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ABSTRACT

Skin, the first organ in contact with the environment, plays an important role in protection
against pathogens, chemical, mechanical and other injuries. However, superficial skin injuries
can disrupt the integrity of the skin and thus lead to the development of numerous diseases that
are nowadays widely present. As the concentration of pollutants in the air increases over the
years, various skin injuries occur more and more often. Some of the most destructive air
pollutants are ozone, ultraviolet radiation, cigarette smoke, particular matter, and many others.
According to previous studies, these pollutants are very harmful to human lungs. To determine
whether such substances have the same effect on the skin, we established four research models
— tape strip injury as a mechanical damage model, acute and chronic ozone, and cigarette smoke
exposure as models of chemical damage. According to histological analyses and levels of
inflammatory mediators, we found that mechanical damage of the skin is more destructive than
chemical one. Also, IFNAR, NLRP3 and STING showed to be promising targets for future

research as they revealed a possible protective role in skin injury.

Keywords: cigarette smoke, DNA sensors, 0zone, skin injury, tape strip injury



RESUME

La peau, premier organe en contact avec l'environnement, joue un role important dans la
protection contre les agents pathogénes, les produits chimiques, les traumatismes mécaniques.
Cependant, les 1ésions cutanées superficielles peuvent perturber l'intégrité de la peau et ainsi
conduire au développement de nombreuses maladies qui sont aujourd'hui largement présentes.
A mesure que la concentration de polluants dans l'air augmente au fil des ans, diverses 1ésions
cutanées surviennent de plus en plus fréquemment. Certains des polluants atmosphériques les
plus destructeurs sont l'ozone, les rayons ultraviolets, la fumée de cigarette, des maticres
particulieres et bien d'autres. Selon des études antérieures, ces polluants sont trés nocifs pour
les poumons humains. Pour déterminer si de telles substances ont le méme effet sur la peau,
nous avons ¢établi quatre modeles de recherche: les blessures par bandes adhésives comme
modele de dommages mécaniques, 1'exposition aigu€ et chronique a I'ozone et a la fumée de
cigarette comme modeles de dommages chimiques. Selon les analyses histologiques et les
niveaux de médiateurs inflammatoires, nous avons constaté que les dommages mécaniques de
la peau sont plus destructeurs que les dommages chimiques. En outre, IFNAR, NLRP3 et
STING se sont révélés étre des cibles prometteuses pour de futures recherches car ils ont révélé

un rdle protecteur possible dans les 1ésions cutanées.

Mots-clés: fumée de cigarette, capteurs d'ADN, ozone, 1€sions cutanées, 1ésions des bandes

adhésives



SAZETAK

Koza kao zastitni organ u svih zivih organizama, prva dolazi u doticaj s razli¢itim utjecajima iz
okolisa poput patogena, kemijskih, mehani¢kih i drugih ozljeda. Povrsinske ozljede koze mogu
utjecati na integritet koze i uzrokovati razvoj brojnih bolesti siroko rasprostranjenih u svijetu.
Onecisc¢enje zraka povecava se s godinama i utjee na sve ¢eS¢u pojavu ozljeda koze. Najveci
onecis¢ivaci zraka poput ultraljubicastog zracenje, dima cigareta, ozona i mnogih drugih prema
brojnim istrazivanjima imaju negativan uc¢inak na di$ni sustav. Cilj rada bio je utvrditi imaju li
navedeni zagadivaci | negativan utjecaj na kozu. Uspostavljena su Cetiri modela istrazivanja:
mehanicka ozljeda koze (ozljeda koze ljepljivom trakom) i kemijska ozljeda koze (akutno
izlaganje ozonu, kroni¢no izlaganje ozonu te izlaganje dimu cigareta). Histoloskom analizom i
mjerenjem razina upalnih medijatora utvrdili smo da je mehanicko oStecenje koze
destruktivnije u odnosu na kemijsko oste¢enje. DNA senzori IFNAR, NLRP3 i STING pokazali
su najveci potencijal u zacjeljivanju koze nakon ozljede. S obzirom na kratko razdoblje
istrazivanja, navedene DNA senzore i njihovu zaStitnu ulogu treba opseznije istraziti u

buducénosti.

Kljuéne rije¢i: dim cigareta, DNA senzori, ozljeda koze, ozljeda ljepljivom trakom, ozon
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1. INTRODUCTION

1.1. Skin - roles and structure

Skin is the largest organ of the human body and it has multiple key roles required for interacting
with the environment. One of its most significant functions is to prevent and protect the human
body from environmental hazards such as ultraviolet (UV) radiation, physical and chemical
insults, and microorganisms, and to prevent loss of endogenous substances. Also, skin regulates

temperature, prevents dehydration, and has self-healing properties (Honari et al.., 2017).

The structure of skin is organized in the 3 main layers: epidermis, dermis, and hypodermis. The
epidermis is an outermost layer that has a major role as a barrier function, protection from UV
and it acts as a spot for activating innate immunity. Its thickness is 0,05 - 1 mm depending on
which part of the body it is located. The epidermis is mostly composed of keratinocytes,
melanocytes, and Langerhans cells. Keratinocytes are the predominant cells that are constantly
generated in the basal lamina and go through maturation, differentiation, and migration to the
surface. During keratinocyte differentiation 3 layers are formed above the basal layer in the
following order: stratum spinosum, stratum granulosum, and stratum corneum (SC) (Figure 1)
(Honari et al., 2017). The stratum corneum is mostly composed of free fatty acids, ceramides,
and esterols and it consists of non-viable keratinocytes, known as corneocytes. Corneocytes are

embedded in the intracellular lipid membranes (Bouwstra and Honeywell-Nguyen, 2002).

The dermis represents an integrated system of fibrous cellular and acellular matrix composed
of numerous cells such as fibroblasts, masts cells, macrophages, and circulating immune cells.
It is loaded with blood vessels and nerves and it is extremely important for skin flexibility,
elasticity, and tensile strength. The dermis has a major role in protecting against mechanical
damage of the skin as well as wound healing as it contains and supports receptors for sensory
stimuli (Honari et al., 2017).

The hypodermis is the deepest and the thickest skin layer mostly composed of adipose tissue as
well as connective tissue, larger nerves, blood vessels, and macrophages. Its role is temperature

regulation, energy storing, and attaching the upper skin layers (Honari et al., 2017).


https://www.verywellhealth.com/what-are-macrophages-200997
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Figure 1. Structure of epidermis: stratum spinosum, stratum granulosum, stratum corneum
(Honari et al., 2017).

1.2. Skin injury

One of the world's major health problems is non-healing skin wounds. In a healthy person, any
skin damage activates a well-controlled inflammatory and tissue repair response. These
responses lead to pathogen removal and wound healing. However, in non-healing wounds, these
processes are either missing or overactive leading to abnormal tissue formation or a long-lasting
defect of the epidermis barrier (Di Domizio et al., 2020). The most common skin diseases are
psoriasis (characterized by scaly, red cutaneous plaques), allergic contact dermatitis, atopic
dermatitis (exaggerated cutaneous immune response to environmental antigens), hives, and
acne (Robert and Kupper, 1999).

There are two types of skin injuries based on the source of damage: mechanical and chemical.

1.2.1. Mechanical damage of skin
Mechanical damage of the skin involves the movement of the epidermal layer, more precisely
stratum corneum, which leads to inflammatory processes. One of the methods for mechanical
skin damage, which was also used in this research, is tape strip injury.



1.2.2. Chemical damage of skin

On the other hand, chemical damage of the skin represents air pollutants such as ultraviolet
radiation (UV), polycyclic aromatic hydrocarbons (PAH), cigarette smoke (CS), ozone (O3),
oxides, particular matter (PMs), and volatile organic compounds (VOCSs). They affect the
outermost skin barrier by inducing oxidative stress and inflammation, thus stimulating the
production of pro-inflammatory cytokines. As a consequence, skin aging occurs, as well as the
appearance of inflammatory and allergic skin conditions such as psoriasis, acne, eczema, and
in extreme cases, skin cancer (Drakakiet et al., 2014). Prolonged or repetitive exposure to high
levels of pollutants may have negative effects on the skin even though skin acts as a biological
shield.

1.2.2.1. Ozone

Ozone (Oz3) is one of the most toxic air pollutants and the main component of photochemical
smog. High concentrations of 0zone are found in the stratosphere and such ozone has a positive
effect as it absorbs UV light coming from the Sun. Thusly, such ozone protects the Earth from
dangerous rays. On the other hand, tropospheric 0zone molecules are formed by the interaction
of UV light and hydrocarbons and nitrogen oxides which are emitted by automobile tailpipes
and smokestacks. These kinds of molecules are both, harmful to human health as air pollutants
and greenhouse gases, trapping heat and contributing to climate change (Logan, 1985).

In addition to the harmful effects of ozone as an air pollutant, ozone also has positive effects
that are widely exploited in the cosmetics industry. Namely, ozone is recognized as one of the
best bactericidal, antiviral and antifungal agents. It is used as a clinical therapeutic agent for
chronic wounds and various ulcers helping to heal and reduce bacterial infections. However, if
ozone is used in excessive concentrations for those purposes it can have profound negative
effects (Kim et al., 2009).

The first target of ozone on the skin is the stratum corneum which contains numerous
unsaturated fatty acids and lipids. Namely, ozone does not penetrate directly into the skin. First,
it reacts with lipids thus generating bioactive molecules such as free radicals (ROS — reactive
oxygen species), lipid peroxidation products (such as 4-hydroxynonenal), and oxidation of
functional groups. Hence, it leads to the alteration of membrane permeability and induction of
inflammatory responses (Ferrara et al., 2019). Ozone stimulates the production of matrix
metalloproteinases (MMPs) that are responsible for the degradation of extracellular
components such as elastin and collagen, implicated in extrinsic skin aging (Drakaki et al.,
2014).


https://scied.ucar.edu/learning-zone/air-quality/shortcontent/why-climate-changing-today
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Figure 2. Simplified scheme of tropospheric ozone formation

1.2.2.2.Cigarette smoke
Cigarette smoke is a very complex aerosol consisting of a thousand molecules such as reactive
nitrogen and oxygen species and electrophilic aldehydes. Many of these species are highly
carcinogenic, tumor promoters, or cocarcinogenic. Free radicals from cigarette smoke cause
oxidative stress and lipid peroxidation of the skin. Those processes disrupt membrane
permeability and integrity which then cause accelerated skin aging. Chemical components of
cigarette smoke activate transepidermal water loss, degeneration of connective tissue, an
increase of matrix metalloproteinases MMP-1, MMP-3, and MMP-9, and decreased wound

healing capacity (Drakaki et al., 2014).

1.3. Mechanisms involved in wound healing

After skin damage, the healing process takes place in three overlapping phases: the
inflammatory phase, the proliferative phase, and tissue remodeling. Numerous cytokines,
chemokines, and growth factors resulting from active innate immunity are required to heal and
regenerate the skin after injury. Various studies have shown that inflammasome is active after
a skin injury and that it greatly contributes to accelerated skin repair after an injury. Therefore,
one of the main factors for fast, well-controlled, and successful skin repair is the stage of

inflammation (Hattori et al., 2019).

One group of the cytokines that plays an important role in initiating the inflammatory response
are type | interferons (INF), a family of antiviral cytokines comprising 13 IFN-o and one IFN-
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B. The inflammatory response is stimulated by the activation of T cells and dendritic cells. In
wound repair, a subset of dendritic cells (DC) called plasmacytoid dendritic cells (pDC) have a
major role in type | IFN production. Type I IFN expression in skin wounds occurs via activation
of TLR9 which suggests that pDC can recognize extracellular DNA fragments released in the
context of injury (Di Domizio et al., 2020). Recent studies suggest that innate sensing of DNA
in pDC is not limited only to endosomes but that it can also occur via cytosolic receptors in a
TLR9 independent manner (Benmerzoug et al., 2019).

1.3.1. cGAS/STING pathway

The cGAS / STING pathway has a potential role in wound repair by activating a gene encoding
type | interferon expression. cGAS is a cytoplasmic DNA-sensor cyclic GMP-AMP synthase
which after DNA recognition and its oligomerization produces an endogenous second
messenger cyclic GMP-AMP (cGAMP). cGAMP binds to the endoplasmic reticulum protein,
stimulator of interferon genes STING, and thus traffics together to the endoplasmic reticulum
(ER), Golgi intermediate compartment (ERGIC), and Golgi apparatus. Here, activated STING
subsequently recruits tank-binding kinase 1 (TBK1) leading to the activation of IFN regulatory
factor 3 (IRF3) by its phosphorylation. Activated IRF3 dimerizes and translocates to the nucleus
inducing type I IFNs and other proinflammatory cytokines (Benmerzoug et al., 2019; Hattori
etal., 2019) (Figure 3).

1.3.2. INF signaling mediated by JAK/STAT pathway

The IFNs and IFN-like molecules lead to activation of JAK/STAT signaling pathway. Namely,
the binding of interferons to their heterodimeric transmembrane IFNa receptor (IFNAR) leads
to conformational changes and activation of the janus activated kinase (JAK) family of tyrosine
kinases. These kinases selectively phosphorylate signal transducers and transcription activators
(STATS), leading to their activation. Activated STATSs separate from receptors, dimerize, and
translocate to the nucleus where they induce the expression of the INF and other target genes
(Kisseleva et al., 2002; Pestka et al., 2004; Ivashkiv and Donlin, 2014).

1.3.3. NLRP3 signaling pathway
The innate immune system is the first line of host defense in which germline-encoded pattern-
recognition receptors (PRRs) have a major role in response to harmful stimuli, cellular damage
or environmental irritants. An inflammasome is defined by its sensor protein (a PRR), which
then oligomerizes and forms a pro-caspase-1 activating platform in response to damage-
associated molecular patterns (DAMPS) or pathogen-associated molecular patterns (PAMPS).
NLRP3 (leucine-rich repeat (LRR)-containing proteins (NLR) family member) is one of the
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five members of PRRs which can form inflammasomes. Once activated, it potently modulates

innate immune function by regulating the maturation and secretion of pro-inflammatory
cytokines such as IL1p and 1L18 (Tschopp and Schroder, 2010).
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Figure 3. Nucleic acid sensing in different cellular compartments (Benmerzoug et al., 2019).

1.4. Objectives

In this project, four different models of skin injury were used — tape strip injury as a mechanical
model; acute and chronic ozone exposure and cigarette smoke exposure as chemical models.
The main objective of this study was to investigate whether host-derived DNA released upon
epithelial mechanical or chemical damage contributes to wound repair through DNA sensing

CGAS-STING- type | IFN pathway activation as well as through activation of other DNA
sensors such as IFNAR and NLRP3.



2. MATERIALS AND METHODS

2.1. Mouse models and their treatment
Both knock-out and wild-type mice listed below were bred and housed at UPS44-TAAM
(CNRS, Orléans, France) temperature-controlled (23 °C) animal facility and they were given

free access to food and water.

2.1.1. Tape strip injury model (TSI)
Mouse models used for the experiments were 11- to 12-week-old female and male mice of four
different genotypes: wild-type (C57BL/6J; WT) and knock-out mice (Cgas™, Sting”", Ifnar™).
Tape strip injury was performed by pulling duct tape over the back of both ears of the
anesthetized mouse around 20 times. For each wild-type and knock-out mouse group, there was
a control group of mice (air group) on which no tape strip injury was performed. The mice were
then measured for body weight and their ear exterior was observed over the next four days. Ear
exterior was described according to the three different parameters: ear thickness, erythema, and
scaling. Parameters were evaluated as described in Tables 1 and 2. The cumulative value of all
three parameters was obtained and used in further analyses. On the fourth day, mice were
euthanized by progressive CO inhalation and necropsy was performed in which one ear was

taken for protein extraction and ELISA, and the other ear for histology.

Table 1. Correlation between score values and ear thickness

Ear
Score thicknes
(mm)
<24
25-35
36-45
46-55
56-65
>66

g b~ WO N - O

Table 2. Correlation between score values and erythema and scaling of the ear skin

Score 0 1 2 3
Erythema no redness mild redness medium redness severe redness
. . . . . . di li li
Scaling no peeling skin mild peeling skin me Iug‘(iiee "ng sever:k?nee ng




2.1.2. Acute ozone model
Mouse models used for the experiments were 6- to 11-week-old female and male mice of four
different genotypes: wild-type (C57BL/6J; WT) and knock-out mice (Cgas™, Sting”, Ifnar™,
NIrp37). Mice were exposed to ozone in a plexiglass chamber (EMB 104, EMMS®) at 1,5 ppm
for one hour. Ozone was created by an ozonisator (Ozonisator Ozoniser S 500mg, Sander®) and
the level of 1,5 ppm was controlled by a sensor (ATl 2-wire transmitter, Analytical
Technology®). For each wild-type and knock-out mouse group, there was a control group of
mice (air group) that was not exposed to ozone. Mice were euthanized by progressive CO>
inhalation 24 hours after ozone exposure and necropsy were performed in which one ear was

taken for protein extraction and ELISA, and the other ear for histology.

2.1.3. Chronic ozone model
Mouse models used for the experiments were 8- to 11-week-old female mice of three different
genotypes: wild-type (C57BL/6J; WT) and knock-out mice (Sting” and NIrp6™). Mice were
exposed to ozone in a plexiglass chamber (EMB 104, EMMS®) at 0,5 — 1,5 ppm in a duration
time from 30 minutes to two hours during six weeks according to Figure 4. Ozone was created
by an ozonisator (Ozonisator Ozoniser S 500mg, Sander®) and the level of ozone was controlled
by a sensor (ATI 2-wire transmitter, Analytical Technology®). For each wild-type and knock-
out mouse group, there was a control group of mice (air group) that was not exposed to ozone.
Mice were euthanized by progressive COz inhalation 24 hours after last ozone exposure and
necropsy were performed in which one ear was taken for protein extraction and ELISA, and the

other ear for histology.
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exposure duration 1h 30 min 1h 1h 1h 1h 1h 1h30 2h

Figure 4. Plan of chronic ozone exposure of the mice



2.1.4. Cigarette smoke model (CS)

Mouse models used for the experiments were 8- to 11-week-old female and male mice of three
different genotypes: wild-type (C57BL/6J; WT) and knock-out mice (Gsdmd™ and Nlrp3™).
Exposure of mice to cigarette smoke was performed using a calibrated EMKA InExpose
smoking robot. Mice were exposed to cigarette smoke three times per day for four cigarettes
for 20 min in a whole-body chamber for four days. For those purposes 3R4F research cigarettes
(University of Kentucky) were used with the filter removed and the cigarettes were puffed once
per minute, 4 s duration, 200 ml puff volume. Following this exposure, wild-type (C57BL/6J;
WT) and knock-out (Gsdmd”, NIrp3”) mice were subjected to cigarette smoke as described
above, while control groups for each knock-out and wild-type mouse (air group) were not
exposed to cigarette smoke. On the fifth day, mice were euthanized by progressive CO>
inhalation and necropsy was performed in which one ear was taken for protein extraction and
ELISA, and the other ear for histology.

2.2. Tissue preparation and hematoxylin and eosin staining (HE)

Dissected ears which were previously stored in 4% paraformaldehyde, were embedded in
paraffin. Tissue blocks were used for preparing 3 um thick tissue sections by microtome (Leica)
which were further used for HE staining. First, the tissue sections were deparaffinised in xylene
for ten minutes and then rehydrated in 100%, 95%, and 75% alcohol baths for one minute for
each bath. Afterward, the thus deparaffinised and rehydrated samples were stained first in Gill’s
hematoxylin bath for staining the nuclei for three minutes and then in an eosin bath for staining
the cytoplasm for one minute. Before Gill’s hematoxylin staining and after eosin staining, the
samples were left in distilled water for one minute, while between stainings, the samples were
washed in tap water to remove stain residues. In the end, dehydration of the tissues was
performed by bathing the samples in 75%, 95%, and 100% alcohol baths during ten seconds
for each, and then transferring in xylene bath for ten minutes. Subsequently, samples were

mounted with a mounting medium (Eukit®) and scanned by NanoZoomer.

2.3. Protein extraction and protein dosage

Ears previously-stored at -80 °C which were taken for protein level analyses, were used for
protein extraction by sonication. Protein extraction was performed in Tissue Protein Extraction
Reagent (Invitrogen) containing a Halt™ protease and phosphatase inhibitor cocktail (1/100,
Invitrogen). After the sonication, the crude protein extracts were centrifuged at 10000 rpm for

ten minutes. Protein concentrations were measured by Pierce™ BCA Protein Assay Kit



(Thermo Fisher) following manufacturer’s instructions. Absorbance was measured at 562 nm
by ELX800 Microplate reader (Fisher Scientific).

2.4. ELISA dosage

The obtained protein extracts were used for cytokine levels measurement by ELISA. Murine
myeloperoxidase (MPO), lipocalin-2 (LCNZ2), tumor necrosis factor alpha (TNFa), matrix
metalloproteinase-9 (MMP9), and interleukin-6 (IL6) levels were analysed by ELISA Assay
Kits (DuoSet®, R&D Systems) according to manufacturer’s instructions. Absorbance was
measured at 450 nm by ELX800 Microplate reader (Fisher Scientific).

2.5. Statistical analysis

All the data were analysed by GraphPad Prism (GraphPad Software Inc., San Diego, CA, USA;
www.graphpad.com). The Mann-Whitney non-parametric test was performed and all the values
are expressed in the form of mean + SEM. Statistical significance was defined at a p-value ™
< 0.001, ™ < 0.01, and "< 0.05. Statistical differences between the experimental groups were

represented by a star on the top of the column.
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3. RESULTS

3.1. Mechanical damage of the skin — tape strip injury

3.1.1. Ear exterior and histological analyses
To examine whether inflammation occurred after performing tape strip injury, the thickness of
the ears was measured as well as a clinical score value over four days. The clinical score value

is defined as a cumulative value of three parameters: ear thickness, erythema, and scaling.

Tape strip injury induced an increase in the ear thickness in wild-type, Cgas™ and Sting”" groups
of mice, while Ifnar’- group of mice showed almost constant ear thickness values over the
course of four days. The ear thickness of the control groups of mice (air groups) remained the
same over four days (Figure 5).

2001

WT air
WT TSI

1504 Cgas™" air

Cgas"' TSI

Sting'/' air
100! Sting™ TS|

ear thickness (%)

Ifnar”" air

0 1 2 3 4 Ifnar”” TSI
days

Figure 5. Ear thickness over four days after performing tape strip injury on a wild-type, Cgas
- Sting™ and Ifnar”- groups of mice.

All TSI groups of mice showed high clinical score values, while the highest values were
detected for the Cgas” TSI group. Clinical score values of the control groups of mice (air
groups) remained the same over four days (Figure 6).
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Figure 6. Clinical score values over four days after performing tape strip injury on a wild-type,
Cgas™, Sting”" and Ifnar” groups of mice.

To determine whether there was cellular infiltration and inflammation, HE staining of ear tissue
sections was performed. Cellular infiltration and inflammation occurred in wild-type and Cgas
knock-out TSI groups of mice comparing to matching control groups (air groups) (Figure 7b,
7d). Cellular infiltration was indicated by the increase in the thickness of the outer layer of the
epidermis, stratum corneum, and a number of cells in the deeper layers of the epidermis (Figure
7, indicated with arrows). On the other hand, an increase in the ear thickness was not found in

Ifnar” group of mice and partially in the Sting” group of mice (Figure 7f, 7h).
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Figure 7. Histological evaluation and comparison of hematoxylin and eosin stained ears of
control groups of mice (air groups) (a, ¢, e, g) and tape strip injury groups of mice (b, d, f, h)
for both wild-type (WT) and knock-out mice (Cgas™, Sting™, Ifnar’"). Photos were taken under
10x of magnification.

3.1.2. Protein dosage and inflammatory mediator production
The occurrence of protein leakage was detected by measuring the concentration of total
proteins. Namely, no significant difference was observed in the concentration of total proteins
comparing all control groups (air groups) and TSI groups of both, wild-type and knock-out

mice (Figure 8).
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Figure 8. Protein concentration after performing tape strip injury on a wild-type, Cgas™, Sting"
"and Ifnar” groups of mice. Data are represented as mean + SEM. *** P < 0.001, ** P< 0.01,
and * P< 0.05.

Lastly, to observe whether inflammation occurred, levels of MPO, LCN2, MMP9, and IL6 were
detected by ELISA. MPO production increased significantly in the Cgas™ TSI group of mice
compared to the matching control group (Cgas™ air) (Figure 9a). No significant difference in
LCN2, MMP9, and IL6 production between TSIs and matching control groups were detected
(Figure 9b-d). Reduced production of cytokines MPO, LCN2, and MMP9 was observed for the

Ifnar”" TSI groups of mice in comparison to wild-type TSI groups, while for the cytokine I1L6

there was no difference (Figure 9a-c).
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Figure 9. MPO (a), LCN2 (b), MMP9 (c) and IL6 (d) concentration after performing tape strip
injury on a wild-type, Cgas™, Sting”- and Ifnar”" groups of mice. Data are represented as mean
+ SEM. *** P <(.001, ** P<0.01, and * P< 0.05.
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3.2. Chemical damage of the skin — acute ozone model

3.2.1. Histological analysis

Histological analysis of ear tissue sections from the mice that were subjected to acute ozone

exposure did not show any differences comparing to matching control groups (air groups). No

inflammation or cellular infiltration was detected in neither acute ozone groups or genotypes

according to histological examination. Also, no difference in the ear thickness was observed

(Figure 10).

AIR ACUTE OZONE

- 5
~ ',”, '-Qr--"“‘ “&”\.&‘u\:ﬁ

.,', si - 9:'}‘9“!\0 -n;er:.

. fﬂ‘ -

% e, *;:.}e’*w‘-% e R RS Y T
A Bt T T e ——— "" - ‘{ .W'“ “ “E..& ‘ “-;‘-"“ZL"Y S B

e)o - S S ‘:";:"" B -’ s \..Aa-\v“ e ‘ 3:(: -

Figure 10. Histological evaluation and comparison of hematoxylin and eosin stained ears of
control groups of mice (air groups) (a, ¢, e, g, i) and groups of mice which were subjected to
acute ozone exposure (1,5 ppm, during 1 hour) (b, d, f, h, j) for both wild-type (WT) and knock-

out mice (Cgas™, Sting™, Ifnar”-, NIrp3™). Photos were taken under 20x of magnification.
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3.2.2. Protein dosage and inflammatory mediator production
Firstly, the level of total proteins was measured in order to examine whether there was increased
protein leakage due to ozone exposure. No significant difference was observed in the
concentration of total proteins comparing all control (air groups) and ozone groups of both,
wild-type (WT) and knock-out (Cgas™, Sting”", Ifnar”, NIrp3”) mice (Figure 11).
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Figure 11. Protein concentration after acute ozone exposure (1,5 ppm, during 1 hour) of wild-
type (WT) and knock-out (Cgas™, Sting™, Ifnar”-, NIrp3™) groups of mice. Data are represented
as mean + SEM. 7P < 0.001, " P< 0.01, and “P< 0.05.

Secondly, levels of four inflammatory mediators, MPO, LCN2, MMP9, and IL6, were
measured in order to detect whether inflammation occurred. LCN2 and IL6 production
increased significantly in WT ozone groups of mice compared to matching control groups (WT
air) (Figure 12b, 12d). No significant difference in MPO and MMP9 production was observed
comparing ozone groups of mice with matching control groups (air groups) (Figure 12a, 12c).
On the other hand, Ifnar’-and Nlrp3’ ozone groups of mice showed lower production of the
cytokine LCNZ2 in comparison to the wild-type ozone groups of mice (Figure 12b). The same
trend was detected in the production of the cytokine IL6, but in addition to the above, reduced

production was also observed in the Sting” ozone group of mice (Figure 12d).
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Figure 12. MPO (a), LCN2 (b), MMP9 (c) and IL6 (d) concentration after acute 0zone exposure
(1,5 ppm, during 1 hour) of wild-type (WT) and knock-out (Cgas™, Sting™, Ifnar”, Nlrp3’)
groups of mice. Data are represented as mean = SEM. ~P < 0.001, ™ P< 0.01, and “P< 0.05.
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3.3. Chemical damage of the skin — chronic ozone model

3.3.1. Histological analysis
Histological evaluation of ear tissue sections from the mice that were subjected to chronic ozone
exposure indicated no inflammation, cellular infiltration, or difference in ear thickness between

chronic ozone groups of mice and matching control groups (Figure 13).
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Figure 13. Histological evaluation and comparison of hematoxylin and eosin stained ears of
control groups (air groups) of mice (a, c, €) and groups of mice which were subjected to chronic
ozone exposure (0,5-1,5 ppm, 2 times per week, during 6 weeks) (b, d, f) for both wild-type
(WT) and knock-out mice (Sting™, NIrp67"). Photos were taken under 20x of magnification.

3.3.2. Protein dosage and inflammatory mediator production
In order to detect whether inflammation occurred, the concentration of total proteins was
measured. No significant difference was observed in the concentration of total proteins
comparing all control groups (air groups) and ozone groups of both, wild-type (WT) and knock-

out (Sting™, Nlrp6™) mice (Figure 14).
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Figure 14. Protein concentration after chronic ozone exposure (0,5-1,5 ppm, 2 times per week,
during 6 weeks) of wild-type (WT) and knock-out (Sting”", NIrp67") groups of mice. Data are
represented as mean £ SEM. P <0.001, " P<0.01, and “P< 0.05.

For detecting changes in the production of inflammatory mediators, levels of four cytokines
MPO, LCN2, MMP9, and IL6 were measured by ELISA. IL6 production decreased
significantly in the Sting” ozone group of mice compared to matching control (Sting” air)
(Figure 15d). On the other hand, MPO, LCNZ2, and MMP9 production did not show any
significant difference between ozone groups of mice and matching control groups (air groups)
(Figure 15a-c).
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Figure 15. MPO (a), LCN2 (b), MMP9 (c) and IL6 (d) concentration after chronic ozone
exposure (0,5-1,5 ppm, 2 times per week, during 6 weeks) of wild-type (WT) and knock-out

(Sting™, NIrp67) groups of mice. Data are represented as mean = SEM.

and " P< 0.05.
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3.4. Chemical damage of the skin — cigarette smoke model

3.4.1. Histological analysis
Histological analysis of ear tissue sections from the mice that were subjected to cigarette smoke
did not show any differences compared to their matching control groups (air groups). No
inflammation or cellular infiltration was detected in neither cigarette smoke groups or
genotypes according to histological examination. Also, no difference in the ear thickness was

observed (Figure 16).
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Figure 16. Histological evaluation and comparison of hematoxylin and eosin stained ears of
control groups (air groups) of mice (a, c, €) and groups of mice which were subjected to cigarette
smoke (CS, 12 cigarettes per day, during 4 days) (b, d, f) for both wild-type (WT) and knock-
out mice (Gsdmd™, NIrp3™). Photos were taken under 20x of magnification.

3.4.2. Protein dosage and infammatory mediator production
The concentration of all proteins was measured in order to detect whether inflammation
occurred after exposure to cigarette smoke. No significant difference was observed in the
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concentration of total proteins comparing all control (air groups) and cigarette smoke groups of
both, wild-type (WT) and knock-out (Gsdmd™", NIrp3”) mice (Figure 17).
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Figure 17. Protein concentration after cigarette smoke (CS) exposure (12 cigarettes per day,
during 4 days) of wild-type (WT) and knock-out (Gsdmd™, NIrp3”") groups of mice. Data are
represented as mean + SEM. ™ P < 0.001, " P< 0.01, and “P< 0.05.

Change in cytokine production after exposure to cigarette smoke was investigated by
quantifying concentrations of four cytokines, MPO, LCN2, MMP9, and IL6. MPO production
increased significantly in Gsdmd™ cigarette smoke group of mice compared to the matching
control group (Gsdmd™" air) (Figure 18a). There was no significant difference in LCN2, MMP9,
and IL6 production between cigarette smoke groups of mice and matching control groups (air
groups) (Figure 18b-d).

23



~ 80000 iy g200000-
%, =) )
£ 60000 . & 150000
5 s
2 Z
£ 40000+ £ 100000+
c S
L @
o o
3 ° &
S 20000- & S 500004 " o
(o] ® 4 ? E
o [ ]
® @ ® ® (&) [ J
= ol om | 1] ae 2
{éo“ {{\d’ A 's\'# % 4(\\" ~x\,\o‘"’ $ S ﬁ.w&‘ ¥ &
R ° & Q )
0966\ 956‘ ‘\\\ W 095 956‘ ‘\\‘ ‘\\(Q
C d
T 30000-
£ * 150-
g = .
E o
S 200004 2
= = 100+
E S * ° o
c £ 9 ;
8 Y g ] 2 L XN v ®e
£ 10000- c ° $ ° '
<] ® 3 50- fiapd L
(&) c
I g S
g rﬁ 57 e e 2 ; . -5
= FT! ~3 h =
= 0= T T T T oL r r r . '
{(\5\‘ \‘(\0% & P ,5‘\"5"‘ $ @ é‘e}“ ~t(\d’*‘ g«}"‘ § @ '5'\'6\‘ P
& & W & Q »
eeb fo’ \\ \ & 066@ W

Figure 18. MPO (a), LCN2 (b), MMP9 (c) and IL6 (d) concentration after cigarette smoke (CS)
exposure (12 cigarettes per day, during 4 days) of wild-type (WT) and knock-out (Gsdmd™",
NIrp37) groups of mice. Data are represented as mean £ SEM. “ P < 0.001, " P< 0.01, and
P< 0.05.
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4. DISCUSSION

Skin injuries are a major concern as the concentration of pollutants increases over time.
Previous studies show severe inflammation in the lungs of mice exposed to cigarette smoke and
ozone as well as inflammasome activation (VVan der Vaart, 2004; Michaudel, 2016; Nascimento
et al., 2020). In this study, in order to examine inflammation, cellular infiltration, and the
possible protective role of various DNA sensors after skin injury, mechanical and chemical
models of skin injuries were established. Histological analysis and detection of inflammatory

cytokines were performed for all research models.

4.1. Increased inflammatory response accompanying tape strip injury

According to histological analysis, it was noticed that the inflammation was present after
mechanical damage of the skin with tape strip injury. It was shown that the thickness of the ear,
as well as erythema and scaling of the skin, increased over time as the inflammation developed
(Figure 5, 6). However, this trend was not observed in Ifnar’- and partially Sting” TSI groups
of mice which showed reduced inflammation. In those groups of mice, no significant difference

in the ear thickness over time occurred compared to matching controls (Figure 5, 6).

The development of inflammation leads to an increase in temperature, and thus dilation of blood
vessels, which is projected as redness/erythema of the skin (Flarer, 1955). Furthermore,
epidermal desquamation is a highly regulated process of shedding of the corneocytes from the
outermost layer of the stratum corneum. After mechanical damage of the skin, peeling skin
occurs which refers to excessive visible surface desquamation (Has, 2018). Therefore, the
absence of inflammation features in Ifnar”-and partially in Sting”™ TSI mouse groups implies a

possible protective effect of IFNAR and cGAS / STING pathway in skin injury.

Consequently, by analysing the production of proinflammatory cytokines, cellular infiltration
was shown in WT, Cgas™ and Sting”™ models which probably corresponded to neutrophil
recruitment. Namely, cytokine production was enhanced in groups of mice on which tape strip
injury was performed. However, decreased cytokine production was observed in Ifnar” TSI
groups of mice suggesting a possible protective role of the interferon-o/p receptor (IFNAR) in

skin injury.

By moving the upper layer of the epidermis, stratum corneum, inflammation occurs at the site
of injury as well as infiltration of immune system cells which sense danger signals. Neutrophils

are the first cells to appear at the site of injury and produce high concentrations of
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proinflammatory cytokines to recruit innate effector cells as well as the other cells of the

adaptive immune system (Richmond and Harris, 2014).

Therefore, our results indicate that TSI model of mechanical damage could be used in the
investigation of mechanical skin injuries and that IFNAR may be a target for improved wound
healing.

4.2. Mild inflammation after acute and chronic ozone exposure
Comparing both models, there was no difference in histological analyses between ear tissue
sections taken from the mice that were exposed to acute or chronic ozone and their matching

controls.

For the acute ozone model, a trend of possible neutrophil recruitment is detected, shown as an
increase in the production of the cytokines. This trend was only observed for the wild-type and
Cgas™ groups of mice, but not in the Sting”", Ifnar” and NIrp3” groups of mice suggesting that

for those groups, pathways were activated.

For the chronic ozone model, such results were shown only for the Sting” group of mice.
Analysing the data, there is a possibility that STING was activated in the view of reduced IL6

production, but other parameters did not show a major effect.

Previous studies have shown that acute ozone exposure causes respiratory epithelial disruption
with protein leak and neutrophil recruitment in the broncho-alveolar space, hence, leading to
lung inflammation in the mice. Also, all these parameters are increased upon chronic ozone
exposure, including collagen deposition (Michaudel et al., 2018). Furthermore, it was reported
that ozone causes oxidative stress and inflammasome activation in the mouse lungs, thus
releasing different cytokines such as IL1, MPO, and many others (Michaudel, 2016). However,
such results were not fully obtained for the skin model, but slight inflammation and a possible
protective role of STING, NLRP3, and IFNAR are noticeable. Although the mice were visibly
sick, the skin proved to be very protective. In order to investigate if ozone is more destructive
to the skin, the increment of the ozone concentrations to which mice are exposed, as well as the
exposure time are needed. Still, further research and analysis are required to confirm those

hypotheses.

4.3. Absence of inflammation after cigarette smoke exposure
According to histological examination and analyses of total protein concentration and

cytokines, increased inflammation in the ear tissue sections from the mice which were exposed
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to cigarette smoke was not detected. For the used exposure of the cigarette smoke, the
parameters that we investigated are not conclusive whether cigarette smoke has an effect on

inflammation.

However, previous studies indicate clear inflammation in the mouse lungs after cigarette smoke
exposure. Increased production of cytokines BAFF, TNF-a, IL-6, MPO, and many others
proved to be the biggest indicators of inflammation (Van der Vaart, 2004; Nascimento et al.,
2020). Moreover, it was obtained that human skin of active and passive smokers has enhanced
skin barrier damage, skin dryness, and wrinkles (Egawa et al., 1999; Ortiz and Grando, 2012).
Considering this, it was hypothesized that such or a similar effect would appear on the skin, but
in this study, no such outcome was observed suggesting that higher exposure time and dose of

cigarette smoke are needed to cause inflammation.
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5. CONCLUSIONS

In this study, mechanical (tape strip injury) and chemical (ozone and cigarette smoke) skin
injury were investigated. By analysing the data, we concluded that mechanical skin damage is
much more destructive than chemical-induced skin damage. However, higher doses and longer
exposure of mice to ozone and cigarette smoke could have a more severe impact. We noticed a
possible protective role of individual DNA sensors. IFNAR has been shown to participate in
the DNA sensor pathway with the greatest protective role potential, followed by NLRP3 and
STING. Namely, in order to show how these sensors act on inflammation and wound repair,

additional research and analysis are needed.
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