but we did not
detect any alignment of the structures.

Discussion

This is an experimental study investigating the question
whether host-derived innervation of previously trans-
planted human tissue-engineered skin analogs is guided
alongside host blood or lymphatic vessels. In general, our
findings demonstrate a clear cut topographical relationship
between blood vessels and nerve fibers, but not between
lymphatic vessels and nerve fibers. Thus, our hypothesis
that a de novo formation of a typical neurovascular link
occurs in tissue-engineered skin grafts after transplantation,
proves true.

The dynamics of host blood vessels, lymphatic vessels,
and nerve fibers populating transplanted human tissue-
engineered skin analogs are fundamentally different. We
have shown previously that an established vascular net-
work can be detected as early as 3-week post-transplanta-
tion while innervation of the dermal compartment is
present only 8-week post-transplantation [16]. Certainly,
early vascularization of a transplanted skin analog by
capillaries and larger blood vessels is crucial to ensure
sustained graft take and long-term survival and has there-
fore the highest physiological “priority” regarding the
establishment of host structures within the transplanted
tissue. In contrast, lymphatic vessels and nerve fibers are
not indispensable for graft survival during the early stage
after transplantation. Therefore, we decided to investigate
the skin analogs 10 weeks after transplantation to detect
eventual topographical relationships between blood or
lymphatic vessels and nerves fibers.

It has been described previously that vascular and ner-
vous networks develop in close proximity during the
development, reflecting their mutual dependency [22]. To
enable an alignment, the structures need to communicate
with each other through signals, a molecular exchange
called “neurovascular crosstalk” [23]. Hereby, several
guidance molecules, such as artemin, VEGF, or endothelin-
3, are secreted from blood vessels and attract nerve fibers
along a certain ligand-gradient to establish innervation [12,
14, 15]. On the other hand, guidance signals are also
secreted from the peripheral nervous system. For instance,
VEGEF leads to an attraction and branching of blood vessels
as well as to arterial differentiation in the skin [24].

Based on the above-mentioned evidence, we developed
our hypothesis that initially non-vascularized and non-
innervated laboratory grown skin substitutes develop a kind
of physiological perfusion and innervation system over
time, a newly formed neurovascular link. Although we did
not perform the extremely demanding molecular pathway
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studies that the aforementioned ground breaking papers
described [12, 14, 15, 22-24], we could convincingly
demonstrate that 10 weeks after transplantation a de novo
formed neurovascular link was present in the dermal
compartment of the perfectly well engrafted skin substi-
tutes. In all specimens examined, there was a typical
alignment between blood vessels and nerve fibers as seen
in normal neurovascular links. On the other hand, such a
relationship could not be seen between lymphatic vessels
and blood vessels or nerve fibers.

Clearly, the presence of neurovascular links also means
that neurovascular crosstalk must have occurred [23]. In
our setting, the initiators of this neurovascular communi-
cation have certainly been blood vessels as they are present
in these transplants much earlier than nerve fibers.

Also it is a tenable assumption that the vascular network
within the grafted area received an intrinsic innervation
during the neurovascular link development enabling blood
vessels to react to synaptically passed signals that cause
vasoconstriction and vasodilatation [25, 26]. It might be
interesting to look at this issue in a follow-up study.

Although, our dermo-epidermal skin analogs do not
contain only adnexal structures such as hair follicles or
sweat glands, a few considerations regarding the potential
impact of skin appendages in the context of innervation are
worth being made. It has been proposed that integrating
such appendages into tissue-engineered skin substitutes
could enforce the ingrowth of nerves, as glands and hair
follicles are very well vascularized and innervated [7, 8,
27, 28]. It has also been described that the incorporation of
Schwann cells or the use of modified scaffolds could pro-
mote the innervation of skin analogs [29, 30]. Possibly, the
integration of human hair follicles and sweat glands could,
besides being a revolutionary step toward engineering
normal skin, also improve the velocity and quality of
reinnervation of our tissue-engineered dermo-epidermal
skin analogs.

Finally, we analyzed the dynamics of lymphatic vessel
ingrowth into the transplants. After 10 weeks, we could
detect lymphatic vessels and nerve fibers in the dermal
compartment. Although lymphatic vessels were found in
vicinity of nerve fibers, they did not show an alignment
pattern as seen in the neurovascular link.

In conclusion, our data suggest that a de novo formation
of a close to natural neurovascular link occurs over a time
span of 10 weeks after transplantation of tissue-engineered
skin analogs that are initially devoid of any vascular and
neural elements.

The fact that there is ingrowth of both, normal neuro-
vascular structures as well as lymphatic vessels into engi-
neered skin grafts has favorable clinical implications in
view of the envisioned application of such grafts in human
patients.
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