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1 Supplementary materials and methods

1.1 Cell culture

Normal Human Epidermal Keratinocytes (NHEK) purchased from Lonza (Walkersville, USA) were
cultivated in KGM-gold (Lonza; Walkersville, USA) at standard conditions (37 °C, 5 % CO2 and
97 % humidity). Cells were sub-cultured after reaching a density of 70-80 % using a subculturing-kit
(Lonza; Walkersville, USA) including trypsine, trypsine-neutralization-solution (TNS) and HEPES
buffered saline solution (HBSS). One day before irradiation 350,000 cells were seeded in T25 flasks
or 70,000 in CD35 dishes respectively.

Co-culture of NHEK and Normal Human Dermal Fibroblasts (NHDF) (Lonza; Walkersville USA)
from the same donor was performed in 6 well plates with inserts (pore size 1 um, BD Falcon,
Heidelberg, Germany). About 100,000 NHDF were seeded in an insert (4.2 cm2) and cultivated in
FGM Fibroblast Growth Media Kits FGM medium (FGM; Lonza, Walkersville, USA) for 4 days,
until they reached confluence. About 75,000 keratinocytes per well (10 cm2) were seeded in 6-well
plate with Keratinocyte Growth medium (KGM; Lonza, Walkersville, USA). Inserts with confluent
NHDF were transferred in 6 well plates with keratinocytes and cultured with a 1:1 mixture of KGM
and Eagel’s Minimal Essential Medium (EMEM; Lonza, Walkersville, USA) medium. The co-
cultures were kept under standard conditions and were irradiated one day after assembly.

1.2 Normal skin organotypic culture

Human full-thickness skin equivalent constructs (EpiDermFTTM), referred to as HSE herein, were
purchased from MatTek Corporation (Ashland, MA, USA). Details of culturing are described in the
paper.
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1.3 Irradiation

Cells were irradiated with X-rays, monoenergeti® XéVium carbon ions or 120 keph carbon
ions (using a pencil beam in a spread out Brag$ pédn 20.0 mm width equivalent to a depth of
5 cm in water; 120-135 MeV/u; rising flank of theagg Peak; 0,5 and 2 Gy).

At the time of exposure the cells were kept in medDulbecco's Modified Eagle Medium (DMEM,;
Biochrom, Berlin, Germany) supplemented with 1% ip#im/streptomycin (Biochrom; Berlin,
Germany). Cells were typically analyzed 24, 48,0f2144 hours, in some experiments 1, 6 or
12 hours after irradiation.

UV-B irradiation of cells and HSE was performedngslUV-B lamps with a peak at 312 nm and a
range from 280-320 nm (Biolink-BLX-312, Vilber Lauwat, Marne-la-Vallée, France), operating
with an intensity rate of 109 mJ/cm?2 per minutethiis spectrum 30 % of UV-A are included but this
amount can be neglected due to the much higher MELV-A which is in the range of several
J/icm2, The culture medium of cells and HSE wasaagd by PBS (Biochrom; Berlin, Germany)
during the exposure to 15, 40, 60 or 100 mJ/cmZ RBs replaced immediately after treatment by
fresh, pre-warmed cell culture medium.

1.4 Clonogenic survival

Clonogenic survival after irradiation with X-rays carbon ions (170 keWm) was determined as
previously described (1).

1.5 DAPI and Annexin V/PI staining

NHEK were fixed (4 % paraformaldehyde) and staingtth 4',6-diamidino-2-phenylindole (DAPI).
Cell nuclei were examined microscopically and adr@rmorphological features were classified, i.e.
anaphase bridges, micronuclei (according to (2timuclei and giant nuclei.

Apototic cells were detected using Annexin apoptodetection kit (MACS Miltenyi Biotec;
Bergisch Gladbach, Germany) as described by theufaeture's instruction. Apoptotic cells were
identified by positive staining for Annexin V-FIT@at binds to phosphotidylserine (PS). Necrosis or
late stages of apoptosis were identified by pasiiwnexin V-FITC and PI staining, whereas viable
cells were negative for both Annexin V-FITC and Rbhout 600-700 cells for each dose and time
point were analyzed.

1.6 Flow Cytometric anaysis of cell cycle distribubn

To measure the cell cycle distribution after iredtin, NHEK cells were rapidly rinsed with PBS
followed by trypsin dissociation (10 min at 37 °@jout 10,000 cells for each dose and time point
were fixed with 1 ml ice-cold ethanol (70 %) angkat -20 °C for 24 hours. After the fixation, the
cells were centrifuged (200 g, 8 min., 4 °C), rthsa PBS, centrifuged again and stained with
2 pg/ml of DAPI solution (AppliChem, Darmstadt, @emy) for 30 min at room temperature in the
dark. The fluorescence intensities of at least ®,Cells per dose and time point were measured
using the BD FACS Canto™ Il Flow Cytometry SysteéBD( Heidelberg, Germany). Apoptotic cells
were identified based on the subG1 DNA contentalatalysis was performed with the appropriate
software package FlowJo (FlowJo, LLC; Ashland, OBA).



1.7  Western blot analysis and immunodetection

For the detection of expressed proteins, westarndnlalysis and immunodetection were carried out.
Cells were prepared for western blot analysis atitidicated times after irradiation; the procedure
was as previously described (3), except the lysitelh which was composed of 150 mM NaCl,

50 mM Tris pH 8.0, 1 % Triton X-100; protease intob cocktail (Roche, Mannheim, Germany) was
freshly added. Western blot and immunodetectiorevperformed like described in the main part of
the paper for HSE. The same antibodies were used.

1.8  Enzyme Linked Immunosorbant Assay (ELISA)

The supernatants of the cell cultures were ceggeifluand medium was collected for ELISA-
measurement. Trypsinized cells were counted witRagticle Count&Size Analyzer Coulter Z)

(Beckman Coulter GmbH; Krefeld, Germany). ELISA wesformed as described in the paper for
the same cytokines. Cytokine release was calcufatetD,000 cells and normalized on the controls.

2 Supplementary results

Our study dedicated to investigate cell death, @dgymelated to inflammation, and changes in
homeostasis and epidermal tissue organization. Ud&Bosure was used as a reference, because
more studies are available for UV compared to iogizrradiation. The UV-B intensities typically
used were between 15 and 60 mJ/cm2, in some exgaismdditionally 100 mJ/cm?2.

2.1 Cell death

In contrast to X-ray and carbon ion irradiationppjosis was clearly detected in NHEK cells by
Annexin/PI staining at 24 hours and, to a smaleektat 144 hours after UV-B exposure (Figure
S3A). Noteworthy, the induction of chromosomal dgma terms of micronuclei formation was less
pronounced compared to X-ray and carbon ion exgodtigure S1, S2), which points to a different
regulation of apoptosis induction after UV-B exp@suThe percentage of SubGl cells was also
increased 24 hours after UV-B exposure, peaking8ahours (Figure S3B). The elevated levels
persisted up to the end of the observation perigdl (hours). And finally, the early induction of
apoptosis was confirmed in western blot analysigh@ydetection of activated (cleaved) caspase-3
and cleaved PARP 12 hours after exposure. The cegpeevels were lower at 24 hours and
undetectable at 72 hours; for the highest UV-Bnsity no proteins were detectable anymore
(Figure S3C).

In more complex model systems of skin, i.e. thewaldre with NHDF (Figure S4), no indication of
UVB induced apoptosis was found (western blot asalpf active (cleaved) caspase-3). This also
applies for HSE, as can be inferred from represieetamages of HSE tissue sections (Figure S9,
UV-B part of Figure 1A,B), stained at 24 hours af&posure to high doses UV-B intensities for in
situ immuno-detection of activated, cleaved casf3ase

Similarly, an induction of necrosis was found in Bk cells, but not in co-cultures with NHDF or in
HSE (not shown). Figure S5 shows that UV-B expoafr&lHEK cells led to a clear release of
HMGB1 (High Mobility Group Box 1 protein) 24 housdter exposure. This was not the case when
NHEK were co-cultured with NHDF, pointing to a heghradio-resistance of the more complex
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model system. This can also be inferred by a comarof the intrinsic level of released HMGB,
which was 5-fold higher in monolayer compared tecatiures of HMGB.

2.2 Cytokine release

The cytokine release in NHEK monocultures after B\fradiation was not changed dramatically
for IL-1a, IL-2 and TGFB (Figure S7). Even if the reduction of IL-2 and TG ks significant after
irradiation with 60 mJ/cm2 UV-B the reduction wasly 0.8 fold compared to the control. The
release of IL-6 and IL-8 was not detectable in doatrols. But the IL-6 release was induced
intensity-dependent whereas the release of Il-8eaimduced with an intensity of 60 mJ/cm?2.

In co-cultures of NHEK and NHDF, a significant irese in the release of llgland a very
pronounced increase of IL-6 and IL-8 were measurad.response was much more pronounced than
for X-ray exposure, where also significant incretsemere detected (Figure S7), but the pattern was
similar.

In contrast to the strong response of the co-aeiltilve UV-B induced effect observed in the 3D HSE,
was moderate (Figure S10). After exposure, theldeokIL-10 were unchanged and a trend for an
increased release of IL-6 and IL-8 was observaftdiours, while the levels of all cytokines dropped
below the levels of the controls or were equivaterttontrols at 48 hours after exposure.

2.3 Modified differentiation and organisation of the epdermal layer

The normal differentiation and migration procesglies nuclear disintegration of the keratinocytes
that have reached the stratum corneum (4). Therdiitiation process is considered to be abnormal
if nucleated, pyknotic cells are found in the stratcorneum (parakeratosis) (Figure 3A). Likewise
our observations for ionizing irradiation, we foutiét UV-B exposure induced a pronounced, albeit
not significant increase in parakeratotic cells,iahoccurred later than for ionizing irradiation
(72 hours, Figure S11A) Another aberrant featureslof are so-called “sunburn cells” (shown in
Figure 3C), which are not only characterized byrmotic nuclei, but also by a eosinophil cytoplasm
and, according to some studies, activated casp&e-Bonsistent with published results, cells with
these characteristics were induced in a HSE by Ui&liation. Quantification, i.e. counting the
number of sunburn cells in the layers of the viadgpedermis per field of view, revealed that this
occurred to a similar extent as for ionizing iregthn (Figure S11A). However, in contrast to (5§ w
could not detect activated, cleaved caspase-3sethells.

Furthermore, thickening of the stratum corneum reg®rted as a response to UV-B exposure (6). In
Figure 3E, a thickened stratum corneum of an iatedi HSE compared to a control HSE is shown.
For guantification, we measured the thickness efdftatum corneum and normalized this value to
the thickness of the viable epidermis. In our ekpents, only a trend for a thickened stratum
corneum was visible (Figurel1A), which is in costr® our observations for ionizing irradiation.



Proliferation activity of the basal keratinocytespiart of the differentiation process. It was meadu
by Ki67 staining 72 hours after irradiation of H8E depicted in Figure 4A. Quantification of the
fraction of Ki67 positive cells and normalization the level in non-irradiated HSE showed small
and non-significant changes in the fraction of Kipd@sitive cells following exposure to UV-B
(Figure S11B, UV-B part of Figure 4B).

After exposure to ionizing irradiation we observadtransition from the typical palisade-like
morphology of basal cells to a cobblestoned moguipl(Figure 5A). Following UV-B exposure
(Figure S11C) the described transition occurredvali, but with an effect increasing with the
intensity of UV-B exposure.

We observed an additional change indicating a loisgolarity of basal keratinocytes, i.e. a
delocalisation of E-Cadherin from the cytoplasmiembrane to the cytoplasm (Figure S11D) and
first quantification results suggested a concontitietreased overall expression of E-Cadherin (not
shown) after UV-B irradiation.

3 Supplementary discussion

UV-B exposure of human skin was investigated féected endpoints in model systems of different
complexity, i.e. human keratinocytes (NHEK), a ediare of NHEK with NHDF, and a human skin
equivalent (HSE). The main goal of the study wasampare early inflammatory effects and impact
on the homeastasis of two ionizing radiation qiedi(X-ray, carbon ions) and UV-B was used as a
reference irradiation. This implies that the UV+luced changes observed herein are not intended to
add substantial new information to published reasult

Cell death plays a role in triggering the inflamorgt response (7,8), and for UV exposure also
inhibiting effects elicited in irradiated skin adeown, involving resident immune cells and
keratinocytes (9,10) and are suggested to havenpacdt on chronic inflammation (11). From our
results obtained for ionizing irradiation we cord#uthat apoptosis and necrosis do not contribute to
inflammatory reactions during the first days a#gposure.

To validate these findings we also used UV-B expasim contrast to NHEK monolayer cultures, we
could not detect apoptosis in co-cultures and H&& &V-B irradiation. The results obtained in
NHEK are in agreement with published data (12).hte exception of one study in epidermal skin
equivalents (5), the published results on the geoae of UV-B induced apoptosis are not opposed
to our results, because either the UV-B intensiis=d were higher (13), or were combined with UV-
A (14). In some studies caspase-3 was not investigand apoptosis was inferred from TUNEL
staining (15), which in our and independent hants) (urned out to be inappropriate for the
detection of apoptosis in keratinocytes. Howeuae, tariability and incompatibility of the radiation
parameters and methods used shows that the usé-Bf & a reference irradiation was not suitable
with respect to the validation of our results onizing radiation induced apoptosis.

We concluded from our study in the different modgstems of skin that the release of the pro-
inflammatory cytokines that could be detected aKeray irradiation is not more enhanced after
carbon ion exposure. Also for UV-B irradiation, fibre co-culture of keratinocytes, a pronounced
release of IL-&, IL-6 and IL-8 was measured and is in agreemettt vasults from other studies
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(12). This accounts also for HSE; an enhancedsele&|L-6 and IL-8 was measured (Figure S10),
which is in accordance with published data (17,18).

Most of the observed changes in differentiation anganization of the basal layer after UV-B
exposure are, as far as they have been investidatedthers, comparable to the results from
published studies. According to our own resultfiagrwed parakeratosis (13), and cells with pyknotic
nuclei and a eosinophilic cytoplasm were reported duprabasal parts of the viable epidermis
(“sunburn cells”, (14,19,20)). However, we did ragtect “sunburn cells” in the basal layer. In
addition, these “sunburn cells” are often consideas apoptotic cells displaying caspase-3 activity
(5,21). The discrepancy to our results with respec¢he involvement of caspase-3 has already been
discussed above.

Indication for non-aberrant, but accelerated défeiation after exposure to X-rays was obtained in
our study. Quantitative analysis of thickness @f sktratum corneum (hyperkeratosis) revealed only a
trend for carbon ions and UV-B irradiation, indiogta dependence on radiation quality.

The observed transition from the typical palisalle-ito a cobblestoned morphology, indicating

changed polarity and anchorage-independent growtineo basal cells after exposure to ionizing

radiation, was also detectable after UV-B exposbu,without a clear dependence on the intensity
(Figure 5 D). However, the nuclear translocatidrEeCadherin that was also detected in UV-B

exposed HSE may indicate that the changed orga&mizaf the basal cells plays also a role after
UV-B exposure of skin.
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5 Supplementary Figures and Legends

Figure SI Detection of clonogenic survival, apotosis andnomuclei in NHEK 24, 72 and 144
hours after irradiation with X-ragA): Clonogenic survival of NHEK after X-ray and canbmn
(170 keV/um) irradiation(B): NHEK stained with DAPI (micronuclei) and Annexindpidium
iodite; dose-dependent formation of micronucleolserved; almost no annexin and/or PI positive
cells indicating primary apoptosis and/or necrogisre found; DAPI staining: N=2, n=4 ;
Annexin/Pl: n=1 (500-600 cellsfC): No elevated percentage of cells with Sub-G1 DNAtent;
N=3, n=4; 10,000 cells/data point; error bars: dtad deviation(D): Western blot analysis of
caspase-3 and PARP; no cleaved caspase-3 and PARRIaetected in NHEK after irradiation; N=2,
n=4

Figure S2: Detection of apoptosis and micronucleniNHEK cells 12, 24, 72 and 144 hours after
irradiation with carbon ions (A) NHEK stained with DAPI (micronuclei) and Annexindpidium
iodite; dose-dependent formation of micronuclei but norctgdgnancement of Annexin or Pl positive
cells, indicating primary apoptosis and/or necrosisre found; DAPI staining: N=2; n=4,
Annexin/PIl: n=1 (500-600cells); error bars: stadddeviation(B) No elevated percentage of cells
with Sub-G1 DNA content; N=3, n=4; 10,000 cells&dabint; error bars: standard deviati®):
Western blot analysis of caspase-3 and PARP; ravete caspase-3 and PARP were detected in
NHEK after irradiation; N=4 n=8

Figure S3: Detection of apoptosis and micronucleniNHEK cells 12, 24, 72 and 144 hours after
irradiation with UV-B (A): NHEK stained with DAPI (micronuclei) and Annexindpidium iodite,

no micronuclei were found, elevated percentage oheXin positive cells, indicating primary
apoptosis were detected for 40 mJ/cm? and 60 mJaft@? 24 hours, DAPI staining: N=2; n=4;
Annexin/Pl: n=1 (500-600cells); error bars standdediation(B): An increase of cells with Sub-G1
DNA content, indicating apoptotis, was found at #0/cm? and 60 mJ/cm?, N=1, n=2; 10,000
cells/data point, error bars: standard deviafGin Western blot analysis of caspase-3 and PARP.;
active/cleaved caspase-3 and PARP are detectedO fmd/cm? and 60 mJ/cm? after 12 and 24 hours
(circles); N=3, n=6

Figure S4: Western blot analysis of caspase-3 in-@ultures (NHEK and NHDF) 24 hours after
irradiation with X-ray and UV-B Cleaved caspaskis not present; N=2, n=3

Figure S5: Detection of HMGBL1 release from mono- ahco-cultures 24 hours after irradiation
with X-ray, C-ions and UV-B (A): HMGBL1 release of monocultures normalized on cdstsbows

a significant enhancement for 40 mJ/cfB): HMGBL1 release in mono- compared to co-cultures
revealed a 10-fold higher release in monocultf®s HMGB release of co-cultures shows only
slight radiation induced changes; N=2, n=2
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Figure S6: Detection of apoptosis in situ and in vaern blot in HSE 6 hours to 72 hours after
irradiation with X-ray and C-ions (A): Immunodetection of active caspase-3 (pink) in H&E
hours after X-ray and carbon ions; cleaved caspas@&s only detected in the positive control
(arrows point to the pink stainindB): Western blot analysis of caspase-3 and PARP in HSE;
apoptosis is detected by the presence of caspasd-BARP cleavage fragments (17 and 19 kDa; 89
kDa) in PCs; active/cleaved caspase-3 and cleas&PRvere not detected in the epidermis of HSE
after irradiation; [1] and [2] represents two saenfpbm the same experiment; N=3, n=5

Figure S7: Detection of cytokine release in mono-na co-cultures 24 hours after irradiation
with X-ray and UV-B (A): Enhanced release of IL-2 and TGRFa monocultures; IL-6 and IL-8 are
not detectable in control cells, but are releadest X-ray (IL-6) and UV-B exposure (IL-6 and IL-
8), IL-1a is unchangedB): Release of IL-& and TGFB in non-irradiated mono- and co-cultures
shows an inhibitory feed-back loop between thedeknyes(C): Cytokine release of co-cultures;
radiation induced moderate increase in the releéske-1a and an increment of the IL-6 and IL-8
after X-ray and UV-B is shown; $0,05= *, p< 0,01=**; p< 0,001=***; N=2, n=4

Figure S8: Cell cycle measurement of NHEK 6 to 14Kours after irradiation with X-ray and
carbon ions (A and B): An accumulation of G2 phase cells is observed fgh ldoses of both
radiation qualitiegA): N=2, n=4(B): N=2, n=2; for 6h, 48h and 144 h n=1; SEM

Figure S9: Detection of apoptosis in situ and in western blah HSE 24 hours an 72 hours after
irradiation with UV-B (A): Immunodetection of active caspase-3 (pink) in H8Eaved caspase-3
was not detected in the epidermis after irradiatimr in the PCs (arrowsB): Western blot analysis

of caspase-3 and PARP in HSE; apoptosis is detduyethe presence of caspase-3 and PARP
cleavage fragments (17 and 19 kDa; 89 kDa) in RC8ye/cleaved caspase-3 and cleaved PARP
were not detected in the epidermis of HSE aftadiation; N=3, n=5

Figure S1Q Detection of cytokine release by ELISA in HSE afterirradiation with UV-B
Cytokine detection shows a fast irradiation effedh a slight enhancement of IL-6 and IL-8 24
hours after irradiation, whereas after 48 hourdightsdecrease of ILd, IL-10 and TGH was
detected; SEM; g 0,05=*, p< 0,01=**; N=2-3, n=3-10; IL-2 and TNk-were not detectable

Figure S11: Abnormal and accelerated differentiatio, proliferation and changed polarity of
basal cells after irradiation with UV-B (A): Quantification of parakeratosis, sun burned catid
hyperkeratosis in HSE 24 and 72 hours after UV+Bdiation(B): Quantification of Ki67 positive
cells in the HSEC): Quantification of palisade-like morphology and clasitoned (partial or total)
morphology shows a slight transition for all intéies (D): Immunolocalization of E-Cadherin
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shows a delocalization in the basal cells (arrcave) a lower expression in the suprabasal layers 72
hours after UV-B irradiation; N=2, n=4
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