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Abstract

Purpose Ultraviolet (UV) radiation adversely affects skin health at cellular and molecular levels. Hence, UV radiation can
directly induce inflammatory responses in the dermis by inducing erythema, edema, inflammation, dermal fibroblasts altera-
tions, and extracellular matrix modifications.

Methods Human keratinocytes, melanocytes, and fibroblasts were isolated from skin biopsies, cultured, and expanded
in vitro. Fibroblasts were seeded into collagen type I hydrogels that were subsequently covered by keratinocytes and melano-
cytes. These pigmented dermo-epidermal skin substitutes (pigmDESS) were transplanted for 5 weeks onto full-thickness skin
wounds on the back of immuno-incompetent rats, exposed to a single UVB dose of 250 mJ/cm? or unexposed and excised
after 1 week. The effects onto the dermis were assessed regarding cell number, cell phenotype, and cell proliferation. Local
inflammation by granulocytes (HIS48) or macrophages (CD11b, iNOS) was analyzed by immunohistochemistry staining.
Results We observed a significantly enhanced ingrowth rate of blood capillaries, but not of lymphatic capillaries at 1 week
post-irradiation. Moreover, the enhanced vascularization of pigmDESS after UVB exposure was concomitant with a high
infiltration of granulocytes and monocytes/macrophages to the dermal part of grafts. In addition, a heterogeneous expression
of HIF-1a and TNFa was detected at this early phase after UVB exposure. In local cellular response examination, results
only show a moderate cell proliferation in the dermis.

Conclusions We were able to define early markers of UVB-induced effects in the dermis of pigmDESS. Overall, a single
UVB dose induces temporary acute angiogenic and immune responses during the early post-irradiation phase in vivo.

Keywords Acute UVB - Human skin substitute - Tissue engineering - Blood- and lymph-angiogenesis - Inflammatory
response - Granulocyte infiltration - Monocyte/macrophage recruitment - HIF-1a expression

Introduction

The treatment of large full-thickness skin loss is hampered
by insufficient donor skin for autografts. Bio-engineered
dermo-epidermal skin replacement offers an alternative
to meet this demand. For several years, our laboratory has
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developed such skin grafts and tested them in vitro as well as
in pre- and clinical settings [1-7]. Recently, we reconstituted
pigmented dermo-epidermal skin substitutes (pigmDESS),
which perfectly restore the patients’ native skin color [3, 5,
8-10]. Those skin equivalents offer not only a novel treat-
ment method for severe and extensive burns, but also protect
against ultraviolet irradiation (UV) and provide the original
skin taint [8, 10, 11].

Solar UV irradiation is the most harmful external com-
ponent threatening the skin and may cause severe sunburn,
transient inflammation, premature skin aging, and even
skin cancer [12, 13]. Based on their distinct physical prop-
erties, UVA and UVB penetrate into the skin and interact
with cells, located at different depths, and induce distinct
biological responses in the epidermal and dermal layers
[12]. The induced photoaging is the most common form of
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skin damage induced by chronic, repetitive UV exposure,
in particular UVA and UVB [12, 14]. UVB (280-320 nm)
is a highly energetic component of UV irradiation. As the
amount of energy is inversely proportional to the wave-
length, UVB delivers more energy than UVA (320400 nm)
[15]. Due to its short wavelengths, UVB penetrate mostly the
epidermis but is also reaches the upper papillary dermis and
therefore its harmful effects should not be neglected in the
dermal skin layer [13, 16].

Previous studies have shown that long-term exposure to
solar UV irradiation causes damage to cells and extracel-
lular matrix (ECM) present in the dermis of human skin. As
a result, degradation of collagen and elastin fibers increases
and, in turn, de novo synthesis of collagen decreases in pho-
todamaged skin [17]. Studies in mice [18] and rats [19, 20]
suggested that repetitive UVB radiation causes degeneration
of elastic fibers by elastases, which results in the loss of skin
elasticity, and eventually in wrinkle formation.

Interestingly, Imokawa et al. identified a close correla-
tion between UVB-exposed human keratinocytes and der-
mal fibroblasts [21]. The authors proposed a UVB-induced
wrinkling mechanism by an increased secretion of IL-1a and
GM-CSF by irradiated human keratinocytes that was respon-
sible for the increased gene expression of skin fibroblast
elastase, which then cleaves elastic fibers in the dermis [21].

The aim of the present study was to elucidate further the
effects of UVB in the dermis of pigmDESS in vivo. In par-
ticular, we examined the effect of an acute high dose of UVB
irradiation on dermal angio- and lymph-angiogenesis as well
as local tissue inflammation. Our data show that acute UVB
induces a progressive increase of blood vessel ingrowth
and enhanced density of neutrophils and monocytes/mac-
rophages in the dermis. In addition, UVB-treated pigmDESS
revealed an increased HIF-1a expression in the dermis.

Materials and methods
Human skin samples

The investigation has been conducted according to the Dec-
laration of Helsinki principles and after acceptance of the
Ethic Commission of the Canton Zurich. Childrens’ parents
gave informed consent to use skin samples. Human epi-
dermal keratinocytes, melanocytes, and dermal fibroblasts
were isolated from the skin samples. Tissue samples for
histological examinations were embedded in paraffin, or in
OCT compound (Sakura Finetek, Switzerland) and kept at
—20 °C.
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Isolation and culturing of primary cells

Human keratinocytes and fibroblasts were isolated and cul-
tured as described by Pontiggia et al. [22] and Biedermann
et al. [23], melanocytes as specified in Bottcher-Haberzeth
et al. [3].

Preparation of tissue-engineered skin analogs

Transwell cell culture plates in six-well format containing
inserts with 3.0 pm pore-size membranes (BD Falcon, Swit-
zerland) were used to prepare skin analogs [24]. To reconstruct
the dermal compartment, rat collagen type I was mixed with
0.2 ml neutralization buffer containing 0.15 M NaOH and with
1x 10° human dermal fibroblasts (passage 1-3). After 10 min
polymerization at room temperature and 45 min in an incuba-
tor at 37 °C, the dermal equivalents were grown for 7 days in
Dulbecco’s modified Eagle’s medium (DMEM) enriched with
10% FCS and Hepes (DMEM, Invitrogen, Switzerland). Sub-
sequently, 5x 10° melanocytes and keratinocytes (both passage
1-3) of the corresponding donor skin were seeded in 1:5 ratio
onto dermal equivalents. Subsequently, skin analogs were cul-
tured for 1 week in a 1:5 mix of melanocyte growth medium
(Promocell, Germany) and keratinocyte medium (SFM, Invit-
rogen, Switzerland), and subsequently transplanted.

Transplantation of cultured pigmDESS

All animal studies have been approved by the local Commit-
tee for Experimental Animal Research (permission number:
76/2011). Immuno-deficient female nu/nu rats, 8—10-week-
old (Harlan Laboratories, Netherlands) were anesthetized as
previously described [25, 26]. Full-thickness skin wounds
were created on the backs of the rats. Subsequently, custom-
made steel rings (diameter 2.6 cm) were sutured into the skin
wounds using non-absorbable polyester sutures (Ethibond®,
Ethicon, USA) and the skin analogs were sutured into those
rings. Steel rings protected the skin analogs and prevented the
closure of the wound by the surrounding rat skin. The trans-
plants were then covered with a silicone foil (Silon-SES, BMS,
USA), a polyurethane sponge (Ligasano, Ligamed, Austria),
a cohesive conforming bandage (Sincohaft, Theo Frey AG,
Switzerland), and tape as wound dressing. Dressing changes
and photographic documentations were performed once per
week. After 6 weeks control (non-irradiated) (N=8) or UVB-
irradiated (N =38) skin transplants were excised in toto and
processed for paraffin- and cryo-sections.

Exposure of grafted pigmDESS to UVB

Five weeks after transplantation, a single dose of UVB irradia-
tion with an intensity of 250 mJ/cm? was applied on grafted
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pigmDESS. The employed device (Excimer System, Alma
Lasers) is emitting monochromatic narrowband UVB light
with a wavelength of 308 nm. Grafted pigmDESS were then
kept for another 1 week on the rats and excised.

Immunohistochemical staining

Immunofluorescence staining was performed as described in
Bottcher-Haberzeth et al. [2, 26]. Double immunofluorescence
stainings were performed to visualize rat blood and/or lym-
phatic vessels (CD31 [clone TDL-3A12, 1:50, BD Pharmin-
gen, Switzerland] and LY VEI [polyclonal, 1:200, Novus Bio-
logicals, UK]). To visualize immune cells, pigmDESS were
stained with HIS48 (neutrophils/granulocytes) [clone HIS48,
1:100, Santa Cruz, USA], CD11b (monocytes/macrophages)
[clone 44, 1:100, Santa Cruz, USA], and iNOS (macrophages)
[polyclonal, 1:200, abcam, UK]. HIF-1a [clone 28b, 1:50,
Santa Cruz, USA] was applied to detect hypoxia and CD90
[clone SE10, 1:50, Dianova, Germany] to stain specifically
human fibroblasts.

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 (Nikon AG,
Switzerland; Software: Nikon ACT-1 vers. 2.70). Images were
processed with Photoshop 7.0 (Adobe Systems Inc, Germany).

Quantification of human blood and lymphatic
capillaries and expression of HIS48, CD11b,
and HIF-1a in vivo

6—8 um-thick cryo-sections of transplanted pigmDESS were
double-stained for human CD90 and other markers and imaged
by the confocal microscope. Distinct parameters such as num-
ber of CD31- (blood) and LY VE1-positive (lymphatic) vessels,
as well as positive expression of HIS48 (neutrophils/granulo-
cytes), CD11b (monocytes/macrophages), and positive area
(mm?) of HIF-1a expression were quantified per 3x 10~! mm?
of skin transplant. 3D confocal projection images were sub-
jected to a series of image analyses using NIH ImageJ allow-
ing quantification of distinct parameters. Graphs show values
as the mean (+SD). Comparison between two groups was
performed using the unpaired Student’s ¢ test. Results were
considered significant with a p <0.05.

Results

Blood and lymphatic vessel distribution
in transplanted human pigmDESS
without and after acute UVB exposure

Six weeks post-transplantation, non-treated and UVB-
exposed pigmDESS were excised and analyzed. The anti-
human CD90-staining delineates the human dermal com-
partment of skin analogs (green, Fig. 1). The ingrowth of
host blood vessels into the human transplants was analyzed
using a specific anti-rat-CD31 antibody (red, Fig. la, b)
and thereafter quantified (Fig. 3a).

UVB-irradiated pigmDESS demonstrated a signifi-
cantly higher number of CD317" blood vessels (31 +9)
throughout the human CD90-positive dermal compart-
ment as compared to non-irradiated skin analog (7 +2) (p
value =0.0109, statistically significant) (Fig. 3).

Moreover, we also analyzed the density of LYVEL"
lymphatic vessels in the human dermis of pigmDESS
(Fig. Ic, d). However, the overall lymphatic vessel den-
sity within the non-irradiated and UVB-irradiated group
did not show any obvious differences: 4 +2 versus 8§ +2
(p value =0.1052, not significant) (Fig. 3a).

Expression of granulocyte and monocyte/
macrophage markers in transplanted human
pigmDESS

The human skin analogs with or without UVB irradiation
were examined for the presence of granulocyte (HIS48)
and monocyte/macrophage (CD11b, iNOS) markers in the
human CD90-stained neodermis and quantified (Figs. 2,
3a). The expression of all those markers in normal human
or rat skin was low in the dermis (data not shown).

We detected a significantly enhanced density of neu-
trophils/granulocytes (HIS48) (97 +21) throughout the
dermis of UVB-treated pigmDESS, whereas HIS48" cells
were present at quite low numbers in the control group
without UVB treatment (8 +2) (p =0.0019, statistically
very significant) (Figs. 2a, b, 3a).

Similar, iNOS™ (data not shown) and CD11b* mono-
cytes/macrophages were detected at significantly higher
frequencies in UVB-exposed skin analogs (56 +4) than in
untreated transplants (12 + 3) (p value =0.0001, extremely
statistically significant) (Figs. 2c, d, 3a).
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Fig. 1 Expression of blood- and lymphatic-specific markers in unex-
posed pigmented dermo-epidermal skin substitutes (pigmDESS) and
7 days after UVB radiation in vivo. a, b Immunofluorescence dou-
ble staining of pigmDESS representing the ingrowth of rat blood
capillaries marked with an antibody against rat CD31 (green) into
human dermal compartment highlighted by human CD90 (red). ¢, d
Immunofluorescence counterstaining with anti-rat LYVE-1 showing
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7 days after UVB

lymphatic endothelium (green) and anti-human CD90 (red) mark-
ers. Note that UVB-irradiated pigmDESS show a markedly higher
number of CD31-positive blood vessels in the human dermal com-
partments. e, f Cells expressing HIF-1-o (green) are counterstained
with human CD90 (red). The number of HIF-1-« positive cells is sig-
nificantly higher in the human neodermis of UVB-treated pigmDESS.
Cell nuclei are stained with Hoechst (blue). Scale bars 50 pm
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Fig.2 Infiltration of rat granulocytes and monocytes/macrophages
into unexposed pigmDESS and 7 days after UVB exposure in vivo.
a, b Immunofluorescence co-staining of pigmDESS for rat granulo-
cyte marker HIS48 (green) and for human neodermis visualized by
human CD90 (red). ¢, d Distribution of rat monocytes/macrophages

Expression of HIF-1a and TNFa in transplanted
human pigmDESS

As hypoxia may occur in UVB-exposed tissue, we ana-
lyzed the expression of HIF-1a in pigmented skin analogs
after transplantation (Figs. le, f, 3b). Quantitative evalu-
ation revealed the highest level (2 x 10 + 0.006 mm?)
of HIF-1-alpha expression 7 days after UVB treatment,
whereas it was low (5 x 10? + 0.012 mm?) in the untreated
controls (Fig. 3b) (p=0.0016, statistically very signifi-
cant). HIF-1-alpha was expressed in the dermal compart-
ment delineated by human CD90-staining. Furthermore,
we did not detect any significant difference in the expres-
sion of TNFa in transplanted human pigmDESS before
and after UVB exposure (data not shown).

7 days after UVB

stained with CD11b (green) in the human dermal compartments
(CD90). Note a significantly enhanced density of HIS48- and CD11b-
positive cells in the UVB-exposed dermal compartments. Cell nuclei
are stained with Hoechst (blue). Scale bars 50 pm

Discussion

Sun exposure is clearly one of the most important fac-
tors causing skin damage and photoaging. Here we have
assessed the in vivo effects of acute solar UVB radiation on
pigmDESS, a well-established pigmented skin model [3, 5,
10]. Our data indicate that UVB exposure of skin rapidly
induces cutaneous angiogenesis and inflammatory responses
by increased dermal neutrophil, granulocyte, and mono-
cytes/macrophage infiltration. Furthermore, we detected an
enhanced expression of HIF-1a in treated pigmDESS. Sev-
eral aspects will be highlighted and discussed in more detail.

Angiogenesis, the growth of blood vessels from the
existing vasculature, is regulated by positive and negative
stimulators [27]. Under normal homeostatic conditions, the
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Fig.3 The quantification of the number of blood and lymphatic ves-
sels as well as immune cell infiltration in transplanted pigmDESS
without and 7 days after UVB radiation in vivo. a The number of
rat CD31-positive blood and LY VE-1-positive lymphatic vessels in
human neodermis of pigmDESS without (white bars) and 7 days after
UVB exposure (grey bars). The density of granulocytes (HIS48) and
monocytes/macrophages (CD11b) in dermal compartments of unex-
posed pigmDESS (white bars) and 7 days after UVB irradiation (grey

negative regulators are usually dominant [28, 29]. Interest-
ingly, our results demonstrate increased capillary density
in the dermis of UVB-treated pigmDESS. Hence, we con-
cluded that UVB induces a rapid pro-angiogenic switch
in those transplants. This is in line with previous studies
reporting enhanced endothelial cell proliferation in mice
after acute UVB irradiation of the skin [30]. Furthermore,
Bielenberg et al. found prolonged angiogenesis over at least
4 weeks after a single dose of UVB irradiation of ear skin
[30]. Dejana et al. also reported a significant increase of both
vessel density and vessel size as well as increased prolifera-
tion of endothelial cells after UVB treatment in vivo [31].
Similar findings were detected in chronically photodamaged
skin in mice [32]. Moreover, Kawada et al. suggested that
the hyperplasia of cutaneous blood vessels is directly associ-
ated with skin wrinkle formation in acute UVB-irradiated
mouse skin [33].

Our data imply that pronounced vascular upregula-
tion may be mediated by a high level of HIF-1a detected
in the dermis of UVB-treated transplants. It is known that
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bars). b Area of HIF-1-a-positive staining in human dermal com-
partments of pigmDESS without (white bars) and after UVB expo-
sure (grey bars). Note that UVB-irradiated pigmDESS demonstrate
a significantly higher number of blood vessels as well as enhanced
density of immune cells throughout the CD90-positive neodermis as
compared to non-irradiated controls. Graphs show values as the mean
(+SD) quantified per 3x 10~! mm? of skin transplant. N=5 for each
group

angiogenesis is activated under conditions such as hypoxia
(oxygen saturation level lower than 90%), UVB irradiation,
or upon activation of signaling pathways by growth fac-
tors such as fibroblast growth factors (FGFs) and vascular
endothelial growth factors (VEGFs). Under hypoxia, HIF-1«
is stabilized, interacts with hypoxia-responsive elements
(HREs) in the nucleus, and finally promotes the activation of
pro-angiogenic genes such as nitric oxide synthases, VEGF,
and genes regulating extracellular matrix metabolism (urok-
inase-type plasminogen activator receptor; uPAR) [34, 35].
Of note, the study of Kawada et al. showed that exposure to
hyperoxia (90% oxygen level) immediately after each UVB
irradiation attenuated increased HIF-1a expression and angi-
ogenesis, that in turn, reduced wrinkle formation in mouse
skin [33]. These findings confirm that hypoxia might be
indeed a direct inducer of UVB-induced skin damage.
Nevertheless, the specific regulation of skin angiogen-
esis still remains not completely understood. Some authors
suggested that UVB radiation induced cutaneous angiogen-
esis in mice may be associated with an imbalance between



Pediatric Surgery International (2019) 35:129-136

135

positive and negative angiogenic growth factors [30]. Bielen-
berg et al. showed that a single exposure to UVB radiation
(15 kJ/m?) first increased the expression of bFGF and then
decreased the expression of IFN-f [30]. These events were
associated with epidermal hyperplasia and enhanced angio-
genesis in the underlying skin. This, in turn, implies that not
only dermal cells but also epidermal cells might stimulate
cutaneous neovascularization [36]. As epidermis is avascu-
lar, keratinocytes are dependent on the dermal blood supply
to deliver sufficient nutrients and oxygen, in particular dur-
ing wound healing or hyperproliferative disorders such as
psoriasis [37].

In contrast, acute UVB irradiation resulted in almost no
changes of lymphatic microvasculature in transplanted pig-
mDESS. These findings indicate a specific regulation of the
vascular response to acute UVB irradiation, with an initial
phase of enhanced blood-angiogenesis, but not in lymph-
angiogenesis. This implies that the formation of new lymph
vessels is not essential in acute photodamaged skin. It is
reasonable to argue that the establishment of a rapid vascular
supply within the dermis has the highest priority to ensure
an adequate nourishment of UVB-damaged tissue and cells,
e.g., keratinocytes. Similarly, we previously observed that
during wound healing in human skin substitutes in vivo,
the ingrowth of host lymphatic vessels also appeared later
than the one of blood vessel networks [5]. This may be also
caused by severely impaired lymphatic regeneration across
scar (fibrotic) tissues due to reduced lymphatic endothelial
cell proliferation and abnormal lymphatic microarchitecture
[38, 39]. Unfortunately previous studies on photodamaged
skin focused all only on angio- and not on lymph-angiogen-
esis [30, 31].

To the best of our knowledge, this appears to be the first
study demonstrating the effects of acute UVB doses on both
angio- and lymphangiogenesis in pigmented human tissue-
engineered dermo-epidermal skin analogs in a preclinical rat
model. Of note, our data show a near physiological pattern
of blood and lymphatic vessel ingrowth, which is regulated
by a fine-tuning of the expression of specific pro-angiogenic
factors such as HIF-1a. It appears likely that a similar vascu-
larization dynamics take place when autologous tissue-engi-
neered skin analogs are transplanted onto human patients.
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