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Abstract

The damaging effects of solar ultraviolet (UV) radiation exposure to human skin are well known and can reach from acceler-
ated skin aging (photoaging) to skin cancer. Much of the damaging effects of solar UVA (320—400 nm) radiation is associated
with the induction of reactive oxygen species (ROS), which are capable to cause oxidative damage to DNA like the oxidized
guanosine 8-hydroxy-2' -deoxyguanosine (8-OHdG). Therefore, new UV protective strategies, have to be tested for their
efficiency to shield against UV induced damage. We investigated the protective effects of HelioVital sun protection filter
foil against UVAL irradiation in skin cells. It could be shown, that HelioVital sun protection filter foil has protective effects
against UVAL irradiation induced changes in matrix metalloproteinase (MMP) expression. Furthermore a UVA1-dependant
regulation of MMP15 in human fibroblasts could be shown for the first time in this context. In addition, this study demon-
strated the protective effect of the HelioVital filter film against UVA1-induced ROS production and DNA damage. These
results could pave the way for clinical studies with HelioVital filter foil shielding against the damaging effects of phototherapy
and other forms of irradiation therapy, thereby increasing the safety and treatment opportunities of these forms of therapy.
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1 Introduction

Most of the solar UV radiation reaching the surface of
the earth consists of UVA (320-400 nm, subdivided in
UVAZ2 (320-340 nm) and UVAT1 (340-400 nm) [1]) radia-
tion (approximately 95%) and only approximately 5% of
UVB (280-320 nm) radiation [2]. The UVA exposure of
healthy people, considering the presence and quantity
of UVA radiation in everyday life [2], can have negative
effects on the skin at the cellular level. Compared to UVB,
which can inflict direct damage by photon-mediated exci-
tation of DNA and subsequent generation of pyrimidine
dimers, UVA can damage cellular structures indirectly via
the generation of reactive oxygen species (ROS) [3]. UVA-
induced ROS can cause oxidative damage to DNA like
8-hydroxy-2' -deoxyguanosine (§-OHdG) [4], DNA dou-
ble-strand breaks [5], and mediate lipid and protein oxida-
tion [6—8]. Furthermore, UVA can penetrate much deeper
into the skin compared to UVB, increasing the amount of
affected tissue [9]. The plethora of cellular damage caused
by UVA can translate to macroscopic skin malformations
such as accelerated skin aging (photoaging) [10] and skin
cancer, like squamous cell carcinoma (SCC), basal cell
carcinoma (BCC) and melanoma [11], with continuously
increasing prevalence and high mortality [12, 13].

Prominent markers of UVA-induced damage in the
skin are matrix metalloproteinases (MMP). The UVA-
induced expression of matrix metalloproteinases, espe-
cially MMP1, MMP2, and MMP3, is an important feature
in the process of UV-induced skin aging, especially in
photoaging [14]. These proteases degrade proteins of the
extracellular matrix in the skin and promote the formation
of wrinkles in photoaged skin. In addition to this, MMP1
and MMP?2 are important players during carcinogenesis of
melanoma and many other tumors [14]. These proteases
can be secreted by the tumor stroma [15] or the cancer
cells themselves and help initial melanoma cells to invade
the extracellular matrix, which is an important prerequisite
for metastasis and vascularization of tumors [16-18]. Fur-
thermore, high expression of MMP15 has been associated
with the progression of SCC [14].

Despite its role in skin cancer formation and photoag-
ing, solar and artificial UV radiation has a continuously
increasing spectrum of clinical applications [19] as part
of artificial light therapy [20] and heliotherapy in form of
outdoor sun exposure. As part of artificial light therapy,
both broad-band UVA and long-wave UVA1 are imple-
mented for the treatment of pruritus, prurigo, atopic
dermatitis, polymorphous light eruption, and cancer (in
the form of photochemotherapy (PUVA)) [20]. Exposure
to natural sunlight can have effects on the treatment of
mood disorders, atopic dermatitis and psoriasis [21-23].
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However, as already mentioned, the damaging effects of
UVA irradiation and their long-term consequences, which
can develop years after exposure, are a major drawback to
its clinical application [24-27].

A field that can greatly benefit from improved protection
strategies against UVA-induced damage is the Photodynamic
Therapy (PDT), a treatment usually prescribed in cases of
actinic keratosis (AK), Bowen disease, and certain types of
basal cell carcinoma [28, 29]. The classical application of
PDT requires specialized devices and trained medical person-
nel [30]. In recent years, Daylight-Mediated Photodynamic
Therapy (daylight PDT) has been proposed as an alternative to
classical PDT. Daylight PDT substitutes specialized therapeu-
tic devices with a regulated outdoor sun exposure, resulting in
greater benefits for the patients in form of lower cost, flexibil-
ity, and reduced stress and pain [31]. Daylight PDT-treatment
proved effective against AK, independent of weather condi-
tions. Even irradiation reduction by 83% due to cloud-cover
resulted in successful treatment as long as a minimal irradia-
tion dose of 3.5-8 J/cm? was achieved [31, 32]. However,
patients have reported increased pain load when treatment was
performed on a sunny day, with the lowest pain-score recorded
on rainy or cloudy days [31]. Furthermore, there are indica-
tions that cloudy weather conditions do not always correspond
to reduction of solar irradiance. Depending on cloud formation
and composition, it is possible to receive higher irradiation
doses when the weather is cloudy compared to clear-sky con-
ditions [33], which can be detrimental for the patients.

Despite recent advancement in UV-protection technology
and materials [34-36], alternative means for UVA protection
are still in high demand. New protective strategies have to be
tested for their efficiency to shield against UV-induced damage
without reducing its therapeutic potential.

In this work, we investigated in skin cells the protective
effects of HelioVital filter foil against UVALI irradiation. In
detail, the protective effects of HelioVital filter foil against
UVAT-induced changes in cell viability, expression of matrix
metalloproteinases (MMP), reactive oxygen species (ROS),
DNA damage (measured with comet assays) and UVA1-spe-
cific DNA damage (8-OHdG) were investigated. The results
showed that UVAL irradiation-induced DNA damage, MMP
expression and ROS production can be ameliorated by Helio-
Vital filter foil. An additional outcome of this study was the
discovery of UVA1 regulation of MMP15—a metalloprotein-
ase, which was not reported to have UV-dependent modula-
tion in human fibroblasts [14].
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2 Results

2.1 Protective effect of HelioVital filter foil
against UVA1 induced changes in cell viability

In initial experiments, primary human skin fibroblasts were
irradiated with sub-lethal doses of UVALI for 4 consecutive
days (spectral profile of the lamp and irradiation protocol
are presented in Supplementary Fig. 1 and 2, respectively).
The irradiation was conducted with and without protection
by HelioVital filter (Fig. 1b), a filter foil which can absorb
approximately 60% of solar UV radiation (Transmission of
UVB—25.3%, UVA2—40.3%, UVA1—41.9%, see Fig. 1a
and Supplementary Fig. 3). Repetitive UVA1 irradiation did
not decrease cell viability (Fig. 2a). However, the signifi-
cant decrease in the overall amount of viable cells points
to UVAl-induced proliferation retardation (Fig. 2b). This
observation was confirmed when the doubling times of the
UVAl-treated and untreated cells were compared (Fig. 2c).
The application of HelioVital filter foil ameliorated this
UVAl-induced effect on proliferation (Fig. 2b, c¢), which
might be due to less UVA1-induced DNA damage occurring
in HelioVital filter foil protected skin cells.

2.2 Protective effect of HelioVital filter foil

against UVA1-induced reactive oxygen species
(ROS)

The UVA-induced ROS are an important mutagen, which
can cause severe cellular damage [37]. To investigate the
protective effect of HelioVital filter foil against UVAL
induced ROS, primary human skin fibroblasts were
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Fig.1 a Transmission of HelioVital filter foil in the range 280-
400 nm. The filter shows a reduction in transmission for both UVB
(280-320 nm) and UVA (320-400 nm) radiation by 60%. b Sche-
matic representation of the HelioVital Filter Foil composition foil and

irradiated as described in the material and methods sec-
tion with subsequent detection of ROS levels. To improve
detection of ROS, a single dose of 18 J/cm? UVA1 was
used. This single dose of 18 J/cm? is better suited than
repetitive low-dose UVAI1 treatment for ROS detection
with our ROS detection system. When primary human
skin fibroblasts are treated with UVA1 irradiation, the
ROS level is increased in these cells. This effect can be
decreased when skin cells are protected by a HelioVital
filter foil during irradiation (Fig. 3a, b).

2.3 Protective effect of HelioVital filter foil
against UVA1-induced DNA damage

It is well known that UVA -induced ROS can cause oxi-
dative damage to DNA like 8-OHdG. However, UVA
damage is not limited to oxidative lesions, there are many
additional types of DNA damage induced by UVA irradia-
tion, such as single or double strand breaks [38]. To detect
these damages, comet assays were performed (Fig. 4a—c).
In these assays, the damage is measured by the length of
comet tails and the tail moment as described in the materi-
als and methods section.

To investigate the protective effect of HelioVital filter
foil against UVA1-induced DNA damage, primary human
skin fibroblasts were irradiated with sub-lethal doses of
UVAL, as described in the material and methods section
and comet assay was performed to detect DNA damage.
Repetitive UVAL irradiation increased the tail moments
(Fig. 4a) and tail length (Fig. 4b), which can be reduced
by protection with HelioVital filter foil during UVA1
irradiation.

b Schematic representation of HelioVital Filter Foil layers

its functional layers. (1, 8) Protective and weary layer, (2, 7) Adhesive
layer, (3) Print layer, (4) Metallization layer, (5) Filter layer, (6) Pig-
mentation layer
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Fig.2 a The repetitive irradiation of primary human fibroblasts with
UVAL (3x6 J/em? per day for 4 days, see Irradiation protocol 1 in
Supplementary Fig. 2) has no significant influence on their viability.
For this measurement, the number of total cells counted at the end
of total treatment (4 days UVALl) was compared to the number of
live cells detected in the cell suspension and the percent viable cells
was derived. b The number of primary human fibroblasts is signifi-
cantly decreased upon UVAL treatment (4 days of UVAI irradiation)
and this effect can be ameliorated through protection with HelioVital
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Fig.3 a Protection of ROS formation by HelioVital filter foil. In
primary human fibroblasts UVAI treatment induced ROS forma-
tion can be reduced when cells are protected with HelioVital filter

2.4 Protective effect of HelioVital filter foil
against the UVA1-induced DNA damage
8-OHdG
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6J/cm? Foil

sun protection foil. Since there is no change in the overall viability
between treatments (a), differences in the end number of cells are
indicative of reduced proliferation rather than apoptosis. ¢ In pri-
mary human fibroblasts, 4 days of UVALI irradiation lead to increase
in doubling time. The HelioVital sun protection foil can significantly
reduce UVAl-induced changes in cell proliferation. (ANOVA with
Bonferroni's multiple comparisons test. (ns) P>0.05; (**) P<0.005;
(**#*) P<0.0005; (****) P<0.0001)
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foil (ANOVA with Bonferroni's multiple comparisons test. (***%*)
P<0.0001). b Despite increased irradiation dose, there was no
change in cell viability during the ROS-detection experiment

The UVAl-induced formation of the DNA base modifica-
tion 8-OHdG is associated with photoaging and carcinogen-
esis. To investigate the protective effect of HelioVital filter
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Fig.4 HelioVital filter significantly reduces the overall tail moment
(a) and the formation of large comet tails (tail length> 10px) (b) after
4 days of UVALI irradiation of primary adult human fibroblasts. A
minimum of 50 cells were analysed per condition for each biologi-

foil against UVA1-induced DNA damage 8-OHdG, primary
human skin fibroblasts were irradiated with sub-lethal doses
of UVAL as described in the material and methods section
with subsequent detection of 8-OHdG levels. The 8-OHdG
measurements were performed after 2 days UVA1-treatment
since preliminary data (Supplementary Fig. 4) have shown
that after 4 days irradiation the levels of 8-OHdG reach a
plateau and no significant differences between irradiated
and non-irradiated cells can be observed with the detection
technology used.

Repetitive UVAL irradiation increased the §-OHdG
level in human fibroblasts compared to untreated controls.
Application of HelioVital filter foil during UVA1 irradiation
showed a tendency of 8-OHdG reduction (Fig. 5) compared
to the level of UVA treatment. However, the difference in the
8-OHdG levels between UVA-treated cells with and without
foil were not statistically significant.

2.5 HelioVital filter foil ameliorates UVA1 effects
on the expression of matrix metalloproteinases
(MMPs)

To investigate the protective effect of HelioVital filter foil
against UVAl-induced expression of matrix metallopro-
teinases and tissue inhibitor of matrixmetalloproteinases
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Fig.5 In primary human fibroblasts, UVA1 irradiation induces for-
mation of 8-OHdG. The amount of DNA damage can be reduced
when cells are protected with HelioVital filter foil to levels similar to
the untreated control (ANOVA with Bonferroni's multiple compari-
sons test. (ns) P> 0.05; (*) P<0.05)

(TIMP1), primary human skin fibroblasts were irradi-
ated with sub-lethal doses of UVAL for 4 consecutive
days with and without protection by HelioVital filter foil.
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Subsequently, the expression levels of matrixmetalloprotein-
ases (MMP1; MMP2; MMP3; MMP9; MMP13; MMP15)
and TIMP1 were measured.

When primary human skin fibroblasts are irradiated,
the expression of MMP2 (Fig. 6b), MMP3 (Fig. 6¢), and
MMP15 (Fig. 6d) is significantly increased in these cells
compared to untreated controls. This effect can be reduced
when skin cells are protected by a HelioVital filter foil dur-
ing irradiation (Fig. 6a—d). The attenuation of UVA-induced
MMP3 expression levels by the filter foil was not significant,
but expression of MMP3 in UVA-irradiated filter foil pro-
tected cells was similar to the levels seen in untreated con-
trol cells with no statistically significant difference between
these two levels (Fig. 6¢).

Together with the filter-dependent attenuation of UVA-
induced expression of MMP1, MMP2, MMP3 and MMP15,
UVA induced TIMP1 expression also decreased after apply-
ing HelioVital filter foil (Fig. 6e). This could be explained
as a coordinated effect of the treated cells. As there are less

MMPs present in samples irradiated with HelioVital filter
foil, less TIMP1 is needed.

Not all the investigated matrixmetalloproteinases are sig-
nificantly influenced by UVAL irradiation or filter foil pro-
tection (Supplementary Fig. 5). This could be explained by
a low expression level of MMP9 and MMP13 in these cells.

Taken together our results show that UVA1 induced an
elevated expression of MMP2 and MMP15 and this effect
can be ameliorated by HelioVital filter foil during UVAL1
irradiation.

3 Discussion

It is well known that UVA irradiation can damage cellular
structures and can induce photoaging and carcinogenesis
[10, 39, 40]. In this work, we have shown that the HelioVital
filter foil has the capacity to reduce UVA-induced cellular
damage.
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Fig.6 Primary human skin fibroblasts were irradiated with sub-lethal
doses of UVALI for 4 consecutive days with and without protection by
HelioVital filter foil. Relative to expression of housekeeper (b-Actin),
UVAL increases the expression of MMP1 (a), MMP2 (b), MMP3
(¢), MMP15 (d), and TIMP1 (e). With the exception of MMPI1, the
UVA-induced expression changes are significant in all other MMPs
and TIMP1. The application of HelioVital Filter foil reduces, UVA-
dependent, the gene expression significantly in the case of MMP1
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(a), MMP2 (b), MMP15 (d), and TIMP1 (d), compared to samples
irradiated without protection. MMP3 (c) shows a tendency (albeit
not significant) of decreased gene expression in samples protected by
HelioVital filter foil compared to UVA-treated unprotected samples.
HelioVital-protected MMP3 expression levels are similar to the ones
of un-irradiated samples. (Statistical analysis: ANOVA with Bon-
ferroni's multiple comparisons test. (ns) P>0.05; (*) P<0.05; (**)
P <0.005; (¥**) P<0.0005; (****) P<0.0001)
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In regard to UVAl-induced oxidative damage, cells
irradiated without the protection of the HelioVital filter
had significantly increased ROS production compared to
both untreated controls and cells irradiated with filter. The
amount of reactive molecules that could potentially damage
cellular components was significantly reduced when foil was
applied compared to unprotected irradiation. Furthermore,
the alkaline comet assay showed significant decrease in both
tail moments as well as tail length in cells irradiated in the
presence of HelioVital filter compared to un-filtered irradia-
tion (Fig. 4a, b). In addition to that, a tendency of reduction
in oxidative DNA-damage marker 8-OHdG was observed in
cells protected by HelioVital filter foil (Fig. 5). Even though
the reduction of ROS formation and DNA damage did not
reach the level of untreated control cells, the data presented
in this work show that the application of HelioVital filter
ameliorates UVA1-induced damage.

Besides reducing the damaging effects of UVA1 on DNA-
level, the application of HelioVital filter resulted in signifi-
cant reduction of MMP1, MMP2, MMP15, and TIMP1
expression compared to cells irradiated without foil pro-
tection. No significant changes in the expression of MMP3
could be observed between cells irradiated with and without
foil, although the application of HelioVital filter resulted in
reduction of expression to levels similar to the ones observed
in un-irradiated controls. This data imply that the applica-
tion of HelioVital filter could be beneficial for the reduction
of photoaging and skin cancer-associated MMP expression.

In the context of MMP regulation, it is important to note
that, as far as we know from literature, there have been no
reports of MMP15 being UVA1-regulated in human fibro-
blasts. This work is the first describing such UVA-dependent
modulation of expression in this type of non-malignant cells
[14]. Such behavior of MMP15, however, is not surpris-
ing since Gendron et al. have reported of UVA-dependent
MMP15 expression in aged human cornea [41]. In their work
on UVA and melanoma, Kamenisch et al. have observed
increased lactate secretion after UVA-irradiation and lactate-
dependent regulation of multiple MMPs, including MMP1,
MMP2, and MMP15, and TIMP1. If this UVA-dependent
metabolic change would be similar in dermal primary fibro-
blasts, it would be possible that the increased expression
of MMP15 observed in the current work has a similar UV-
related metabolic regulation.

However, the TIMP1 upregulation after UVA radiation
observed in the current work was unexpected. Up to now,
studies have shown either no influence of UVA radiation on
TIMP1 expression levels [42, 43] or even a decrease expres-
sion [44]. However, our experimental setup was different
from the ones described in these studies [42—44]. In the case
of Herrmann et al., the used dose was a single 180 kJ/m?
(18 J/cm?) [42] while in our experiment, the cells were irra-
diated repeatedly with 60 kJ/m? (6 J/cm?) three times per day

for 4 days, yielding a cumulative dose of 720 kJ/m? (72 J/
cm?). In the study by Catalgol et al., a decrease of TIMP1ex-
pression levels was observed 3 h after UVA radiation. [44],
whereas in our experiments, the cells were incubated over
night before mRNA collection was done to determine
TIMP1 expression levels. Since it is known that MMPs and
TIMPs have a temporal regulation [45], and since the cells
used are healthy wild-type fibroblasts, it could expected that
there is an upregulation of TIMP1 as an antagonist of MMPs
to preserve “tissue homeostasis”. In contrast, Naru et al. con-
cluded that TIMP1 shows no UVA-dependent changes in
expression, despite showing UVA-regulation of TIMP1 in
“older” cultured cells at maximum irradiation dose of 20 J/
cm? [43]. However, the UVA radiation dose used by Naru
et al. correlates closely to the cumulative 18 J/cm? daily dose
used in our study and the cells used were obtained from an
adult donor (compared to the fibroblasts used by Naru et al.
[43]). Therefore, we believe that the findings described by
Naru et al. do not contradict the data from our study.

In addition to its protective function, since there is only a
partial block of the UVA1 irradiation by HelioVital foil (see
Fig. 1a and Supplementary Fig. 3), it is possible to use the
residual 40% transmittance of radiation in diverse therapeu-
tic applications such as daylight PDT.

An effective daylight PDT requires at least 3.5-8 J/cm? of
solar irradiation, a dose-range achieved even under weather
conditions when up to 83% of irradiation is blocked by
cloud cover [31, 32]. Since the HelioVital filter foil absorbs
approximately 60% of solar UV irradiation (Fig. 1), which
is in a range mimicking cloudy or partially cloudy weather
conditions [31-33], it could be applied as sun-shielding dur-
ing daylight PDT, giving the patients the benefit of reduced
pain load even on sunny days [31]. Furthermore, the applica-
tion of a HelioVital filter on sunny days could provide the
benefits of reduced radiation exposure of cloudy weather
without the variable cloud formation.

In addition to the potential benefits of HelioVital filter foil
for patients undergoing PDT, another aspect of interest could
be its application in the field of hormetic therapies. For some
years, the hypothesis of hormesis has attracted attention. It
suggests that a small dose of stressors could be beneficial
for the organism by improving long lasting defense strate-
gies against these stressors [46, 47]. This hypothesis was
already tested for ROS and it was found that continuous
small doses of ROS could activate antioxidant defense sys-
tems [46—48]. Since ROS are induced by UVA and are one
major damaging effect of this type of irradiation, it can be
assumed that small doses of UVA could also have beneficial
hormetic effects. The newly developed HelioVital filter foil,
can shield approximately 60% of the solar UV irradiation,
but can pass a limited amount of UVA irradiation (Fig. 1
and Supplementary Fig. 3). From the perspective of the
hormesis theory, the resulting small amounts of oxidative
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damage to cells could be important stimulators to maintain
antioxidative protection, like the expression of proteins of
the antioxidative defense system [46, 49-51]. These pos-
sible applications of the HelioVital filter foil open the path
for new UV protective strategies, which do not completely
block, but attenuate the intensity of UV radiation.

4 Conclusion

We could show that UVA1-induced damage to skin cells can
be ameliorated by HelioVital sun protection filter foil. Fur-
thermore, we could show for the first time UVA1-dependant
regulation of MMP15 in human fibroblasts. HelioVital sun
protection filter foil had protective effects against UVA1
irradiation-induced changes in cell proliferation and MMP
expression and against UVAL irradiation-induced ROS pro-
duction and DNA damage. These results pave the way for
clinical studies with HelioVital filter foil shielding against
the damaging effects of phototherapy and other forms of
irradiation therapy, thereby increasing the safety of these
treatments. Furthermore, protection with HelioVital fil-
ter foil could increase the number of applications of these
therapies and could contribute to achieve a balance between
potential beneficial effects and damaging effects of UVAI
exposure.

As basis for later applications of these HelioVital filter
foil as sun protection or as filter in artificial light therapy and
heliotherapy, more in vitro safety studies with low doses of
repetitive UVALI treatment have to be performed.

5 Materials and methods
5.1 Isolation and culturing of human fibroblasts

Skin biopsy samples of healthy volunteers were obtained
from the University Hospital Regensburg (Ethic vote num-
ber 14101 0001). The whole skin biopsy was put on a Pri-
maria cell culture dish (Corning, USA), containing a sin-
gle drop of DMEM-Cipro (DMEM 1 g/L glucose (Gibco,
Thermo Fisher) supplemented with 10% FCS (Fetal + High
Performance Serum, anprotec), 1% Penicillin/Streptomycin
(Sigma-Aldrich), 1% Ciprofloxacin (Fresenius Kabi)), and
incubated for 30 min at 37 °C to ensure that the skin sample
sticks on the dish surface. Afterward, 3 ml DMEM-Cipro
were added to the skin sample. It was cultivated at 37 °C,
5% CO, until cell-outgrowth of fibroblasts was enough for
a transfer to a T25 cell culture flask. Subsequently, the cells
were transferred to a T75 flask, cultured in DMEM without
Ciprofloxacin, and used for further experiments under the
designation Re5.
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5.2 Irradiation protocols for skin cells

The irradiation of Re5 fibroblasts was performed as follows.
Cells were seeded at 5x 10* cells per well on a 6-well plate
and left to grow over night before the start of UVA1-treat-
ment. The standard irradiation protocol is shown schemati-
cally (Supplementary Fig. 2), and described in detail below.
It had the duration of 4 days, with 3 x 6 J/cm? per day. All
irradiations contained three test groups — 0 J/cm?, 6 J/cm?
and 6 J/cm? + Filter foil. After the fourth day of irradiation
and overnight incubation, the cells were counted, viability
was determined, and the cells were collected for further
analysis. mRNA and DNA was isolated for qPCR analysis
and 8-OHdG measurement, respectively (Data for 8-OHdG
after 4 days of UVAL irradiation are shown in Supplemen-
tary Fig. 4). Additional data for 8-OHdG were collected
after 2 days of UVAL irradiation. A complete protocol of
the 8-OHdG measurement can be found in Sect. 5.6.

At the beginning of irradiation, the medium was aspired
form each well. Cells were irradiated in 1 ml PBS. The
amount of UVALI per single irradiation was set at 6 J/cm?
and provided by a Sellamed 1200 Lamp [Sellas Medizinis-
che Gerite GmbH, Germany) with an emission spectrum
340-420 nm (see Supplementary Fig. 1)]. The PBS was then
aspired and 5 ml fresh medium were added to each well
after the first irradiation. Before all subsequent irradiations
the medium was aspired and collected in separate falcons
and returned to the corresponding wells after wards. Three
irradiations per day were performed. There was 4 h resting
period between single irradiations with ON rest after the last
daily irradiation. The duration of total irradiation was 4 days.
Before the first irradiation of day 3, 1 ml fresh medium was
added to each well to compensate for medium loss. The
HelioVital Filter LTL-3-130om (PP-PET-met.-multilayer-
film) was added between UVA1 lamp and cells in one of the
experimental groups. After overnight incubation, cells were
collected for RNA extraction.

A separate irradiation protocol of a single irradiation
(1x 18 J/cm?) was performed for the purpose of ROS detec-
tion. A graphic representation of the treatment can be found
in Supplementary Fig. 2 and the complete procedure of ROS
detection can be found in Sect. 5.5.

5.3 Two-in-one cell count and viability test

To determine the number of cells, as well as their viabil-
ity, a LUNA-FL Dual Fluorescence Cell Counter (Logos
Biosystems, Inc., South Korea) in combination with Acri-
dine orange/Propidium iodide (AO/PI) staining (BioCat)
was used. Acridine orange (AO) and propidium iodide (PI)
are nucleic acid binding dyes. AO can permeate both live
and dead cells and intercalates with DNA, generating green
fluorescence. PI can only enter dead cells who have poor
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membrane integrity. It then generates red fluorescence in all
dead nucleated cells. In addition, in cells containing both AO
and PI, the green fluorescence is quenched and the cells still
fluorescent red. With this, all live nucleated cells fluoresce
green and all dead nucleated cells fluoresce red, allowing for
clear distinction between viable and non-viable populations.

To perform the actual cell-count, 18 pl of cell suspension
were mixed with 2 ul AO/PI dye. From this mixture, 10 pl
were pipetted on LUNA cell counting slides and measured
in fluorescence modus with LUNA-FL.

To calculate the doubling times of the counted cells, the
following formulas were used:

_log(b/a)
© log2

t=(h/n),

a is the initial cells (seeded at the beginning of the experi-
ment); b is the end cells (counted at the end of the experi-
ment, see Supplementary Fig. 2); n is the number of dou-
blings; 4 is the hours in culture; ¢ is the doubling time.

5.4 RNA extraction, reversed transcription
and qPCR analysis

RNA extraction from the treated cells was performed via
NucleoSpin RNA-isolation kit (Macherey—Nagel, Germany)
using the standard isolation protocol for adherent cells. The
samples were stored at — 20 °C until further use.

The concentration of RNA in the samples was determined
via NanoDrop. For the reverse transcription, 500 ng RNA
per sample were used. A master mix was prepared for the
reverse transcription, containing 1 ul random primer, 4 ul
5 xbuffer, 1 upl dNTPs (New England BioLabs), 1 ul DTT
and 2 ul water per sample (Invitrogen Reverse Transcrip-
tion Kit, Thermo Fisher Scientific, USA). Up to 10 ul RNA
were added to the mix and the rest of the volume up to 19 pl

was filled with water. The RNA was stretched for 10 min
at 70 °C. Afterwards 1 pl Superscript enzyme (Invitrogen
Reverse Transcription Kit, Thermo Fisher Scientific, USA)
was added to each sample at room temperature followed
by 45 min incubation at 42 °C and subsequently 10 min at
70 °C. At the end of the reverse transcription, the sample
were cooled and stored at 4 °C.

For the qPCR analysis following each sample contained
10 ul SybrGreen (Roche, Switzerland), 0.5 pl forward
primer, 0.5 ul reverse primer, 8 ul water and 1 pl cDNA.
For negative control 1 ul water was used instead of cDNA.
20 ul from each sample were pipetted in duplicates on a
Roche 96-well LightCycler plate. Optimal annealing tem-
peratures were determined for each gene of interest as shown
in Table 1.

The LightCycler was programmed for 45 cycles of ampli-
fication. The end results were calculated with LightCycler
96 software and presented as ratio to housekeeper (b-Actin).

5.5 DCFDA-ROS detection

Cells were seeded on 10 cm dish at density 5x 10° cells
per dish in DMEM. The cells were cultured for 2 days at
37 °C. Afterwards the dishes were washed 1 X with DMEM
without FCS. From that point on, all remaining steps were
performed in the dark. The cells were stained with 100 uM
DCFDA (Sigma-Aldrich, Germany), dissolved in DMEM
without FCS. The staining was performed for 35 min at
37 °C in the dark. Some cells were left unstained to be later
used as background control. After the end of incubation,
the cells were washed 2 X with medium without FCS. They
were thereafter trypsinized, counted and seeded on two black
clear bottom 96-well plates at density 1x 10* cells per well
in a total volume of 100 ul per well. One plate was left as
0 J/cm? un-irradiated control and the other was immediately
irradiated with a single dose of 18 J/cm? UVA1 to induce
ROS (For irradiation protocol see Supplementary Fig. 2).
After the irradiation, both plates were incubated for 30 min

Table 1 Product size and annealing temperatures of the used primers (Sigma-Aldrich, Germany)

Gene of interest Primer sequence: forward/reverse Size of prod-  Annealing
uct (bp) temperature
O

MMP1 TCACCAAGGTCTCTGAGGGTCAAGC/ GGATGCCATCAATGTCATCCTGAGC 324 65

MMP2 CCCCAAAACGGACAAAGAG/ CTTCAGCACAAACAGGTTGC 88 54

MMP3 CAAAACATATTTCTTTGTAGAGAGGACAA/ TTCAGCTATTTGCTTGGGGAAA 91 54

MMP9 GAACCAATCTCACCGACAGG/ GCCACCCGAGTGTAACCATA 67 57
MMP13 CCAGTCTCCGAGGAGAAACA/ AAAAACAGCTCCGCCGCATCAAC 85 60
MMP15 ACGGTCGTTTTGTCTTTTCA/ GTCAGCGGCTGTGGGTAG 85 57

TIMP1 TGGATAAACAGGGAAACACTG/ GATGGACTCTTGCACATCAT 142 54
b-Actin CTACGTCGCCCTGGACTTCGAGC/ GATGGAGCCGCCGATCCACACGG 385 54-65
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at 37 °C in the dark. Fluorescence was measured via Vari-
oscan at Ex/Em 485 nm/530 nm.

For the evaluation of the measurements, the values for the
unstained cells were subtracted from the DCFDA stained
cells to exclude background noise.

The viability of the irradiated cells was performed 30 min
after irradiation at the same time as the ROS measurement
was performed (see Irradiation Protocol 2 in Supplementary
Fig. 2).

5.6 DNA extraction and detection of 8-OHdG
as a sign of UVA1-induced DNA damage

To retrieve DNA for subsequent 8-OHdG experiments,
UVAL treated cells (2 days and 4 days) and controls cul-
tured on 20 cm petri dishes at seeding density of 8 x 10°,
were trypsinized, centrifuged and re-suspended in 200 ul/
sample PBS. From then on, a QUIamp Mini Kit (QIAGEN,
Germany) was used for the isolation using standard kit pro-
tocol for adherent cells.

The method used to detect oxidative DNA damage
in UVAl-irradiated cells was based on the OxiSelect™
ELISA Kit (Cell Biolabs Inc., USA). This kit is a competi-
tive enzyme immunoassay for detection and quantitation of
8-OHdG in DNA samples. After performing staining accord-
ing to the kit protocol, the absorbance the microwell plate
was measured with a Varioscan Flash plate reader at 450 nm.

For data analysis, the values from the standard were plot-
ted in GraphPad Prism and the unknown values for the sam-
ples were extrapolated from the resulting curve.

5.7 Comet assay

In preparation for the comet assay, the cells were irradiated
in accordance with the 4 days irradiation protocol described
in point 5.2. Afterwards the cells were counted and resus-
pended at 1 x 10° cells/ml. Afterward, the comet assay was
performed in accordance with Comet Assay protocol (Trevi-
gen, USA) for Alkaline Comet Assay. SYBR-Gold was used
for the subsequent DNA-staining and visualization. For the
evaluation of the comets, the CometScore software Version
2.0.0.0 was used.

5.8 Statistical analysis

Data are shown as the mean with standard deviation of at
least three independent experiments and statistical signifi-
cance was tested with GraphPad Prism 8.3.1. (GraphPad
Software, USA). Data were analysed with one-way ANOVA,
coupled with Bonferroni’s multiple comparison test. For sig-
nificances: (ns) P> 0.05; (¥) P<0.05; (**) P<0.005; (***)
P <0.0005; (****) P<0.0001). All data evaluated were
acquired from three biological replicates.

@ Springer

5.9 Heliovital Filter Foil specifications
and measurements of the transmittance

As shown in Fig. 1b, the HelioVital Filter Foil (HelioVital
Filter LTL-3-130om (PP-PET-met.-multilayer-film) used
in these experiments consists of multiple layers:

e Protective and weary layer—UYV transparent polypro-
pylene layer approved by food law (used to protect filter
layer from external chemical or physical induced dam-
ages) (Fig. 1b layer 1 and 8);

e Adhesive layer—connecting layer (Fig. 1b layer 2 and

7);
e Print layer—connecting layer (Fig. 1b layer 3),
e Metallization— — functional part contributing to the

filter properties of foil (Fig. 1b layer 4);

e Filter layer—PET (Polyethyleneterephthalate) layer for
pigmentation (functional part of filter properties of foil)
(Fig. 1b layer 5);

e Pigmentation layer—functional part contributing to the
filter properties of the foil (Fig. 1b layer 6).

The primary selective filtration of wavelengths in the UV
range is achieved by the absorption behavior of the special
polymers of the PET membrane and its thickness. This very
thin PET membrane is also the substrate for the following
secondary relative filtration layers by means of metallisation
through vacuum sputtering and by means of printed pigment
ducks, which are also partly components of the adhesives.
The cover layers made of PP protect the entire modular film
composite and thus enable practical handling and processing.
The Filter foils had, following transmission in the UVR-range:
UVB—25.3%, UVA2—40.3%, UVA1—41.9%, (see Fig. 1a).

Measurements of the transmittance of the HelioVital
filer foil (HelioVital Filter LTL-3-130om (PP-PET-Met.-
Multilayer-Film)) and glasses (Fig. 1 and Supplementary
Fig. 3) were made in 1-nm increments using a high-pre-
cision dual-beam UV-VIS-NIR spectrophotometer of the
type Cary 500 from Varian (now Agilent).
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